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ABSTRACT 

Handling characteristics of hypothetical electric vehicle con- 
figurations were studied by applying available analytical methods. 
linearized models were used in addition to a highly sophisticated vehicle dynamics 
computer simulation technique. 
defined for various battery and powertrain packaging approaches applied to a 

subcompact base car. 
range of weight distribution and irertial properties which characterize a 
generic class of EV's. Computer siaulations of structured maneuvers were 
performed for predicting handling q-zalizies ir? the normal driving range and 
during various extreme conditions related to accident avoidance. 
consistently indicate that an EV with foxxard weight bias will possess handling 
qualities superior to a comparable EV t h a t  is rear-heavy or equally balanced; 
the handling differences become more pronowxed as yaw moment of inerria is 
increased. 
excessive sideslip, long response times and andesirable phase lags. Results 
also demonstrate the importance of properly matching tires, suspension 
system and brake system front/rear torqtle proportioning to a given Et' 
configuration during the design stage. 
can provide valuable guidaiice for developing electric (and other) vehicles 
which have satisfactory handling qualities. 

Elementary 

Physical properties of specific EV's were 

The group of configurations considered gave a wide 

Results 

Rear-heavy EV's were found to be particularly susceptible to 

T1=e methodology erqloyed in this study 
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GLOSSARY 

- 
T a 

- 
S 

b 

Q 
C 

s 
h - 

- 

hcpT - 

Portion of wheelbase from front axle to the longitudinal 
location of the sprung mass center of gravity 

Portion of wheelbase fron front axle to the longitudinal 
location of the total vehicle center of gravity 

Lateral acceleration referenced to sprung inass center of 
gravity 

Portion of wheelbase from rear axle to the longitudinal 
location of the sprung mass center of gravity 

Portion of wheelbase from rear axle to the longitudinal 
location of the total vehicle center of gravity 

Cornering stiffness, i.e., lateral force generated by 3 
tire (or pair of tires) ?er  unit slip angle 

Gravitational constant (32.2 ft/sec') 
-l 

Static margin, i.e., longitudinal location of resliltant 
side force vector with res?t'ct to sprung mass c.g. 
for vehicle in steady-state turn 

Vertical height above ground of sprung mass center -.f 
gravity 

bertical height above g o u n d  of total vehicle center of 
gra*:i ty 

Roll moment of inertia of sprung mass about c.g. 

Roll moment cf inertia of total vehicle about c .g .  

Pitch moment of inertia of sprung mass about c.g. 

Pitch moment of inertia of total vehicle about c.g. 

Sote: For core complete and rigoroys definitions. consult "Vehicle 
Dynamics Terninology,'' SAE J670e, Society of Automotive 
Engineers, June 1975.  



R - 

a - 

- w 

Y a w  moment of i n e r t i a  of sprung mass about c .g .  

Yaw moment of i n e r t i a  of t o t a l  v e h i c l e  about c .g .  

Roll-yaw product  of i n e r t i a  of t h e  sprung mass about i t s  c.g. 

Wheelbase 

Radius of pa th  curva ture  

Y a w  Kate (ve loc i ty )  

Resu l t an t  speed of v e h i c l e  

Weight of sprung mass 

T o t a l  weight of v e h i c l e  

Longi tudinal  a x i s  o f  v e h i c l e  sprung mass 

Lateral ( t r ansve r se )  a x i s  of v e h i c l e  sprung mass 

Vertical a x i s  of v e h i c l e  sprung mass 

Tire s l i p  ang le  

Vehicle  s l i p  angle ,  i . e . ,  ang le  between long i tud ina l  sxis 
and v e l o c i t y  vec to r  

Front wheel r e fe rence  ( input )  steer 3rigle, i .e . ,  s t e e r i n g  
wheel ang le  d iv ided  by gearbox ra t io  

Front wheel input  steer angle  normalized t o  a 10 f t .  
wheelbase (equal Ackemen ang les )  

Roll ang le  o f  sprung mass with  r e s p e c t  t o  growid-fixed axes 

P i t c h  ang le  of s?ruiig mass with r e s p e c t  to ground-fixed axes 

Yaw ang le  o f  sprung mass wi th  r e s p e c t  t o  ground-fixed axes 
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1 .  I IiTRODUCTIOK 

