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1 .0 INTRODUCTION 

The purpose of th i s  report i s  t o  present the findings of a study 
ent i t led "Transient Directional Response" performed by the Highway 
Safety Research Ins t i tu te  (HSRI) of The University of Michigan for the 
Motor Vehicle Manufacturers Association ( M V M A )  . This research investiga- 
tion has been directed a t  assessing the merits of various t e s t  procedures 
for  obtaining numerics describing the t ransient  directional response pro- 
per t ies  of passenger cars. The types of vehicle t e s t s  examined include 
step s t ee r ,  reverse s t ee r ,  random or pseudo-random s t ee r ,  and 1 ane-change 
maneuvers similar t o  those used by various research groups and vehicle 
manufacturers. The resul ts  of th i s  study are  intended to be useful in 
aiding U.S. vehicle manufacturers in commenting on the t ransient  response 
t e s t s  currently being studied by the Internationa7 Standards Organization 

(ISO) [ I ] .  The specific objectives of th i s  study are  to  provide an 
understanding of ( 1  ) practical considerations i nvol  ved in performing 
t ransient  response t e s t s ,  ( 2 )  the repeatabil i ty and interpretabi l i ty  of 
the resul ts  obtained, and (3)  the a b i l i t y  of each t e s t  to  discriminate 
between vehicles. 

The next section (Section 2 )  presents detailed descriptions of the 
t e s t  procedures. Differences between the t e s t s  performed i n  t h i s  study 
and those specified in preliminary documents from IS0 are described. 
Practical matters related t o  the conduct of each t e s t  are  also discussed 
in Section 2 .  

Test resul ts  are used in Section 3 to provide an evaluation of the 
root-m~ean-square variabil i ty of the numerics obtained in repeats of each 
t e s t  procedure. Requirements for  acquiring accurate resul ts  are presented 
there. 

I n  Section 4 ,  experimental resul ts  are examined t o  furnish an 
assessment of the discriminatory a b i l i t y  of the t e s t s  studied. These 
resul ts  were obtained using a small rear-wheel-drive vehicle (a 1980 
Chevrol e t  Chevette) and a 1 arge front-wheel -drive passenger car (a 1980 



Buick Riviera). These vehicles were tested in two loading conditions : 
(1)  driver plus instruments and ( 2 )  a four-passenger load. 

The interpretabi 1 i t y  of t e s t  resul ts  could cover a wide range of 
topics , depending upon the in te res ts  of the organization eval uati ng  the 
resul ts .  In t h i s  study, the following two questions related to the 
interpinetabil i ty  of the resul t s  have been examined: 

-How do nonl ineari t i e s  in vehicle properties influence the 
resu l t s?  and 

- I s  i t  possible t o  extrapolate from the resul ts  of one t e s t  
to  predict the resul ts  of the other t e s t s?  

These questions are addressed in Sections 5 and 6 ,  respectively. 

The report concludes with a summary of findings and recommendations 
pertaining to  the establ ishment of t ransient  directional response t e s t s  
for passenger cars.  



2 .0  TEST PROCEDURES AND DATA PROCESSING 

The proposed procedures are classif ied by steering input type 
as follows: 

1 )  Ramp/Step Input (U.S.) [2] 

2 )  Random Input ( U . K . )  [3] 

3 )  Sinusoidal Input (Sweden) [4] 

These three approaches to  measurement of transient response fa1 1 into 
three ent i rely different  generic categories: 

1 )  Approximation of a step response 

2 )  Broad-band excitation 

3)  Lane-c hange approximation 

The f i r s t  two categories above represent general 1y accepted t e s t s  
of any system's dynamic performance. Response to  a step input i s  a 
commonly used and conceptual ly simp1 e t e s t  procedure resulting in response 

times to achieve various levels of change in steady s t a t e .  Broad-band 
excitation i s  often used t o  excite a system over a frequency range of 
in te res t  so that  a t ransfer  function relating output t o  input can be cal-  
culated. In theory, e i ther  the step function response or  the t ransfer  
function provides a complete description of a 1 inear system. 

The lane-change approximation approach t o  t h i s  problem i s  peculiar 
to  the automotive scenario and i s  intended t o  evaluate the vehicle 's  per- 

formance during a 1 ateral  displacement maneuver. Sweden ' s  proposal t o  
approximate the lane-change maneuver with a single cycle of sine wave 
appl ie!d by a steering machine i s  intended t o  make t h i s  procedure purely 
open loop, and thus unaffected by the t e s t  driver. Lane-change-li ke 
maneuvers have been used by a number of  tes t ing organizations t o  evaluate 
vehicle dynamic performance because lane-changes are  considered to  be 
chall elnging t o  the vehicle 's  response and representative of actual driving 
s i tuat ions 151 .  



In addition to these various generic t e s t  types, there are  varia- 
t ions w i t h i n  each c lass i f ica t ion .  Step i n p u t  t e s t s  are  conducted from 
an i n i t i a l l y  s t ra ight  path, a s l ight ly  curved path in the same direction 
as the i n p u t ,  and from a curved path in the opposite direction as the 
input (reverse s t e e r ) .  The objective of broad-band excitation can be 
achieved by the application of random steering pulses, as proposed by the 
United Kingdom, or by the t e s t  driver consciously varying steering fre- 
quency by "sweeping" through the frequency range of in te res t .  Lane-change- 
l ike  t e s t s  are conducted in both open- and closed-loop fashion. Open- 
loop t e s t s  involve the appljcation of a single sine-wave-like input applied 
by a steering control ler  or t e s t  dr iver ,  while the closed-loop t e s t  
involves a dr iver  navigating a course or avoiding an obstacle. The varia- 
t ions on these basic t e s t  thremes are  nearly endless and n o t  conducive 
t o  standardized data gathering and reporting. 

I n  t h i s  study, t e s t s  from each of the three generic types are 
examined t h r o u g h  experiments with two vehicles. The t e s t s  examined are:  

1 )  Ramplstep i n p u t  (from a s t ra ight  path) 

2 )  Reverse s t ee r  input 

3 )  Pseudo- random input (frequency sweep) 

4 )  Quasi-sinusoidal s t ee r  (manually applied) 

Numerics a re  generated from time history data that  correspond t o  those 
suggested by proponents of the respective procedure. These numerics are 
then eval uated on the basis of run-to-run repeatabi 1 i ty ,  discriminatory 
a b i l i t y  and in terpre tab i l i ty  t o  aid in assessing of the merits of the 
t e s t s .  

2 .1  Step Input Tests 

Two variations of th i s  t e s t  type were combined into one procedure; 
a rarnp/step i n p u t  i s  applied t o  a straight-running vehicle (ramplstep 
s teer  t e s t ) ,  a f t e r  a steady turn i s  achieved in response to the f i r s t  
input, an i n p u t  of equal amp1 itude and opposite direction i s  applied 
(reverse-steer t e s t ) .  Time his tor ies  for steering angle, yaw ra t e ,  and 



l a t e r ~ t l  acceleration for  th i s  procedure are  shown in Figure 1.  The 
numerics used for  quantification of response are  i l l  ustrated in t h i s  
figure.  

These procedures a1 so provide quasi-steady-state resu i t s .  True 
steady-turning t e s t s  require constant velocity; in these procedures, 
however, the t h r o t t l e  i s  held fixed and speed i s  l o s t  during the maneuver. 
The speed loss i s  small enough for  low-to-moderate maneuvering levels 
that  t h i s  steady-state approximation i s  adequate for most purposes. 

2 .1 .1  Ramp/Step Steer Test [21.  The objective of th i s  t e s t  i s  
to  measure the vehicle 's  speed of response in a t ransi t ion from s t ra ight  
running t o  steady turning. The t e s t  i s  designed to  approximate a step 
input response, b u t  the input ra te  i s  necessarily f i n i t e  resulting i n  a 
ramp approach to  a steady value. 

The straight-running vehicle i s  disturbed w i t h  a short duration 
ramp 1 eading to a constant steering input. Transient response numerics 
are used to  describe the vehicle 's  transit ional response between s t ra ight  
running and steady turning. The numerics generated from th i s  t e s t  take 
the form of response times. To compensate for  the ramp portion of the 
input,  the response times are  measured from a "reference" time corres- 
ponding t o  50 percent of the steady i n p u t  level ,  as shown in Figure 1 ,  

Response time, tr, i s  defined as the time elapsed between the reference 
time and the vehicle var iable 's  f i r s t  crossing of 90 percent of i t s  
steady-state value. Peak response time, t , i s  that  time elapsing between 

P 
the reference and the variable 's  reaching i t s  maximum value. These re- 
sponse times are determined for  the yaw ra te  and la te ra l  acceleration of 
the vehicle, as shown in Figure 1 .  

Tests are  run with increasing levels of steering input to  evaluate 
the vehicle 's  response a t  various 1 eve1 s of maneuvering severity.  The 
t e s t  and numerics make no assumptions about the vehicle 's  behavior 
( l i nea r i ty ,  vehicle system order, e t c . )  and are  taken as being complete 
within themselves. In t h i s  manner, the en t i r e  vehicle operating range 
can be examined re la t ive  t o  i t s  response to  th i s  par t icular  input. 



Reverse Stee r  
Reference Tine 

Time (sec )  

Figure 1 .  Step/ramp and reverse steer time histories and 
definitions o f  numerics. 



The ramplstep t e s t  i s  performed as specified by the U.S. delega- 
t i on ' s  proposal t o  the ISO. The vehicle i s  driven in a s t ra ight  path; 
upon reaching the t e s t  speed, the t e s t  driver abruptly turns the steering 
wheel and holds i t  against an adjustable steering angle l imiter .  Steer- 
ing i s  held fixed until a quasi-steady-state condition i s  reached. Dur- 
ing th~e maneuver, the vehicle 's  t h ro t t l e  i s  held fixed and a small loss 
of speed occurs. 

This t e s t  requires a relat ively large paved area be available,  
along with an approach suf f ic ien t ly  long to allow the vehicle t o  reach 
the t e s t  speed. An 800-foot-square area proved adequate for  tes t ing a t  
50 and 60 mph. The approach was provided by part of an oval track 
surrounding the t e s t  area. 