The objective of this study was to evaluate, through the use of a 
computer simulation program, the d-mamic handling characteristics of a class 
of battery-powered passenger cars. 
layout approaches were considered as possible derivatives of a subcompact 
base vehicle, Mhich gave a wide range of sass distribution axxi inertia properties 
for  analytical investigation. Results of this study are intended t o  provide 
infomation to electric vehicle designers and manufacturers on how battery 
placement and vehicle packaging can affect important physical properties of 
a vehicle (principally the weight distribution and yaw moment of inertia) and 
the resulting effects on handling qualities. 

Various battery packaging and driveline 

It is important to realize that Yehicle handling qualities are largely 
subjective and qualitative in riature, and very little information exists which 
csn be applied to dstermine whether a given rehicle handles "good" or "$ad", 
except in a gross sense. 
dlnamic characteristics, and the de-velopmcnt of 2 vehicle requires many tiesign 
compromises which include handling as one of many aspects of automotive 
engineering which must be addressed. Design and development of cars with 
consumer acceptable ind "safe" handling prcperties is an art as weil as a 

science. 

Production passecger cars exhibit a wide range of 

Kith this in nind, we have apFroached the study by considering the 
predicted dynamic characteristics of h-ypcthetical electric vehicle ccnfigurations 
relative to the corresponding characteristics of the selected base car--2 19-C. 
Chevrolet Chevecte. 
handling qualities which are suitable fo r  the general public and consistent 
with the control abilities and expectations of the "average" driver; but, it 
would not be expected to possess the ultimate in handling performance, if 
indeed such a vehicle is possibie or definable. Nevertheless, tendencies 
produced by large changes in vehicle properties (when adding batteries a d  

alternative drivetrLin layouts) can be ;dcr,tified ;s generally h c l p f u l  or 

This production car certainly possesses reasonable 

1 



ietrinental in most instances, and these trends are what we have endeavored 
t c  explore. 

Electric vehicle handling has been largely ignored as a subject 
of research in the past mainly because other challenging problems must be 
ob*ercome before introduction of large nurbers of electric cars to the 
xrietplace becomes a reality. The fundamental problem, of course, relates to 
battery energy density and the achievement of reasonable driving range 
nithout excessive onboard battery mass. 
:he ride and handling characteristics of many EV prototypes in existence 
to appreciate the i~portance of parallei research directed toward these 
engineering aspects of alternative-fueled passenger cars. 

Hosever, one needs only t o  experience 

We view this study as an initial attempt -J  isolate some of the 
perr'ormance characteristics which can be zzversely affected by the addition 
of batteries and correspondingly high mments of inertia applied to a passenger 
car with conventional chassis design and dimensions of the subcompact class, 
i . e . ,  cars with a wheelbase in the neighborhood of 90-100 inches. IVe will deal 
Kith har,dling behavior in both the linear range (normal driving activity with 
lateral acceleration remaining below about 0.3 g) and the range of limir 
perfomance where tire side force capacity can be reached. 

Linear range performance deals mainly with directional response 
to small steer angle c>.--ges charas. -2rized by iat?ral acceleration control 
gain and yaw velocity control gain arid the sensitivities of other paraneters 
such as sideslip angle and roll zngle of the vehicle hody to the magnitude 
of lateral acceleration. 
Technical Discussion. 
e-ialuated sone:chat nore quantiLatively than limit performance since guidelines 
are generally knom for "acceptable" nandling qualities in the "normal" 
driving regime of prodLCtion cars. 

Linear perfoxmarim theory will be reviewed in the 
Handling performance in this regime can be studied and 

L i m i t  performance deals With scabiiity and cmtrol in drastic 
maneuvers mainly related to accident avoidance. Examples are r s p i d  1zne 

2 



changes, sudden turning to evade an impending collision situation, and hard 
braking while negotiating a turn. 
vehicle handles in these kinds of situations relate to how quickly the 
intended maneuver can be performed, and if reasonable stability and control 
responsiveness exist during and immediately following the maneuver. 
some quantitative ways of evaluating whicle handling and stability have b 
developed (primarily by the Sational Highway Traffic Safety P.dministration), 
tnis aspect of vehicle dpamics remains in an infant state and must be treated 
mainly in a subjective nanner. 

Criteria for evaluating how well a 

Although 

It should also be pointed out that performance in tire linear range 
is, for the most part, limited to steady-state response, and moments of inertia 
therefore do not play a direct role in the vehicle's behavior; weight distributioc 
and how xell the suspension systems and :ires are matched to physical properties 
of the vehicle are of prime importance in this regine. 
become important when considering transient response, for instance jn the limit 
maneuvers previously mentioned. Bct, mass distribution and moments of inertia 
are inteF-related and we are in essence addressing the overall effects of 
mass (inertia) throughout this study. 

Noments of inertia 

In the following Technical Discussion, the electric vehicle packaging 
configurations are described which were selected for providing a range of 
physical properties for ccrrrputer evaluation. 
obtaining these Fropertj 
is als3 discussed and tale resulting pararr,cters are presented. 
by a review of linear handling theory. 
mzneuvers which were simulated with the computer model (%'OSN). Simulation 
results are then presented and evaluated, and conclusions and recoinmendccions 
are sunmarized. 

The derivation procedure f o r  

,necessary for  input to the computer sinulation) 
This is followed 

lie then describe the sFecific 

Appendices contain a brief overview of the Hishway-Vehiclc-Object 
Sirnulatioil Nodel (Hc'C!SN) compcter mode!, results of actual physicai neasu:eaonts 
made on three vehicles, a detailed list of compcter program input psrazctcrs , 

3 



for  t h e  base vehicle, and sanple output plots for each of rhe general types 

of simulated naneu-Jers. 
2erformed within t h i s  study, the large amount of resulting infornation precludes 

complete documentation within t h i s  report; only the more important infomation 

is  presented. 

Since approximately 200 computer s imlations were 
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2. TECHNICAL DISCUSS ION 

This section presents technic.1 results of the overall st&?. It is 
??.e first describes specific electrk vehicle divided into nine sub-sections. 

configurations which were selected fo. analysis. 
review of how physical properties were developed to mathematically describe 
the € V I S  in a form required for the cmputer program input. 
overview of vehicle handling evaluatiop bared on a linearized mathezatieal model; 
this gives an introduction to vehicle 
computer sinulation study (which treat.. significant non-linear vehicle 
properties). 
model are defined, i.e., trapezoioal steer, sinusoidal steer and braking-in-a-turn 
maneuvers. 
the base vehicle and EV configurations. 
effects of weight distribution and :'aw nionent of inertia are then discussed. 
Finally, a brief exploratory staay is described which was perforrr,eG to give 
some preliminary insight as to how codificatian of suspension 2nd tire properties 
can affect (and perhaps improve) har.iling performance. 

This is followed 5y a 

We ther! give an 

?xamics theory before discussing the 

Kext, the handling .?aneu-,*ers that were simulated by the conputer 

Results of these three simlated maneuvers are then presented for 
The more significant resulcs related to 

2.1 Electric Vehi cl e Conf i guraticns 

The first step in defining a group of electric vehicle configurations 
for this study was to select a reasonable base vehicle which could theoretically 
be converted to battery power. 
site class with a curb weight of about 20CO l b s .  

2-door model was chosen as the base car becs .;t it met the size requirement, 
contains sufficient space f o r  battery pla, dment in the fr0r.z and rear body 

areas, and information was available fqr mathematically representing most of 
the physical properties needed for .e ccmputer simulation program. Same 
published characteristics of the base car are lis*zd below: 

The base 1-ehicle wa.c cc be in the subcompact 
I., 1979 Chevrolet Chevette 

Curb \$eight - 2029 lbs. 

Overall Ler.4 - 159.7 in. 
O v ~ r ~ l ' .  Yidth - 61.8 in. 



Overa l l  Height - 52.3 in .  
Ifheelbase - 94.3 in .  
Track Width - 51 .2  i n .  