Aside from instrumentation, the only necessary special hardware i s  
a steering angle 1 imiting system. Mechanical stops bui l t  into a steering 
wheel are  used for  s teer  a n ~ l e  control. Steering inputs are supplied by 
the t e s t  driver who i s  required t o  turn the steering wheel as quickly as 
possitlle t o  the stop. Ramp rates  of 200-500 degrees per second are 
suggested and th i s  seems relat ively easy t o  achieve. In order t o  jus t i fy  
the approximation of th i s  t e s t  t o  a step input t e s t ,  the i n p u t  must be 
applied quickly enough that  the time elapsed during the ramp portion of 
the input i s  short compared to  response time of the vehicle. (Response 
to  a ramp input i s  also a valid measure of transient response b u t  i t  i s  
n o t  desired i n  t h i s  t e s t , )  

2 . 1 . 2  Reverse Steer Test. In th i s  t e s t  a vehicle negotiating a 
steady turn in one direction i s  disturbed by a ramplstep input in the 
opposite direction. To establish a steady turn,  the vehicle i s  subjected 
to  the ramp/step input as described previously. Upon reaching a quasi- 
steady-state condition, the steering i s  rapidly reversed to an equal s teer  
angle in the opposite direction. Steering i s  then held constant until 
a new quasi-steady turn i s  establ ished. With the th ro t t l e  held constant, 
the speed of the vehicle decreases during t h i s  maneuver, b u t  the speed 
loss i s  not large enough t o  a1 t e r  the resul ts  markedly. Test f a c i l i t i e s  
and equipment necessary for  t h i s  t e s t  are  identical to  those required 
for th~e ramp step t e s t .  



The numerics associated w i t h  t h i s  t e s t  are similar to  those for 

the ramp/step. Again the ramp duration i s  compensated for by defining 
a reference time corresponding t o  50 percent of the change in steering 
angle. Time elapsing between th i s  reference time and the vehicle response 
variables (yaw rate or 1 ateral  acceleration) achieving 50 percent and 
90 percent of the change in steady s t a t e  and i t s  maximum value are 
defined as delay time, td. response time, t r ,  and peak response time, t 

P ' 
respectively. Steering angle, yaw ra te  and 1 ateral  acceleration time 
his tor ies  for  th is  t e s t  are shown in Figure 1 ,  i l lus t ra t ing  the numerics 
def i ned . 

If t h i s  t e s t  i s  used to approximate a step i n p u t ,  the ra te  of 
change of steering angle must be high due to the large excursions neces- 
sary for high level runs. A ramp ra te  of 200 degrees per second would 
produce a ramp 0.8 seconds long for  a t e s t  performed with - + 80 degrees of 
steering angle. This i s  on the order of twice the response time of 
la teral  acceleration and four times the response time fo r  yaw rate .  These 
times are measured from the half-way point in the ramp. Hence, for  a 
200 degrees per second ramp rate ,  the vehicle would be responding to the 
ramp portion of the input instead of the step. In previously reported 
work [ 6 ] ,  the ramp ra te  was selected t o  match (approximately) typical ra tes  
used bly drivers in closed-loop lane-change maneuvers. Possibly, the 
intended use of the t e s t  resul ts  should dictate  the ramp ra te  employed in 
this  t e s t .  

The vehicle 's  response t o  a ramp input i s  a legitimate measure of 
transient response. If t h i s  t e s t  were being used to  evaluate vehicle 
respon~se in a lane-change-like maneuver involving slower steering reversals, 
the ve!hiclels response lag t o  a ramp input may be an important measure of 
performance. 

2 . 2  Pseudo-Random Input Test 

The random input method suggested by the United Kingdom to IS0 [3] 
specifies a t e s t  involving disturbing a straight-running vehicle with 
steering reversals of uniform amp1 i tude and varying direction and timing. 



The objective here i s  t o  excite vehicle response over the en t i re  frequency 
range of in te res t ,  so i t s  t ransfer  function can be calculated from i n p u t  . 
and response data. To assure a wide-band input to  the vehicle, the t e s t  
was modified by instructing the t e s t  driver t o  "sweep" the frequency 
range, s ta r t ing  with very slow sine waves and gradually increasing fre-  
quency until reaching an ergonomic 1 imit. If  maximum frequency was 
reached before the t e s t  time expired, the driver then gradually decreased 
freque!ncy to  the lowest practicable frequency and s tar ted the process 
over. An example of t h i s  type of steering input i s  presented in Figure 
2 ,  the energy spectral density generated from th i s  time history i s  shown 
in Figure 3 .  

The t e s t  was run a t  50 mph on a s t ra ight  track two lanes wide. The 
vehicle was driven in a nominally s t ra ight  path; a f t e r  data had been 
collected for  f ive  seconds of s t ra ight  running the frequency sweep was 
begun. The sweep was continued' for approximately 25 seconds, then the 
vehicle was returned to  i t s  s t ra ight  path for f ive seconds and data 
collection was stopped. 

Lateral space requirements for  t h i s  t e s t  are  minimal. Any nearly 
s t r a igh t ,  smooth roadway one mile long will suff ice for  steering fre-  
quencies greater than . 2 5  Hz. Lower frequencies and the i r  attendant large 
la te ra l  excursions require a re1 at ively wide roadway. Equipment demands 
are  1 imi ted t o  instrumentation. 

Care must be taken to  avoid large la teral  accelerations while con- 
ducting th i s  t e s t  as the data processing assumes a l inear  system repre- 
sentation of the vehicle. Operating the vehicle i n  i t s  nonlinear range 
wi 11 degrade the qua1 i ty of the resul ts  as the f i t  of a 1 inear system 
becomes less  adequate for  matching the data. 

2.3 Sinusoidal Steer r 4 1  
The sinusoidal-steer t e s t  suggested to  IS0 by Sweden involves the 

use of' a steering machine t o  apply a precise single cycle of a sine wave 
t o  the vehicle 's  steering wheel. Such a machine was not readily available 
for th i s  t e s t  work. In l ieu of a steering machine, the t e s t  driver was 



Time  (sec) 

F i g u r e  2.  Pseudo-random ( f requency  sweep) s t e e r i n g  i n p u t .  



Frequency (Hz ) 

Figure 3. Energy spectral density of pseudo-random input shown 
i n  F ~ g u r e  2 .  



called upon to  apply a quasi-sine-wave input of specified period and 
amplitude t o  the vehicle, Previous experience [7] indicated tha t  an 
input closely resembling a sine wave could be generated by a driver with 
( 1  ) aid from steering stops and ( 2 )  practice. Example input and response 
time his tor ies  a re  shown in Figure 4 .  

The - basic Swedish t e s t  ca l l s  fo r  two t e s t  conditions, one w i t h  peak 
f i r s t  half-wave la teral  acceleration of less  than four m/s2 (.41 g ) ,  and 
one w i t h  higher acceleration, both w i t h  two-second input periods. As 
suggested, the steering amp1 i tudes were determined using the fol lowing 
formula: 

SW 
- steering wheel angle (deg) 

- vehicle velocity ( f t / s )  

R - wheel base ( f t )  

NG - steering ra t io  

a - i s  s e t  t o  2 ,  4 ,  6 ,  e tc .  

Trial runs were made w i t h  increasing a until  the appropriate 
maneuvering levels were reached. Tests were run a t  50 mph. 

Trajectories resul ting from th i s  input approximate a lane-change 
maneuver and thus the t e s t  can be conducted on a wide, s t ra ight  roadway 
of suff ic ient  length to  perform the maneuver. This type of roadway i s  
almost universal ly  avai lable and th i s  type of maneuver i s  routinely per- 
formed by the driving public. These factors give th i s  t e s t  a realism and 
appl icabi l i ty  that  the other procedures tend ' to  lack. 

Control of the input waveform generated by the dr iver  i s  not an easy 
task. The human control ler  must provide a reasonably repeatable input 
waveform to assure repeatable resul t s .  Considerable practice i s  required 
t o  generate a balanced sine-1 ike wave of a specified period. A tolerance 



Time ( s e c )  

F i g u r e  4. Quasi-sinusoidal s teer  test time 
histories 



o f  10 percen t  ( .  1  sec) v a r i a t i o n  f rom t h e  i d e a l  hal f -wave p e r i o d  o f  one 

second was used t o  determine v a l i d  t e s t s .  The t e s t  r e j e c t i o n  r a t e  was 

ve ry  h igh .  I f  a 1 arge number of these t e s t s  were requ i red ,  t he  develop- 

ment o f  a  s t e e r i n g  c o n t r o l l e r  would be a reasonable investment .  

T rans ien t  response t o  t h i s  i n p u t  i s  measured w i t h  a  number o f  

numerics q u a n t i f y i n g  f i r s t  and second ha1 f-wave l ags  and ga ins  and t h e i r  

r e l a t i v e  magnitudes. Response t ime  1 ags, rl and r a r e  c a l c u l a t e d  2 ' 
sepa ra te l y  f o r  each half-wave us ing  t h e  c ross -co r re l  a t i o n  method and t he  

r a t i o  o f  t he  second hal f -wave l ag ,  T ~ ,  t o  t he  f i r s t ,  rl, i s  de f i ned  as 

t h e  t ime  l a g  ampl i f i c a t i o n ,  TLA. The maneuvering l e v e l  i s  de f i ned  by t he  

peak l i s t e r a l  a c c e l e r a t i o n  d u r i n g  t he  f i r s t  hal f -wave; t h i s  va lue  i s  t r e a t e d  

as t h e  equ i va len t  o f  s t eady -s ta te  1 a t e r a l  a c c e l e r a t i o n  i n  t he  ramp/step 

t e s t .  Gains f o r  t h e  f i r s t  and second hal f -waves a r e  de f i ned  by peak 

responlse v a r i a b l e  va lues over  peak i n p u t  values and t h e  r a t i o  o f  these 

ga ins i s  de f i ned  as t h e  a m p l i f i c a t i o n  f a c t o r ,  AMP, These numerics pro-  

v i d e  a very  complete d e s c r i p t i o n  o f  t h e  v e h i c l e  response i n  t h i s  p a r t i c u l a r  

lane-change-1 i ke maneuver. 