Neasurenents were made t o  d e f i n e  area; i n  t h e  engine compartment and 

t h e  AuJggage space behind t h e  rear s e a t  which could be used f o r  b a t t e r y  and 
pokerplant placements t i i thout  r e q u i r i n g  rnrrjor body and c h a s s i s  redes iga .  

i n t e n t  was t o  i n d i c a t e  genera l  a v a i l a b l e  a r e a s ,  bu t  no t  t o  t h e  e x t e n t  of  
a c t u a l l y  des igning  p r a c t i c a l  packaging layouts .  
schemes were then s e l e c t e d  t o  provide  a oroad range of p o t e n t i a l  mass d i s t r i b u t i o n  
and i n e r t i a l  p r o p e r t i e s  fo r  t h i s  s ize  car conceptua l ly  converted t o  e l e c t r i c  

dr ive .  

The 

Severa l  hypo the t i ca l  packaging 

The r e s u l t i n g  conf igu ra t ions  are descr ibed  i n  t h e  fa l lowing  paragraphs.  

X f r o n t  motor, r e a r  d r i v e  conf igu ra t ion  was packaged i n  t h e  base  c a r  
w i t h  18 motive b a t t e r i e s  equal ly  s p l i t  betlieen t h e  f r o n t  and r e a r  o f  t he  v e h i c l e  

as shom i n  Figure l ( a ) ,  a plan  view g iv ing  nominal dimensions. The f r o n t  

group of  9 b a t t e r i e s  tiere central!? loca ted  over  t h e  f r o n t  ax le .  The tear 

b a t t e r y  pack was pos i t i oned  so as no t  t o  i n t r u d e  i n t o  t h e  r e a r  seat area but  

as c l o s e  t o  t h e  rear a x l e  as p o s s i b l e ,  siven t h e  a v a i l a b l e  space. 

of  t h i s  e l e c t r i c  d r i v e  s y s t e n  packaged i n  t h e  base c a r ,  inc luding  t h e  m t o r  
loca t ion ,  is given i n  Figure 2 .  Note t h a t  t h e  ind iv idua l  b a t t e r i e s  a r e  10.3" 

long, 7.0" wide and l0.3" high ,  approkinately t h e  s i z e  of the  batteries used i n  
t he  GE/Chrysler 3nd XiResearch e l e c t r i c  v e h i c l e  p ro to types ,  which also con ta in  
lS b a t t e r i e s .  

A s i d e  viek 

This  conf igu ra t ion  is  t h e  sane as above except  t h a t  t h e  bac te ry  

packs Eire moved 10" oirtb3ard, i . e . ,  t h e  f r o n t  b a t t e r i e s  a r e  r epos i t i oned  io" 
forward and the  r e a r  b a t t e r i e s  10" resrrsard. This  r e s u l t s  i n  a l a r g e r  yaw 

moment of i n e r t i a  f o r  t h e  same b a t t e r y  hass, with  t h e  b a t t c r i c s  loca ted  ~ e 3 r  

t he  outermost boundaries of the  a v a i l a b l e  packaging a r e a s  as shown i n  Figure 3. 

6 
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A f r o n t  motor, f r o n t  d r i v e  confi ,  r a t i o n  was de f ined  based on t h e  
* 

d r i v e t r a i n  designed f o r  t h e  GE/Chrysler e l e c t r i c  u ro to type .  
t h e  weight of  t h e  f r o n t  d r i v e  system and due t o  space l i m i t a t i o n s  i n  t h e  f r o n t  
c o q n r t n e n t ,  t h e  b a t t e r i e s  were s p l i t  as s h o m  i n  Figure l ( b )  , i . e .  , 6 were 
pos i t ioned  i n  t h e  f r o n t  and 12 were placed i n  t h e  rear. 
of t h i s  layout .  

same loca t ion  as i n  t h e  GE/Chrysler EV, with  respect t o  t h e  f r o n t  a x l e ,  based 
on drawings provided by JPL. The f r o n t  b a t t e r i e s  were c e n t r a l l y  loca t ed  over  
t h e  f r o n t  a x l e  and e l eva ted  t o  clear t h e  notor and d i f f e r e n t i a l .  