2.4 Vehic les and I ns t rumen ta t i on  

Two v e h i c l e s  were t e s t e d  i n  minimum and four-passenger l oad  condi -  

t i o n s .  The v e h i c l e s  were chosen t o  r ep resen t  d i f f e r e n t  v e h i c l e  s i zes  and 

des ign purposes. The veh i c l es  used were a 1980 Chevro le t  Chevette,  a  

rear-wheel d r i v e  subcompact, and a 1980 Buick R i v i e ra ,  a  f ront -wheel  d r i v e  

personal 1  uxury  v e h i c l  e. S p e c i f i c a t i o n s  f o r  these  v e h i c l e s  a r e  presented 

i n  Tab le  1. 

The v e h i c l e  minimum l o a d  c o n d i t i o n  was de f i ned  as v e h i c l e  we igh t  

p l u s  i ns t rumen ta t i on  and d r i v e r .  A four-passenger l o a d  was s imu la ted  by 

adding s i x  sand bags weigh ing 80 pounds each. The sand bags were p laced  

on t h e  v e h i c l e  seats  and i n  t h e  f o o t w e l l s  t o  p rov ide  t h e  approximate 

cen te r  o f  g r a v i t y  s h i f t  o f  passengers. 

To a i d  i n  t h e  performance o f  t e s t s  r e q u i r i n g  s t e e r i n g  i n p u t s  o f  

c o n t r o l  1  ed ampl i tude, a  s teer ing-wheel  system w i t h  mechanical s tops was 

used. Two a d j u s t a b l e  s tops were f i x e d  t o  t he  s t e e r i n g  wheel t o  p rov ide  



T e s t  Weights ( I b )  

Frfi nimum Load 

LFIRF 

L R / R R  

Tab le  1 .  Veh ic le  Parameters  

1980 Buick R i v i e r a  1980 Chevro le t  Cheve t te  

4 Passenger  Load 

LF/RF 130211 392 

LRIRR 1065/994 

Wheel base  ( i n )  114 .0  

Track F/R ( i n )  59.3160.0 

Ti res P205/70R15 

Cold IInf1 a t i o n  Pressure ( p s i  ) 26/28 

Suspension 

Fron t  

S t e e r i n g  Type 

Independent Tors ion  
Bar 
Independent-Control  
Arms, Coi l  Spr ings  

R e c i r c u l a t o r y  Bal l  
Power Assist 

S t e e r i n g  R a t i o  14.1 

Independent SLA- 
Coil  Spr ing  

S o l i d  Axle wi th  Links, 
Coil  S p r i n g s  

Rack and Pinion 



control on steering angle displacement to  the right and l e f t .  A single 
body-fixed stop provides a rigid ground point for the stop mechanism. 
The steering wheel was also equipped with an angular displacement potentio- 
meter and a torque-sensing h u b  assembly to provide steering angle and 
torque signal s for  recording. 

Vehicle response variables,  la te ra l  acceleration, a yaw ra t e ,  r ,  
Y '  

and rol l  angle, 4 ,  were measured using a s tabi l ized platform uni t .  Trans- 
ducer specifications are  given in Table 2 .  

Analog signals from the transducers were f i  1 tered w i t h  a 20-Hz 

l inear  phase f i l t e r  and appropriately amplified for  digi t iz ing w i t h  an 
analog signal conditioning u n i t ,  Data acquisition was controlled with a 
microprocessor-based control ler ,  The microprocessor was control led from 
a keyboard by the t e s t  driver and had the capabili ty of zeroing transducer 
 offset:^, checking analog gains and monitoring signals from the transducers 
in reall time for  feedback to the driver.  Test data was stored in random 
access memory during data collection. After the t e s t  was terminated, the 
digitail data could then be recorded on a tape cartridge for  future 
proces s i  ng . 

2 . 5  Data Processing 

Digital data collected in the fieTd was transferred to  magnetic tape 
so data could be processed using the Michigan Terminal System (MTS) 

comput.er. Data was read from the tape, converted to  engineering uni t s ,  
and stored in disc f i l e s  prior t o  analysis t o  generate the specific t e s t  
numerics. 

2.5.1 Ramp/Step and Reverse Steer Tests. The raw data was 
f i l t e red  using a 10-Hz moving window function t o  reduce the effects  of 
high frequency noise on the transducer signals.  Analysis of th i s  data was 
straightforward, consisting of ( 1  ) location of steering t ransients ,  ( 2 )  
calculation of steady-state values, and (3)  calculation of numerics. The 
f i r s t  two steps established the reference times and levels necessary for  
response time determi nation. After determining the crossing of various 



Tab1 e 2 .  Transducers 

Variable 

Yaw r a t e ,  r 

Lateral accelerat ion,  a 
Y 

Roll angle, 4 

Steering-wheel angle 

Steer i  ng-wheel torque 

Forward velocity 

Transducer 

Humphrey Rate Sensor 

Humphrey Stabi 1 i zed Platform 

Humphrey Stabi 1 ized P l  atforrn 

Gear Driven Potentiometer 

HSRI Torque Cell 

Labeco Fifth Wheel 
D .  C . Tachometer 

Range 

+60°/s - 
~ 1 . 5  g - 
+20° - 
+360° - 
t600 in-l b - 
0-75 mph 



response 1 eve1 s (e .  g .  , 5 0  percent or 90 percent of steady-sta t e  values) , 
straight- l ine interpolation between the discrete data points was used t o  
estima~te the response times t o  the nearest mi1 1 isecond. 

2 . 5 . 2  Pseudo-Random Input Tests. To obtain the frequency response 
function describing the vehicle response t o  steering input, a f a s t  Fourier 

transform i s  applied to  the time histories of input and response variables. 
The transform i s  evaluated using the equation: 

where 

Xk = 
Fourier component a t  f k  = knf 

n = n t h  data p o i n t  

N = total  number of data points 

a t  = time between samples 

a f  = 1 / ( N ~ t ) ,  frequency resolution 

k = 0,1,2,. * .  ,N-1 

These resul ts  are then frequency smoothed using a boxcar window averaging 
together five adjacent estimates. 

The transformed data i s  used t o  calculate auto-spectra, G,, cross- 
spectra, G and coherence, u2 functions for input and o u t p u t  variables 

XY ' XY ' 
using these equations: 



where 

f k  = Fourier frequency corresponding t o  knf, k=0,1,2,. . . N - 1  

X* = complex conjugate of X 

Y = Fourier transform of output 

The frequency response function H(fk) can then be calculated by: 

Breaking the frequency response function into i t s  real and imaginary 
parts ,  H R  and HI, gain l H ( f k ) / ,  and phase, $ ( f k ) ,  can be calculated as 
fol 1 okrs : 

The gain and phase resul ts  for  frequencies u p  t o  2 .5  Hz are  then plotted 
as a function of frequency. 

Due to  the t ransient  nature of the input, i t  i s  proper to  express 
the input frequency content in terms of i t s  energy spectral density ( E x ) .  
This quantity i s  calculated using the relationship: 

where T = total  record length. This i s  only a scale factor change for  a 
given t e s t ,  b u t  i t  provides a consistent measure of input energy fo r  
varying record 1 engths. 



2.5.3 Sinusoidal S tee rTes t .  The 10-Hz digi ta l  f i l t e r ,  used 
for ramp/step and reverse-steer analysis,  was also applied t o  t h i s  data 
before processing. Cal cul ations of gain and ampl i f  i cation numerics were 
accomplished by searching the data for  input and o u t p u t  peaks for  the 
f i r s t  and second "half-waves" of the measured signals.  Ratios of the 
f i r s t  and second ha1 f-wave output-to-input peaks were defined as gains 
and ra t ios  of second-to-first ha1 f-wave gains were defined as ampl i f ica- 

t i  ons. 

As suggested by the Swedish proposal, time lags were calculated for  
each ha1 f-wave using a cross-correlation technique. For discrete  samples 
of data,  the cross correlation between the input, x, and the output, y ,  

i s  defined as: 

where 

R ( K )  = cross correlation for  a time s h i f t  of K 
XY 

sampl i ng i nterval s 

N = number of data samples 

K lag number s e t  t o  -50 to  +50 

Values of th i s  cross-correlation function were computed for time 
s h i f t s  of up t o  50 samples ( t h a t  i s ,  u p  to 0.5 second a t  100 Hz sampling 
frequency). The val ue of K corresponding to the largest  cross-correlation 
magnitude i s  multiplied by the sampling interval t o  give the time lag. 
Time lag ampl i f ica t ion  i s  then calculated by ratioing the time lag for  
the second half-wave t o  the time lag for  the f i r s t  half-wave. 



3.0 REPEATABILITY OF THE RESULTS OBTAINED IN EACH TEST PROCEDURE 

Four repeats of each t e s t  were run with selected vehicles to assess 
the var iab i l i ty  of the numerics calculated from the resu l t s .  The t e s t -  
to - tes t  var iab i l i ty  i s  expressed in terms of the root-mean-square (rms) 
d e ~ i a t ~ i o n .  The magnitudes of these variabi 1 i t i e s  wi 11 be examined and 
discussed in general terms. 

3.1 Ramp/Step Variability 

Table 3 presents the resu l t s  of the ramp/step variabi l i ty  calcula- 
t ions for the minimum-load Chevette a t  00 mph., The f i r s t  observation 
made i s  that  the rms deviations of the response times ( t r )  for  both yaw 
ra te  and la te ra l  acceleration are  very small w i t h  a magnitude of approxi- 
mately the sampling period. Thus, these numerics are as repeatable as 
the resolution of the data acquisition system. The peak times, t show 

P ' 
general ly  1 arger variabil i t y  than the response times. 

Ramp/step var iab i l i ty  resu l t s  are  shown in Table 4 for  the Riviera 
in i t s  minimum-load condition a t  50 mph. The va r i ab i l i t i e s  of the 
response times for  th i s  vehicle are considerably larger  than those for  
the Chevette, particularly a t  lower la te ra l  acceleration level s .  Peak 
times show similarly large var iab i l i ty  compared t o  the previous data. The 
larger variations are  believed to  be due t o  variation in tes t ing proto- 
col--not t o  properties of the vehicle. 