To counterbalance 

F igure  4 is a s i d e  vie\, 

Note t h a t  t h e  mc;tor i s  t r a n s v e r s e l y  o r i e n t e d  and p laced  a t  t h e  

In t h i s  ca se ,  t h e  r e a r  dyive system conta ined  i n  t h e  AiResear:h e l e c t r i c  

vehicle** was loca ted  i n  t h e  r e a r  of t h e  base c a r  i n  t h e  same l o c a t i o n  r e l a t i v e  

t o  the  r e a r  a x l e .  Figure S shows t h i s  conf igu ra t ion ,  which inc ludes  two motor/ 

genera tors  and a flywheel device.  B a t t e r i e s  were s p l i t  i n t o  a f r o n t  package Df 

12 and a r e a r  package of  6, as i l l u s t r a t e d  i n  Figure l ( c ) .  
l i m i t a t i o n s  i n  t h e  rear o f  t h e  veh ic l e ,  it was necessary  t o  s l i g h t l y  i n f r i n g e  on 
t h e  r e a r  seat space ,  bu t  t h e  r e s u l t i n g  o r i e n t a t i o n  is  s u f f i c i e n t  t o  provide 

approximate p h y s i c a l  p r o p e r t i e s ,  al though some redes ign  would obviously be 

necessary i f  t h i s  d r i v e  system was to be a c t u a l l y  i n s t a l l e d  i n  t h e  p a r t i c u l a r  
base ca r .  

Due t o  space 

This conf igu ra t ion  c l o s e l y  resembles t h e  a c t u a l  GE/Chrysler E\' 
prototype i n  terms of  b a t t e r y  and d r i v e  system layout .  
i n  a c e n t r a l  tLnnel as i l l u s t r a t e d  i n  f i g u r e  6 ( a ) .  

a r e  loca ted  i n  t h e  f r o n t  o f  t h e  veh ic l e  ( r e f e r  aga in  t o  F igure  4) .  

eighteen b a t t e r i e s  a r e  re ferenced  t o  t h e  r e a r  a x l e  equ iva len t  t o  t h e  

Batteries are placed 
The motor and d r i v e l i n e  

The 

Developed ur.der Contract  No. EY-76-C-03-1294 

Developed under Contract  No. EY-76-C-03-1215 
* *  
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pxAaging approach taken by General Electric. 
assumed for the vertical battery location. 

A 10" ground clearance w3s 

A tunnel battery packaging layout comparable t o  that employed in 
the actual AiResearch EV was packaged in the base vehicle as shown in Figure 6(b). 
The rear drive system was retained as previously discussed (refer back to 
Figure 5 ) .  

fnr all the configurations described up t o  thij point. 
ciear..nce of 10" was assumed. 

This approach also utilizes 18 batteries of the size considered 
A battery ground 

This configuration was derived from an actual electric veLicle, 
named the Nars 11, which has been experimentally evaluated and found t c  he 
unacceptable with respect to handling performance (Ref. 1). It conzained 
twsnty heavy-duty batteries weighing 92 Its. each, split equally between the 
front and rear, as shown in Figure 6(c)  packaged in the base vehicle. The 

original Nars I1 was derived from a Renault R-10, which is apprsxinately.the 
same size as the Chevette base car. The electric notor was contaimd in t h e  

rear of the vehicle as illustrated by Figure 7 .  

provides a basis for defining effects of high inertia whit 
excess'va and clearly unacceptable for a subcompact size car. 

Simulating this configuratiai 
are knohn to be 

The blars 11 EV was rear h a w  with approximately 55% of its weight 
supported by the rear axle. In order to take into account the effect of 
front/rear weight distribution for such a high inertia vchicle, a -7rresponding 
configuratic: was hypothesized that essentiaiiy turns the !!an I1 end-for-end. 
This gives a front-heavy configuration with the same inertia! properties 
3s the Nars I1 layout packaged ir. the base vehicle. 