To minimize the variance of the ramp/step resu l t s ,  the steering 
input should resemble a step as nearly as possible. The appropriate ra te  
of input i s  defined by the system being tested,  the ramp must be over 
before the vehicle response becomes dominated by the ramp portion of the 
input. Correcting for  the ramp duration by using a zero time correspond- 
ing to  half of the i n p u t  does not compensate for  the al terat ion in vehicle 
behavior caused by a slow ramp. For example, Figures 5 and 6 i l l u s t r a t e  
steering-wheel angle and yaw ra te  time his tor ies  for  the two vehicles. 
The time history presented in Figure 5 shows that  the ramp portion of 

the input for  the Chevette i s  completed very early in the vehicle response, 
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Table 4. Ramp/Step V a r i a b i l i t y ,  R iv ie ra  - Minimum Load, 50 mph. 

Yaw Rate La te ra l  Acceleration 

Nominal Steering- Response Steady Latera l  Time, tr Peak Response Peak 

Wheel Angle Accel e ra t ion  Time, t 
P 

Time, tr Time, t 
P 

(deg) ( 9 )  ( s )  ( s  1 (5  ( s  1 
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Time (s) 

F igu re  5. Ramp/step and reverse  steer maneuver w i t h  s h o r t  
ramp du ra t i on ,  Chevette--minimum l o a d ,  60 mph. 
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Figure 6. Ramplstep and reverse steer maneuver wi th  long 
ramp d u r a t i o n ,  Ri viera--minimum l o a d ,  50 mph. 



while Figure 6 shows an input finishing well into the vehicle response 
for  the Riviera. The exact e f fec t  of the input ramp ra te  and subsequent 
period! has not been quantified, b u t  the potential for the dis tor t ion of 
the resul ts  i s  c lear ly present. Measuring the response times of the 
vehicle in the vicini ty  of the input 's  t ransi t ion from a ramp t o  a con- 
s tan t  level has an important e f fec t  on the repeatabi l i ty  of the resu l t s .  

3.2 Reverse Steer Variabi 1 i  ty 

The repeatabil i t y  resul ts  for  the same vehicles in the reverse 
s teer  a re  shown i n  Tables 5 and 6. In addition t o  the response times 
calculated for  the ramp/step, the "delay time," from reference to  50 

percent of the change in the output, i s  calculated. As w i t h  the ramp/ 
step, the rms deviations calculated fo r  the Chevette response times ( tr)  
are of' the same magni tude as the time between digi t iz ing samples. The 
yaw ra te  delay time also exhibits a very small rms deviation. Again the 
peak t,imes have larger var iab i l i ty  as does the la te ra l  acceleration delay 
time. 

The resu l t s  for  the Riviera (Table 6 )  executing the reverse s teer  
show a similar trend to  tha t  for  the ramp/step; i . e . ,  larger variations 
in nurrlerics than the Chevette. Yaw ra te  delay time shows var iab i l i ty  in 
the range of the data acquisition system's resolution. This i s  probably 
a very good measure of the vehicle 's  delay time response to  a ramp input. 

3.3 Pseudo-Random Input Test 

As part of the data processing (described in Section 2 )  , the 
coherence function, describing the adequacy of the frequency response 
resul tts, was calculated. This function i s  a measure of f i t  between the 
transfer function generated and the t e s t  data. As a r e su l t  of i t s  meaning, 
i t  can be used as an approximation of the repeatabili ty of the t e s t  
resu1,ts for  a particular vehicle. This r e su l t  i s  i l lus t ra ted  in Figure 
7 .  Colherence values and rms deviations of gain and phase for  yaw ra te  
and 1 a teral  acceleration normal ized to  the respective mean val ues are 
shown as a function of frequency. The coherence values are  for  the 
ensembile average of four runs, while the deviations are  representative 
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Table 6. Reverse S teer  V a r i a b i l i t y ,  R i v i e r a  - Minimum Load, 50 mph 

Yaw Rate Response L a t e r a l  Acce le ra t i on  Response 

Steady L a t e r a l  Del ay Response Peak Del ay Response Peak 
Steer  i n  Wheel 9 Acce le ra t i on  Time, td Time, tr Time, t 

P 
Time, td Time, tr Time, t 

Angle deg) (9 )  ( s )  ( s )  ( s1  ( s  1 ( s  1 ( s )  

Mean 31 - 1  
.12 
-004 

Mean 40.3 
.22 
-005 

Mean 61 - 0  
.12 
,002 

N 
M 

Mean 



- Coherence 
p-- -X Gain Deviation 
- - - - - Phase Deviation 

Figure 7a. Pseudo-random input test, yaw rate 
transfer function variability and coherence, 
vehicle 1, 50 mph 
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F i  gure 7 b .  Pseudo-random input  t e s t ,  l a t e r a l  
acce le ra t ion  t r a n s f e r  function v a r i a b i l i t y  and 
coherence, veh ic le  1, 50 mph 



of the run-to-run variation of the four t e s t s .  I t  can be seen here that  
repeatabili ty i s  best when the coherence i s  very h i g h ,  while the vari- 
a b i l i t y  i s  very high for  frequencies w i t h  lower coherence. 

3.4 Sinusoidal Steer Variabil i t y  

The repeatabi l i ty  for  the sinusoidal s teer  t e s t  was evaluated in 
the satme manner as the ramp/step and reverse s teer  t e s t s .  Means and rms 
deivations were calcul ated and the magnitude of the deviation re1 at ive 
to  the mean was derived. Due t o  the practical problems encountered in 
conducting th i s  t e s t ,  only repeatabi l i ty  for  the Chevette in i t s  minimum 

loading condition was examined. The resul ts  are  presented in Table 7 .  

All measured numerics ( T ~ ,  T 2 ,  gain) show va r i ab i l i t i e s  of the same 
re la t ive  magnitude as those for response times from the ramp/step and 
reverse s teer  t e s t s .  Time lags have a  var iab i l i ty  consistently less  than 
the period between digit ized samples. Calculated numerics relating f i r s t  
and second half-wave responses show s l ight ly  larger var iab i l i ty  a t  higher 
la te ra l  acceleration level than other numerics. 
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4.0 DISCRIMINATORY ABILITY 

Implicit in the characterization of transient response using the 
numerics generated by the various t e s t s  i s  the assumption that  the numerics 
be abl~e to point u p  differences between vehicles. To assess the ab i l i t y  
of each t e s t  to  make a distinction between vehicles, resul ts  for  the 
minimum-load Chevette and four-passenger-load Riviera are compared here, 
the Chevette being denoted Vehicle 1 and the Riviera, Vehicle 2 .  
Intui t ively,  i t  would seem that  the physical disparity between the two 
vehicles i n  terms of weight, wheelbase, and other fundamental parameters 
would have a significant influence on the relat ive transient response of 
the vehi cl es. 

4.1 Steady-State Results 

The quasi-s teady-state resul t s  generated using the ramp/s tep t e s t  
data are presented here t o  provide reference information on the directional 
resporlse properties of the vehicles studied. Steady-state la teral  
acceleration and yaw ra te  are  shown as functions of steering-wheel angle 
in Figlure 8 for  Vehicles 1 and 2 ,  respectively, Vehicle understeer, K ,  

and gains for yaw rate  and la teral  acceleration, Gr and G for  the 
ay' 

linear operating range are presented in Table 8.  

In low-level maneuvers, Vehicle 1 exhibits substantially less under- 
s teer  than Vehicle 2. This i s  accompanied by the higher gains seen for  
Vehicle 1 .  A t  elevated levels ,  Vehicle 1 shows increasing understeer while 
Vehicle 2 maintains nearly constant gain over the maneuvering range tested. 

4 . 2  Ramp/Step Steer and Reverse Steer Tests 

The t ransient  response numerics for  the ramp/step t e s t ,  i . e . ,  yaw 
rate  and la teral  acceleration response times, are  shown in Figure 9 as a 
function of the steady-state la teral  acceleration of the t e s t  vehicles. 

The yaw ra te  response times for the two vehicles exhibit very 
similar magnitude and trends. The differences in response times a t  any 
given la teral  acceleration level are  within .03 seconds. Asymmetries in 



Table 8. Steady-State Results, 50 mph. 

K G r 
G 
ap 

Vehicle (deg/g) ( l !s)  (g/deg) - 
1 1.2 ,196 .00731 
2 9.6 ,140 .005 27 
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Figure 8a. Steady-state results, yaw rate vs. 
steering-wheel angle, 50 mph 
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Figure 8b. Steady-state results, lateral 
acceleration vs. steering-wheel angle, 50 mph 
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Figure Sa. Steplramp test results, yaw rate 
response time, 50 mph 
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Figure 9b* Step/ramp test results, lateral 
acceleration response time, 50 mph 



response are 1 arge enough to reverse the ranking of the vehicles from 
r ight  to  l e f t  turns. B o t h  vehicles also show decreasing response times 
with la teral  acceleration. 

Greater discrimination i s  provided by the 1 a teral  acceleration 
responlse. Vehicle 1 has a s ignif icant ly shorter response time in both 
r ight  and l e f t  turns. In addition to  shorter response times, Vehicle 1 
a1 so clisplays larger  asymmetry. Though low-level response i s  comparable 
fo r  l e f t  and r ight  turns,  response times increase w i t h  l a te ra l  accelera- 
tion in r ight  turns,  and the opposite i s  the case in l e f t  turns. Vehicle 
2 exhibits near constant or s l ight ly  increasing response times as la teral  
accele!ration level increases. 

The reverse-steer resu l t s  shown in Figure 10 are  similar to  those 
from the ramplstep t e s t .  Both yaw ra te  response time and yaw ra te  delay 
time show very l i t t l e  difference between the two vehicles. Yaw rate  
response times in the reverse s teer  are  very close t o  those i n  the ramp/ 
step for  Vehicle 1 ,  while those for  Vehicle 2 are longer than the i r  ramp/ 
step counterpart. The trends a re  similar for  the numerics for  both 
vehicles. 

For 1 ateral  acceleration response, the reverse s teer  resul t s  are  
nearly identical t o  those fo r  ramp/step s teer ,  The only s ignif icant  change 
i s  in Vehicle 1 ' s  l e f t  turning response. For the reverse s t ee r ,  both 
l e f t  a,nd r ight  turns are  characterized by increasing response times w i t h  

1 atera,l acceleration. 

Results from step-input-like t e s t s  lend themselves to  d i rec t  
interpretat ion.  The response time numerics are  a quantification of the 
system's maximum speed of response. As such, a lower l imit  on the time 
required to  approach the steady-state level associated w i t h  a steering 
i n p u t  level i s  established. Though t h i s  k i n d  of maneuver i s  not routinely 
encountered in normal driving, the resu l t s  acquired can be used as a 
rough measure of vehicl e control 1 abi 1 i ty.  

Response time numerics a1 so re f lec t  the s t a b i l i t y  of a system. 
Significantly increasing response times a t  elevated maneuvering 1 eve1 s 
are indicative of decreased stabi 1 i ty  (decreased understeer) in the 
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Figure 10a. - Reverse-steer results, yaw rate 
response time, 50 mph 
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F igu re  10 b. Reverse-steer results, lateral 
acceleration response time, 50 mph 
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nonl i nea r  regime o f  veh i c le  performance. Increas ing  response times can 

adversely  a f f e c t  veh i c le  c o n t r o l  l a b i l  i ty, even i n  a  stab1 e  system, by 

posing a  chal lenge t o  the ope ra to r ' s  a b i l i t y  t o  success fu l l y  c lose  the 

d i r e c t i o n a l  c o n t r o l  loop. This  in fo rmat ion  i s  c r i t i c a l  t o  veh i c le  

charac: ter izat ion p e r t a i n i n g  t o  c o n t r o l l a b i l i t y .  

The a p p l i c a t i o n  o f  o the r  numerics t o  t h i s  procedure could a l s o  be 

o f  a d d i t i o n a l  help i n  d e f i n i n g  t h e  veh ic le  response t o  the  step i npu t ,  

v iz . ,  percent overshoot o f  response and s e t t l i n g  t ime. These numerics 

and a  repeatable peak response t ime measurement would prov ide  s i g n i f i c a n t  

i n f o m i a t i o n  concerning the v e h i c l e ' s  o s c i l  l a t o r y  behavior du r ing  t h i s  

maneuver. 

4.3 Pseudo-Random I n p u t  Test  

The r e s u l t s  o f  t h i s  t e s t  f o r  t h e  two t e s t  veh ic les  are shown i n  

F igure  11. Gain and phase o f  the  response var iab les ,  yaw r a t e  and l a t e r a l  

acce lera t ion ,  r e l a t i v e  t o  steering-wheel angle, a re  used t o  q u a n t i f y  the  

veh ic le  response i n  the  l i n e a r  regime. 

Yaw r a t e  response f o r  t he  two veh ic les  i s  seen t o  be ma jo r l y  

d i f f e r e n t  i n  terms o f  gain. The shape o f  t he  gain curves i s  a l so  s l i g h t l y  

d i f f e r e n t ,  Vehic le 2  showing more o f  a  peak than Vehic le 1. I t  i s  tempt- 

i n g  t o  t r y  t o  exp la in  t h i s  i n  terms o f  veh i c le  damping r a t i o ,  bu t  t he  

response o f  t he  v e h i c l e ' s  feed forward loop on the  r a t e  of change of 

s t e e r i n g  angle ( t h a t  i s ,  the  d e r i v a t i v e  term i n  the  numerator o f  the  

t r a n s f e r  f u n c t i o n )  confounds t h i s  simple explanat ion.  Phase r e l a t i o n s h i p s  

f o r  the  two veh ic les  are  nea r l y  i d e n t i c a l .  

As w i t h  yaw r a t e ,  t he  l a r g e s t  d i f f e r e n c e  observed i n  l a t e r a l  accelera-  

t i o n  response i s  again t h e  d i f f e rence  i n  gain, Both veh ic les  e x h i b i t  

s i m i l a r  t rends w i t h  frequency ( i  . e., gradual 1y decreasing ga in  w i t h  a  

minimum i n  the  1.75 t o  2.0 Hz range). There i s  a l so  a  measurable d i f f e r -  

ence i n  phase r e l a t i o n s h i p s .  Vehic le 2 e x h i b i t s  l e s s  phase l a g  than Vehic le 

1. The r a t e  o f  change o f  the  phase angles i s  d i f f e r e n t ,  w i t h  Veh ic le  2 

having l ess  increase i n  l a g  w i t h  frequency ou t  t o  1.25 Hz. Above t h i s  

frequency, Vehic le 2  has a  decreasing phase l a g  lead ing  t o  a  phase lead 



Figure 7 1 a .  Pseudo-random input t e s t  results ,  
yaw rate gain 
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Figure 1 1 b. Pseudo-random inpu: test results, 
yaw rate phase 
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a t  approximately 2 Hz. Vehicle 1 has low coherence in th i s  range (see 
Fig. 7 )  and an accurate representation of i t s  response in th i s  range i s  
not possible. 

This type of t e s t  can be successfully and accurately used t o  
describe the frequency response of a 1 inear system to  ( re la t ive ly)  broad- 
band excitation. Any form of nonlinearity in the system, v i z . ,  nonlinear 
t i r e  force generation, steering system lash, or Coulomb f r i c t ion ,  will 
degrade the estimate of the vehicle 's  transfer functions. The presence 
of nonlinear e f fec ts  can in large part be ascertained by examination of 
the colherence function, as these effects  1 essen the adequacy of the 1 inear 
system f i t  and, thus, reduce the coherence function. The resul ts  of th i s  
procedure can be used to  discriminate between the frequency response 
character is t ics  of various vehicles in normal, 1 inear range maneuvers. 

4 . 4  Sinusoidal Steer Test 

The basic sinusoidal t e s t  procedure involved only two maneuvering 
levels ,  as suggested in [4], for  each vehicle. This provides a very 
limited amount of data on which to evaluate a vehicle 's  directional per- 
formance, b u t  can s t i l l  provide insight into the t e s t  procedure. 

Due to  the limited nature of  the data collected for  t h i s  procedure 
(one t e s t  level producing a peak la te ra l  acceleration 1 ess than .41 g 

( 4  m/s2) and the level corresponding to  the next highest level defined by 
Equation ( I ) ) ,  the data from two conditions have been l inearly inter-  
polateid to  provide an estimate of the vehicle performance a t  the 4 m/s2 
level.  These resu l t s  for  Vehicles 1 and 2 are  presented in Table 9. 

The yaw ra t e  lag for  Vehicle 1 i s  approximately - 02  seconds shorter 
than Vehicle 2 for  the f i r s t  half-wave and about -01 seconds shorter for  
the second half-wave. This resul t  i s  reflected i n  the re la t ive  magnitudes 
of the yaw ra te  time lag amplification; while both vehicles exhibit  a lag 
amplification of less  than 1.0, Vehicle 1 has a value of 0.89, Vehicle 2, 
. 7 7 .  The difference in lag times i s  of the same magnitude as the data 
acquisition system' s sampl ing interval and about twice the rms deviation 
observed for  these numerics. Hence, the resul ts  indicate tha t  the d i f fe r -  
ences in yaw ra te  lag for  these vehicles are  not readily distinguished 
in these t e s t s .  
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Lateral acceleration time lags show s l ight ly  larger differences, 
with Vehicle 1 having a longer lag than Vehicle 2 by .02 seconds for  the 
f i r s t  half-wave. The time lag amplification, of course, re f lec ts  the time 
lag observations. As with the step input t e s t s ,  these vehicles seem to 
d i f f e r  principally i n  t ransient  la teral  acceleration response. 

Yaw ra te  gain and amplification also point to  differences in the 
two vehicles '  response to  the single sine wave i n p u t .  Contrary t o  the 
steady-state gains cal culated from steady turning measurements, Vehicle 2 
exhibits higher yaw ra te  gain (.213 vs. ,190) than Vehicle 1 .  For the 
. 5  Hz single sine wave, Vehicle 2 has a yaw ra te  gain greater than i t s  
steady-state gain, while Vehicle 1 ' s  gain i s  marginally lower for  the 
sine s t ee r  than for  steady s t a t e .  Vehicle 2 also exhibits a larger  f i r s t -  
to-second ha1 f-wave ampl i f i ca t ion ,  approximately 1.07 vs. Vehicle 1 ' s  .94. 

Gain and amplifciation for  la te ra l  acceleration also provide bases 
for  discriminating between these vehicles. Vehicle 1 exhibits the higher 
la teral  acceleration gain a t  .0066, compared to  ,0054 for  Vehicle 2.  

Again Vehicle 1 ' s  gain i s  lower than tha t  measured for  steady s t a t e  and 
Vehicle 2 's  gain i s  higher than i t s  steady-state value. Gains for  both 
vehicles show decreasing trends w i t h  increasing la teral  acceleration. 
As with yaw ra t e ,  the ampl i f icat ion of la te ra l  acceleration i s  greater 
for  Vehicle 2 a t  approximately 1.05, while Vehicle 1 has an amplification 
of about .92. 

For the moderate 1 evel maneuvers considered here, the s i  nusoidal 
s teer  t e s t  has demonstrated i t s  a b i l i t y  to  produce consistent resu l t s ,  
even w i t h  a manually applied steering input. Though the data collected 
was very limited, the numerics generated, par t icular ly those relat ing t o  
1 a teral  acceleration, were able t o  appreciably di scrimi nate between the 
two vehicles tested. The 1 imited nature of the test ing ( i n  terms of 
steering 1 evel and frequency) leaves questions concerning the significance 
of the basic resu l t s  with regard to  an overall assessment of t ransient  
directional response. 