1 4  
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The e i g h t  e lectr ic  v e h i c l e  conf igu ra t ions  def ined  above are 

summarized i n  Table 1, a long  with t h e  base c a r .  
phys ica l  p r o p e r t i e s  of t h e s e  conf igu ra t ions  are given,  e .g . ,  t h e  weight 

d i s t r i b u t i o n s  and moments cf i n e r t i a .  

t h e s e  represent  d e r i v a t i v e s  of  t h e  - base  v e h i c l e  and are t h e r e f o r e  hypo the t i ca l  

veh ic l e s .  
(except sp r ing  rates) were maintained cons t an t  f o r  a l l  EV's .  I t  should n o t  be 

assumed t h a t  t h e s e  c o n f i g u r a t i o n s  r ep resen t  t h e i r  coun te rpa r t s  (GE, AiResearch, 

!krs 11, e t c . )  i n  a strict sense ,  and can only be considered approximations 

of corresponding prototype EV's.  

In t h e  next  s e c t i o n ,  t h e  

I t  should be emphasized t h a t  a l l  of 

For in s t ance ,  t h e  suspension system p r o p e r t i e s  of t h e  base v e h i c l e  

2.2 Physical Properties of Base Vehicle and EV Configurations 

Various phys ica l  p r o p e r t i e s  a r e  requi red  f o r  input  t o  t h e  v e h i c l e  
dynamics computer model t o  c h a r a c t e r i z e  a given conf igura t ion .  
i n t o  the  gsnera l  c a t e g o r i e s  of:  

These f a l l  

a Dimensions 
0 Flasses and Noments of I n e r t i a  

0 Suspension C h a r a c t e r i s t i c s  
a T i r e  P rope r t i e s  

Flany of t h e  requi red  p a r m e t e r s  were a v a i l a b l e  f o r  t h e  bese car from va r ious  
sources. I t  was p a r t i c u l a r l y  important t o  ob ta in  an a c c u r a t e  r e p r e s e n t a t i o n  
o f  t he  base v e h i c l e ' s  weight d i s t r i b u t i o n  and moments of i n e r t i a .  

Chevette 2-door was t h e r e f o r e  obtained and appropr i a t e  measurements were 
mode by Djmainic Science,  Inc . ,  Phaenix, Arizona. Thei r  f a c i l i t y  and procedures  
f o r  measuring t h e  d e s i r e d  p a r m e t e r s  sre descr ibed  i n  Appendix A. 

A 1979 

From t h i s  t e s t i n g  source ,  t h e  fol lowing d a t a  were obtained for 
* 

t h e  base c a r  a t  curb  weight cond i t ions :  

* 
See Glossary f o r  d e f i n i t i o n  of s>mbols. 
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- 2196 lbs. % 

bT 

- 41.10 in. 

- 53.40 in. 
T a 

- 19.94 in. hCgT 
9 - 3462 lb-in-sec' IXT 

9 - 13,320 Ib-in-sec' 
2 - 13,S20 lb-in-sec 

'Y T 

I ZT 

These parameters are for the total vehicle treated as a single rigid 
body. The computer program, however, requires ?he. correspondicg parameters 
for the sprung mass uncoupled from the -JnsFru?g masses (suspension systems, 
&heels, tires, etc.). These parameters are traditionally obtained by analyticall: 
subtracting estimated masses and inertias of the unsprung components from the 
total vehicle. 
nmber of passenger cars by Basso (Ref. 2), we have assumed the following values 
for  the base vehicle: 

Based upon regression analyses of properzies from a large 

Wf 
V r  = 214 lbs. (total rear unsprung weight) 

Ir 

134 lbs. (total front unsprung weight) 

9 
= 185 lb-in-sec' (solid rear axle roll inertia) 

Subtracting these weights and associated moments of inertis from 
the total vehicle, and accounting for translation of the center of gravity, 
results in the approximate sprung mass properties given below: 

= 1848 l b s .  wS 

bS 

= 37.t39f~ S a - 56.61" 



7 
= 2975 lb-in-sec’ 

I X S  
3 

= 11,124 lb-in-sec’ YS I 
9 

= 11,206 lb-in-sec’ ZS I 

The roll-yaw product of inertia for the sprung mass was calculated 
by assuming tha: the principal axis of the base vehicie is inclined about t h e  

pitq-h axis at -3 . 
engine cars, again based on Basso’s study. The appropriate tra~sfornation 
re12 tionship then gives a roll-yaw prodi:rt of: 

- 0  This is believed to be 3 rersonsbie assumptim f o r  f r o n t  

3 (Ixs - I tan 22 
t zS j = 433 lb-in-sec’ 

3 xzs * 
I 

The other pr:ducts of inertia are zero due to s > m e t r y .  