This type of procedure i s  specif ical ly  designed to assess vehicle 
performance i n  a lane-changing maneuver, The numerics calculated here 
for  response to  the quasi-sine-wave i n p u t  provide a relat ively complete 



description of the vehicle 's  performance in a par t icular  maneuver. An 
extended t e s t  program, as suggested in [4], would yield information per- 
taining to  la te ra l  displacement maneuvers over the en t i re  range of 
maneuvering levels and steering frequencies, from a gentle freeway lane 
change t o  an accident-avoidance maneuver. I t  i s  l ikely that  a t  higher 
acceleration 1 eve1 s and frequencies, differences between vehicles would 
be greater and more s ignif icant  evaluations of vehicle performance could 
be made. 



5 . 0  EFFECTS OF NONLINEARITIES ON TRANSIENT RESPONSE TEST RESULTS 

5.1 The Influence of Steering System Nonlinearities on the Results of 
the Random Steer Test 

To a s s i s t  in interpreting t e s t  resul ts ,  a computerized model [8] 

of the directional dynamics of automobiles has been used to  simulate 
vehicle t e s t s  over a wide range of la teral  acceleration levels extending 
from tihe 1 inear into the nonlinear regime of vehicle performance. The 
model contains yaw, s ides l ip ,  and roll  degrees of freedom. This model's 
features include constant forward velocity , 1 i near parameters descri bi ng 

susper~sion geometry, nonl i near t i r e  character is t ics ,  and a hysteretic 
steering system represnetation which approximates the lash, compl iance 
and f r ic t ion  in the steering system. 

The unique feature of th i s  model i s  the steering system representa- 
tion added in t h i s  study. The steering system i s  approximated using an 
empirical model similar t o  one used in [9 ]  t o  model leaf springs. An 

example of measured data and the model approximation i s  shown in Figure 12.  

This model i s  defined by upper and lower boundaries with an exponential 
function used to describe the steering torque character is t ics  within the 
envelope of the boundaries. Steering system compl iance i s  control 1 ed by 
the slope of the boundaries, lash by the boundary spacing, and f r ic t ion  
by the exponential function. The input t o  the calculation i s  torque, T ,  

and the output i s  the change in s teer  angle, 6 .  

The exponential function used in the d ig i ta l  calculation of a i  
(where the subscript i denotes the current time step) i s  described. by 
the following equation and associated definit ions: 

where bNV i s  the value of the appropriate boundary of the envelope a t  
i 

T;. i-1 denotes the previous time s tep,  and 6 i s  a constant chosen to  f i t  
.I ' 
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the t e s t  data. The upper or lower boundary of the envelope i s  selected 
depending upon whether r i  i s  less  or greater than T ~ - ~ .  

Figure 13 i l l u s t r a t e s  the principal e f fec t  of steering system non- 
1 ineari t i e s  on vehicle response to  a pseudo-random steering i n p u t .  The 
simulated vehicle w i t h  the hysteretic steering system exhibits a larger 
yaw ra te  gain than the vehicle with the 1 inear steering system, In 
addition, la teral  acceleration gain also shows a small increase for  the 
vehicle with the nonlinear steering system. Steady-turning gains are 
essentially unaffected by these nonl ineari t i e s .  

This e f fec t  was also observed in ful l -scale  t e s t s ,  as shown in 
Figure 14. For the increased lash condition, the Riviera's steering 
system was loosened to  a1 low approximately one inch ( 2 . 5  cm) of free play 
a t  the steering wheel. Again, the vehicle w i t h  increased lash (increased 
nonlinearity) demonstrated a higher yaw ra te  gain than the baseline case. 
Other measurements, viz . ,  la teral  acceleration gain, yaw ra te  and la teral  
acceleration phase, steady-turning gains, showed no appreciable change 
w i t h  the steering system modification. 

For the vehicle used i n  t h i s  study, f ree  play in the steering 
system causes a major increase i n  the yaw ra te  gain over the range of 
frequencies used in rapid maneuvering on the highway. Even though the 
importance of f ree  play has been demonstrated for only one vehicle, the 
resul t  i s  profound enough to warrant special attention i n  future work. 
The fac t  that  the computer simulation of a "typical" vehicle predicts the 
same type of phenomenon as the t e s t  resul ts  lends credence t o  the 
general i t y  of the observation. Certainly, f ree play should be carefully 
controlled i f  meaningful resu l t s  are  to be obtained from random steer  
t e s t s .  Further research i s  needed to  develop a better understanding of 
the importance of small-scale nonlinearities in the steering system. 
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5.2 Effects of Ti re Nonl ineari  t i e s  on Transient Response Results 

The computerized vehicle model was used to  provide insight into 
the e f fec t  of t i r e  nonl ineari t i e s  on the resul ts  generated from the 
different  t e s t  procedures. To accomplish t h i s ,  the t i r e  description 
approximating the measured shear force characteris t i c s  of a t i  re was 
replaced by one producing side force 1 inearly w i t h  s l  i p  angle and constant 
with load. In order t o  provide a legitimate basis for  comparison, the 
"cornering s t i f fness"  type of l inear  t i r e  model was selected t o  approximate 
the nonl inear model ' s  performance in the 1 ow sl  i p-angle regime a t  norni na1 
s t a t i c  loads. This simulation approach ( t h a t  i s  not possible w i t h  fu l l -  
scale tes t ing)  provides a simple method of examining the e f fec ts  of t i r e  
nonl inear i t ies .  

Steady tu rn ing  resu l t s  for  the l inear  and nonlinear t i r e  simula- 
t ions a re  shown in Figure 15. Tire nonlinearit ies cause decreased gain 
a t  higher la te ra l  acceleration levels as would be expected on most 
standard passenger vehicles. The ef fec t  of the nonlinear side force 
generation w i t h  load and s l i p  angle on  steady turning i s  re lat ively small 
for  th i s  configuration, and would suggest small influences on t ransient  
response. 

Figure 16 shows the ramp/step and reverse s teer  resu l t s  f o r  a 
vehicle simulated with both 1 inear and nonl inear t i r e  force character is t ics ,  
The t i r e  nonlinearit ies have a negligible e f fec t  on the yaw ra te  t ransient  
response or la teral  acceleration response time. The la teral  acceleration 
peak response times (time to  peak) for  both ramp/step and reverse s teer  
inputs show a marked increased a t  higher la teral  acceleration levels w i t h  

the nonlinear t i r e s .  An ideal 1 inear system would have constant delay, 
response and peak response times with any level of steering input. Other 
non-tire-related nonl ineari t i e s  cause a small deviation from th i s  ideal , 
causing a11 the response times to  increase s l ight ly  with increasing la teral  
acceleration. The t i r e  nonl ineari t i e s  have a negl igi  bl e e f fec t  on transient 
response to  a ramp/step input, except for  la teral  acceleration time to  
peak. 
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The pseudo-random input t e s t  i s  analyzed to  provide a 1 inear 
system approximation of the vehicle' s frequency response and, as such, 
i s  subject t o  dis tor ted resul ts  i f  nonlinear mechanisms are present. The 
gain and  phase representations of yaw ra te  and la teral  acceleration w i t h  

steering ampl i tudes of 20 and 50 degrees (corresponding to  steady-state 
levels, of 0.2 and 0.5 g ,  respectively) are  shown in Figure 17 .  The larger 
i n p u t  ampl itude resu l t s  in a lower gain for both yaw ra te  and I'ateral 
accelelration. This i s  in keeping with the steady-state resu l t s  of Figure 
15 t h a t  show a decreasing gain w i t h  larger steering inputs. While yaw 
rate  phase relations are  nearly identical for  the two input levels ,  the 
la te ra l  acceleration response has a longer lag w i t h  the larger input. 
The ph~ase lag increases more w i t h  frequency a t  the higher level and reaches 
i t s  maximum magnitude a t  a lower frequency than with the lower input 
1 evel . 

A similar pattern i s  seen in the sinusoidal s t ee r  resul ts  of Figure 
18. Again, the vehicle w i t h  l inear  t i r e s  maintains near constant gain 
and lag w i t h  l a te ra l  acceleration, while the nonlinear t i r e s  bring about 
decreased gain and increased lags a t  higher la te ra l  acceleration 1 evel s .  

Tire nonlinearit ies are  known to have an ef fec t  on vehicle response 
a t  elevated 1 a teral  accelerations. These nonl inear e f fec ts  are  eas i ly  
seen in the resu l t s  of the  pseudo-random and sinusoidal s t ee r  t e s t s  by 
changes in the gain o r  lag relationships of yaw ra t e  and la te ra l  accelera- 
t ion. The ramplstep s teer  t e s t ,  while yielding information concerning 
nonl inear e f fec ts  on steady-turning performance, provides almost no dis- 
crimination between 1 inear- and nonl inear-ti  red vehicle t ransient  response. 
Only the peak response time for  la teral  acceleration i s  noticeably affected 
(however, t h i s  i s  one of the numerics tha t  provided inconsistent resul ts  
in ful l -scale  t e s t ing ) .  
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( d )  Lateral Accel eration Phase 
Figure 1 7  (Cont. ) .  Influence of increased steering amp1 i tude on Pseudo- 

random input t e s t  resu l t s .  
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6.0 INTERRELATIONSHIPS BETWEEN TESTS 

The three generic types of t e s t s  are not similar,  The steering in- 
puts are  not a l ike.  The data processing procedures are  ent i rely differ-  
ent. And the numerics or resul ts  obtained are not direct ly  comparable. 

Nevertheless, i f  the resul ts  from one of the t e s t s  could be used 
to  inl'er the resul ts  of the others, then that  t e s t  could be viewed as a 
fundamental t e s t  for  t ransient  response properties. Furthermore, in 
particular cases, resul ts  from one type of t e s t  may be available while the 
resu1t;s from another type of t e s t  may be desired. Hence, the intent of 
th i s  section i s  to  provide experimentally based answers to  questions con- 
cerning extrapolating from the resul ts  of one t e s t  procedure to  those of 
another. 

6.1 Limitations on the Ability t o  Extrapolate From One Test to Another 

For a l inear  system, the step response and the frequency response 
are  two classical methods for  defining the system. Ideally,  the principles 
of LaF'lace or Fourier transform theory can be used t o  convert resul ts  from 
the time domain to  the frequency domain or  vice versa. To a certain 
extent, that  theory can be applied t o  resul ts  from the ramplstep and 
pseudo-random input t e s t s  i n  order to  estimate the resul ts  of one from 
the other. 

However, the ramp/step t e s t  i s  employed in both the 1 inear and non- 
1 inear regimes of vehicle operation. (Generally , passenger cars are 
treated as 1 inear systems for  maneuvers requiring 1 ess than approximately 
0 .3  g, a1 though f ree  play and hysteresis in the steering system may have 
significant nonl inear effects  on low-level steering resul ts .  ) In contrast ,  
the frequency sweep or random steering t e s t  i s  based on 1 inear system 
theory and the input levels a re  chosen t o  remain below the threshold of 
s ignif icant  t i r e  shear force nonlinearit ies.  Hence, the ramp/step t e s t  
covers a broader range of vehicle operation than the frequency sweep t e s t  
and the resul ts  from the frequency sweep t e s t  can be misleading i f  they 
are  used to infer  time history information in severe turning maneuvers 
exceeding approximately 0.3 g.  



In addition t o  t h i s  rather obvious difference between the ramp/step 
and pseudo-random t e s t s ,  there are  practical differences in the range of 
usable frequencies invol ved. These differences are i l l  ustrated by the 
example input energy spectra for  the two t e s t s ,  as shown in Figure 19. 
The measured input spectrum for the ramp/step (plus a subsequent reverse 
s t ee r )  has a large amount of i t s  energy in the frequency range from 0 to  
approx.imately 0.3 Hz, while the pseudo-random t e s t  tends to have less  
energy per u n i t  bandwidth below 0.3  Hz than i t  does from 0.6 Hz to 1 . 0  Hz 
or above. Accordingly, the output signals (yaw ra t e  or la teral  accelera- 
tion time h is tor ies )  from the ramplstep or reverse-steer t e s t s  will have 
less  frequency content above 0.5 Hz than tha t  attained by the corresponding 
resporlses from the pseudo-random t e s t .  In e f fec t ,  the ramp/step and 
pseudo-random t e s t s  emphasize separate frequency bands, thereby making 
extrapolations of the resu l t s  from one t e s t  t o  the other d i f f i c u l t  in a 
practical s i tuat ion w i t h  noise and other confounding factors present. 

Given the t e s t  procedures, instrumentation, noise, and vehicles 
employed i n  this study, the use of a f a s t  Fourier transform applied t o  the 
ramp/s tep signal s to  estimate t ransfer  functions was only moderately 
worthwhile. Example resu l t s  for  la te ra l  acceleration and yaw ra te  are 
shown in Figure 20. I t  i s  interesting t o  note that  the phase character- 
i s t i c s  obtained from both t e s t  procedures for  both yaw ra te  and la teral  
accel elrat i on compare very favorably a t  frequencies where the coherence i s  
good. However, the amp1 i tude character is t ics  determined from the ramp/ 
step teest  do not serve as more than a rough estimate of the pseudo-random 
s teer  resu l t s .  A t  l e a s t  for  the manner in which the ramp/step t e s t s  were 
performed in t h i s  study, the resul ts  from tha t  t e s t  do not provide a 
sat isfactory estimate of the vehicle 's  t ransfer  function for frequencies 
greater than 0.4 Hz. 

On the other hand, the pseudo-random input t e s t  (as  performed in 

th i s  study) does not contain enough low frequency information to  establish 
steady-state gain for  frequencies approaching zero. Tests for  establ i s  h- 

i n g  th~e steady turning gain are being developed separately from t he  study 
of t ransient  response [ I ] .  Clearly, the zero frequency gain i s  important 
i n  studying the vehicle and i t s  influence on the driver as an element of 
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F igure  20d.Transfer functions from pseudo- 
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a c losed- loop  c o n t r o l  system. Hence, i t  i s  d e s i r a b l e  t o  supplement t h e  

pseudal-random t e s t  r e s u l t s  w i t h  i n f o r m a t i o n  a t  low f requenc ies  i n  o rde r  

t o  s p e c i f y  t h e  v e h i c l e ' s  open-loop t r a n s f e r  f u n c t i o n .  

The t h i r d  t ype  o f  t e s t ,  t h a t  i s ,  lane-change o r  s i nuso ida l  - s t e e r  

t e s t ,  i s  based on a  p a r t i c u l a r  t y p e  o f  maneuver t h a t  v e h i c l e s  may be 

r e q u i r e d  t o  per fo rm t o  r e s o l v e  t r a f f i c  c o n f l i c t s .  The energy spectrum o f  

t h e  i n p u t  i s  1  i m i t e d  t o  a  band o f  f requenc ies  determined by t h e  p e r i o d  of 

t h e  s t e e r i n g  a c t i v i t y .  For example, F i gu re  21 shows a  t y p i c a l  energy 

spectrum f o r  an approx imate ly  s i nuso ida l  s t e e r i n g  i n p u t  o c c u r r i n g  w i t h i n  

a  two-second pe r i od .  As expected, t he  energy spectrum f o r  t he  s i nuso ida l  

s t e e r  i s  cha rac te r i zed  by a  main " lobe"  a t  0.5 Hz and, i n t e r e s t i n g l y ,  as 

shown i n  F igu re  21, 0.5 Hz i s  approx imate ly  where t h e  ramp/step and t h e  

pseudo-random spec t ra  a r e  bo th  small and sma l l e r  than  t h e  s i nuso ida l  s t e e r  

spectrum i n  t h i s  case. 

S ince t h e  magni tude  o f  t h e  i n p u t  spectrum f o r  t h e  quasi  - s i nuso ida l  

s t e e r  maneuver i s  a lmost  zero a t  c e r t a i n  f requencies,  es t imates  o f  t h e  

t r a n s f e r  f u n c t i o n s  f o r  yaw r a t e  and l a t e r a l  a c c e l e r a t i o n  can be expected 

t o  be very  e r r a t i c .  Th i s  phenomenon i s  i l l u s t r a t e d  f o r  t h e  amp1 i tudes o f  

these t r a n s f e r  f u n c t i o n s  i n  F igures  22a and 22c. Even so, i t  seem sur -  

p r i s i n g  t h a t  t h e  ampl i tude  r e s u l t s  f rom t h e  s i n e  s t e e r  t e s t  do n o t  match 

those ob ta ined  f rom t h e  pseudo-random t e s t  a t  f requenc ies  near 0.5 Hz. 

Given t h i s  s i t u a t i o n ,  i t  i s  p u z z l i n g  t h a t  t h e  phase c h a r a c t e r i s t i c s  de r i ved  

f rom these two t e s t  procedures a r e  approx imate ly  e q u i v a l e n t  i n  t he  neigh- 

borhood o f  0.5 Hz (see F igures  22b and 22d). Never the less,  t h i s  e m p i r i c a l  

evidence suppor ts  t he  hypothes is  t h a t  e x t r a p o l a t i o n s  between phase charac- 

t e r i s t i c s ,  and t h e r e f o r e  t ime  lags ,  may be poss ib l e ,  b u t  accura te  g a i n  

r e l a t i o n s h i p s  a re  n o t  t o  be expected. 

6.2 Comparisons and E x t r a p o l a t i o n s  Between Numerics 

The r e s u l t s  o f  t h e  p rev ious  s e c t i o n  i n d i c a t e  l i m i t a t i o n s  on t h e  

g e n e r a l i t y  o f  any o f  t h e  t h r e e  gener ic  types o f  t e s t  procedures. Given 

t h a t  t h e  i n p u t s  f o r  t h e  va r i ous  t e s t  procedures emphasize d i f f e r e n t  f r e -  

quency ranges, p r a c t i c a l  a t tempts t o  d e r i v e  o v e r a l l  t r a n s f e r  f u n c t i o n s  
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Figure 21. Input spectra for pseudo-random, 
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F igu re  22b. Transfer functions from pseudo- 
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F i  gure 22c ' Transfer  funct ions  from pseudo- 
random and s inuso ida l  s t e e r  inputs ,  l a te ra l  
accelerat ion gain 
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F i g u r e  22d Transfer functions from pseudo- 
random and sinusoidal steer inputs, lateral 
acceleration phase 



from the time his tor ies  developed in any of the t e s t  procedures are  
hindered by the lack of i n p u t  energy density a t  certain important f re-  
quencies. In par t icular ,  the time his tor ies  obtained i n  the quasi- 
s i  nusoi dal s t ee r  and ramp/s tep t e s t s  are not sat isfactory for  accurately 
e~ t ima~t ing  the amp1 i  tudes of the t ransfer  functions determined i n  the 
pseudo-random s t ee r  t e s t .  

Nevertheless, the response time lags, r l  and r2 ,  from the quasi- 
sinusoidal s teer  t e s t  (as obtained in th i s  t e s t  program) corresponds f a i r l y  
closely to  estimates of the response time lags derived from the t ransfer  
function measured in the pseudo-random s teer  procedure. Evidence 
supporting th i s  statement i s  presented in Table 10 which shows resul ts  for 
la teral  acceleration and yaw ra t e  for  Vehicles 1 and 2 in a minimum-load 
condition. The time lags ( T ~ , ~ )  a re  estimated from the frequency sweep 
data using the following equation: 

where 
-r i s  the steady-state time lag in seconds 

f  i s  the frequency of the input signal in deg/sec 

and $ ' ( f )  i s  the phase angle ( i n  degrees) of the t ransfer  
function a t  frequency f 

(For the basic sine s t ee r  t e s t  f = 0.5 H Z ,  i . e . ,  180 deg/sec.) 

A1 though the random-steer data pertain to  steady-state responses to  sinu- 
soidal inputs while the sine-steer t e s t  only employs one cycle of a sine 
wave, the t ransient  in the sine-steer resu l t s  appears to  have l i t t l e  
influence on  the phase or speed of the response for  an input with a two- 
second period. (The main influence re la tes  to  the gains GI and G2.  ) 

Hence, attempts t o  extrapolate phase or time lag information between the 
random- and sine-steer t e s t s  can successful ly  provide reasonably accurate 
resu l t s .  



Tiibl e 10. Conpzrison of Sincsoidil S t e e r  Numerics k i t h  Results 
f ran  Randon Steer Tests 
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I n  contrast ,  the 90-percent response times measured for  Vehicles 1 

and 2 do not have a consistent relationship to  the response lags measured 
in the sine-steer t e s t .  As shown in Table 11, the time lag in la teral  
acceleration response i s  less  for Vehicle 2 than for  Vehicle 1 in the 
sine-steer t e s t ,  even though the 90-percent response time for  la teral  
acceleration i s  considerably longer for Vehicle 2 than for  Vehicle 1 ,  This 
same type of finding appl ies  t o  yaw ra te  a1 so,  a1 though the difference i s  
not as noticeable. This inconsistency between the resul ts  for Vehicles 1 

and 2 shows that a d i rec t  extraplation between 90-percent response times 
and time lags in the sine-steer t e s t s  can lead t o  errors in the relat ive 
ranking of vehicle response proper t ies -c lear ly ,  a very undesirable 
s i tuat ion.  

Furthermore, using the phase i.nformation from the random-steer t e s t  
can 1 ead t o  questionabl e estimates of the 90-percent response times and 
vice versa. For example, the concept of an effect ive time constant, Te 

[10,11], has been employed as a numeric for studying the yaw response of 
passenger cars. The quantity Te i s  defined as the reciprocal of the fre-  
quency ( i n  rad/sec) a t  which the phase angle of the yaw ra te  t ransfer  
function equals -45 degrees. As i l lus t ra ted  in Figure 23, the phases of 
the yaw rate  t ransfer  functions fo r  Vehicles 1 and 2 are nearly identical 
below approximately 1 .1  Hz and the measured values of T, fo r  these vehicles 
are identical w i t h  Te = 0.147 sec. The small difference of 0.03 second 
discerned by the 90-percent response times measured in the ramp/step t e s t  

does not show up in the effect ive time constant. A t  a frequency equal t o  
l/Te, a difference in time lag of 0.03 second i s  equivalent t o  a difference 
of almost 1 2  degrees in phase angle. Nevertheless, Te appears to provide 
a rough estimate of the 63-percent r i s e  time being equal t o  approximately 
0.7 of the value of the 90-percent response time f o r  yaw ra te .  

Note that  these vehicles achieve similar yaw ra te  phase character is t ics  
in quite d i f fe rent  ways, as indicated by the normalized gain versus fre-  
quency character is t ics  shown in Figure 24. On the other hand, the normal- 
ized la te ra l  acceleration gains fo r  these vehicles are very similar u p  t o  
1.75 t o  2 Hz, where i t  i s  suspected that  differences in the numerators of 
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Figure 23.  Determining effective time constant 
from yaw ra te  phase 
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the transfer functions have large influences on the resul ts .  The data 
shown in Figure 25 indicate that  i t  i s  very d i f f i c u l t  t o  get any signi- 
ficant; la teral  acceleration response from Vehicle 1 a t  2 Hz. The strong 
"anti-'resonance" a t  2 Hz means that  even i f  the input has reasonable 
energy density a t  2 Hz, the coherence may be low due to  the lack of a 
significant level of output signal. 

Even t h o u g h  the 1 ateral  acceleration gain characteristics are 
similar u p  t o  1.5 Hz for these two vehicles, the phase character is t ics ,  
presented in Figure l l d ,  indicate tha t  the time lag for  Vehicle 1 will be 
greater than the time lag for  Vehicle 2. For instance, using -45 degree 
phase lag as a reference value yields estimates of la teral  acceleration 
delay times of 0.2 second for Vehicle 2 and 0.24 second for  Vehicle 1 for  . 

responses t o  steering inputs a t  frequencies less than 0.75 Hz. These 
delay times are not representative of the situation observed by comparing 
90-percent response times. As summarized in Table 1 1 ,  the 90-percent 
acceleration response time i s  much longer for  Vehicle 2 than i t  i s  for  
Vehicle 1 .  Clearly, simple extrapolations between the numerics for the 
ramp/step t e s t  and the resul ts  of the other t e s t  procedures can be mis- 
leading w i t h  respect t o  the quickness of the la teral  acceleration response 
in a particular maneuver. 

Rather than showing that  any one t e s t  i s  suf f ic ien t ,  the comparisons 
and attempts to  extrapolate between numerics as presented here show that  
each t e s t  produces unique resul ts  that  a re  n o t  easi ly  ascertained from the 
resul ts  of the other t e s t s .  If  particular numerics (such as the 90- 

percent response times or the gains GI and G2 for each half-wave of a 
lane change) are desired, the resul ts  indicate that  the appropriate t e s t  
specifically designed t o  obtain these numerics should be performed, 
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7.0 SUMMARY AND CONCLUSIONS 

Experimental  r e s u l t s  ob ta ined  from t e s t s  i n v o l v i n g  (1 )  approxima- 

t i o n s  t o  s tep  inpu ts ,  ( 2 )  pseudo-random s t e e r i n g  o s c i l l a t i o n s ,  and (3 )  

quas i  - s i nuso ida l  s t e e r  maneuvers (approximate 1  ane-change s i t u a t i o n s )  

have been examined w i t h  regard  t o  r e p e a t a b i l i t y ,  a b i l i t y  t o  d i s c r i m i n a t e  

between veh ic les ,  and uniqueness o f  t h e  r e s u l t s .  I n  genera l ,  each of 

these t h ree  types o f  t e s t s  were found t o  be u s e f u l  based on cons ide ra t i ons  

of adeiquate r e p e a t a b i l i t y  and t he  ex is tence  o f  numerics t h a t  ( 1 )  d i s -  

cr i rn inlate between veh i c l es  and ( 2 )  p rov ide  i n f o r m a t i o n  t h a t  i s  d i f f i c u l t  

t o  o b t a i n  f rom t h e  o t h e r  t e s t s .  

S p e c i f i c a l l y ,  t h e  ramp/step o r  reverse-s teer  t e s t s  performed i n  t h i s  , 

s tudy  p rov ided  measures o f  90-percent response t imes f o r  l a t e r a l  acce le ra -  

t i o n  and yaw r a t e  w i t h  rms d e v i a t i o n s  t h a t  were g e n e r a l l y  l e s s  than f i v e  

percen t  o f  t h e i r  mean v a l  ues. The 1  a t e r a l  a c c e l e r a t i o n  response t ime, 

i n  p a r t i c u l a r ,  p rov ided  a  c l e a r  d i s c r i m i n a t i o n  between t he  veh i c l es  s tud ied.  

These response t imes were n o t  o n l y  found t o  be d i f f i c u l t  t o  es t ima te  f rom 

t h e  o t h e r  t e s t s ,  b u t  a t tempts t o  e x t r a p o l a t e  t o  these r e s u l t s  cou ld  l e a d  

t o  f a l s e  assessments o f  t h e  r e l a t i v e  rank ing  o f  veh i c l es .  

The pseudo-random s t e e r  t e s t  can p rov ide  f requency response i n f o r -  

mat ion w i t h  h i g h  coherence (above 0.96) f o r  low l a t e r a l  a c c e l e r a t i o n  

s i t u a t i o n s  over  t h e  frequency range f rom approx imate ly  0.3 Hz t o  2.0 Hz 
f o r  yaw r a t e  and f rom 0.3 Hz t o  1.2 Hz f o r  l a t e r a l  acce le ra t i on .  D i f f e r -  

ences i n  g a i n  and phase c h a r a c t e r i s t i c s  f o r  yaw r a t e  and l a t e r a l  accelera-  

t i o n  t r a n s f e r  f u n c t i o n s  a r e  e a s i l y  d i s c e r n i b l e  f o r  va r i ous  veh i c l es .  None 

o f  t h e  o t h e r  t e s t s  p rov ide  as general  a d e s c r i p t i o n  o f  t h e  l i n e a r  range 

t r a n s i e n t  performance o f  t he  automobi le.  Nevertheless, t h e  r e s u l t s  o f  

t h i s  t e s t  should be supplemented w i t h  low frequency i n f o r m a t i o n  ( a t  l e a s t  

steady t u r n i n g  ga in )  and some i n f o r m a t i o n  on t h e  i n f l u e n c e  o f  nonl  i n e a r i  t i e s  

a t  h i  glter maneuvering 1  eve1 s. 

The s i n u s o i d a l - s t e e r  t e s t  was performed w i t h o u t  t h e  use o f  an 

automat ic  dev ice  f o r  app l y i ng  a  s i n g l e  c y c l e  o f  a  s i n e  wave t o  t he  s t e e r i n g  

wheel. The i n p u t  was supp l i ed  by t h e  t e s t  d r i v e r .  Nevertheless, t h e  pro-  

cedure used f u rn i shed  s a t i s f a c t o r y  r e s u l t s .  The t ime  l ags  determined f rom 



cross-.correlations of corresponding " ha1 ves" of the input and output wave 

forms were very repeatable. The rms deviations were less than six percent 
of the mean values. The time lags from th is  t e s t  and the phase informa- 
tion from the random-steer t e s t  appeared to be related i n  a manner allow- 
i ng simple extrapol ations between these particular resul ts ,  However, the 
gain characteristics obtained in th i s  t e s t  are  unique to  i t  and these 
characteristics do  vary from vehicle t o  vehicle. 

The findings from this  study only address certain questions con- 
cerning repeatabi 1 i t y ,  discrimination power, and uniqueness of the resul ts .  
This study does n o t  examine the motivations or reasons for  performing 
particular tes t s .  Correlations with subjective ratings are not considered. 
However, accurate descriptions of vehicle properties as resul t  from care- 
ful ly conceived open-1 oop t e s t s  are needed before meaningful correlation 
studies can be performed. If the goal i s  to  learn as much as possible 
about the transient directional response properties of a particular s e t  
of vehicles, then a l l  three of these types of t e s t s  can contribute useful 
information for  the evaluation and comparison of these vehicles. In th i s  
sense, no particular t e s t  i s  recommended as being suff ic ient .  Rather, 
i t  i s  suggested that a1 1 three t e s t s  be performed i f  adequate space, time, 
and resources are  available. 
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