Since a two-passenger load was desired for all vehicles tc be s i m -  
lated, two 150 lb. xasses were added t o  the base c3r at the front scati2g 
positions, xhich resulted in the fo l lox in ;  adjustments to the base vehicle 

Froperzies: 

ws (Ibs.) 

a (in.) 

bS (in.) 

h (in. j 

Ixs (Ib-in-sec’) 

S 

=gs 
7 

I (lb- tn-sec’) 
YS 

1 

I (1 b- in-sec”) OS 
1 

I xzs (lb-in-sec’) 

Curb 
Condition 

1838 

37.89 

56.61 

21.63 

2975 

11,124 

11,206 

433 

Loaded 
Condition 

2148 

39. LO 

55.30 

22.33 

3104 

11,199 

11,376 

4 64 
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I t  is pointed out  t h a t  t h e  mathematical model used i n  t h i s  s tudy 

(see  Appendix B) r e q u i r e s  on t h e  order  of f i f t y  parameters t o  r ep resen t  a 
b i Y ~ n  veh ic l e  conf igu ra t ion .  

beyond the  sco?e of t h i s  r epor t  and t h e  i n t e r e s t e d  r eade r  i s  r e f e r r e d  t o  t h e  

HVOSN Users Manual developed by Segal (Ref. 3) f o r  complete documentation. 

A complete set of i npu t  parameters for t h e  base car is  contained i n  Appendix C. 

A complete d e s c r i p t i o n  of  t hese  parameters goes 

Most noteworthy is t h e  very s o p h i s t i c a t e d  suspension system 

representat . ion t r e a t e d  by t h e  computer program, which encompasses a l l  important 
suspension p r o p e r t i e s  of t h e  base veh ic l e .  

lateral f o r c e  compliance steer, a l i g n i n g  torque  compliance steer, lateral 
force  compliance camber, and a l i g n i n g  torque compliance camber. 
compliance effects occur  because suspension systems are i n t e n t i o n a l l y  designed 

with a c e r t a i n  amount of f l e x i b i l i t y  by t h e  use  o f  rubber bushings, for v i b r a t i o n  

con t ro l  and o t h e r  reasons.  
compliances p lay  a very  important r o l e  i n  t h e  handling p r o p e r t i e s  of a 

vehic le ,  and handling behavior can a c t u a l l y  be modified by proper ly  incorpora t ing  
a c e r t a i n  moun t  of suspension system f l e x i b i l i t y .  

These e f f e c t s  inc lude  r i d e - s t e e r ,  

These 

As w i l l  be discussed la ter  i n  t h e  r e p o r t ,  t hese  

The s tandard  t i r e  f o r  t h e  1979 Chevette is  a P15S/R13 metric r a d i a l  
(for 1978 models it i s  a Pl55/80D13 diagonal p l y ) .  I:'e a r e  not  aware of 
published mechanical p r o p e r t i e s  for t hese  t i r e  types.  I t  was t h e r e f o r e  
decided t o  use p r o p e r t i e s  f o r  an A7S-13 b i a s  p l y  ( load range B) with a 
r e l a t i v e l y  high corner ing  s t i f f n e s s  based upon t i r e  test da ta  obtained by 
Calspan (Ref. 4 ) .  Prope r t i e s  for t h i s  t i r e  are given i n  Appendix C as input  
t o  HVOSN, and i n  Figure 8 i n  a ca rpe t  p l o t  format. 

t o  be reasonably c l o s e  t o  those  of t h e  s tandard Chevette tires. 
performed s imula t ions  with r a d i a l  p l y  t i res  (BR78-13) on t h e  base c a r ,  f o r  
d i r e c t  comparison w i t h  t h e  EV conf igura t ions .  

These p r o p e r t i e s  are l i k e l y  

We a l s o  

With t h e  above discussed information,  t h e  base veh ic l e  is completelJ* 

The next s t e p  was t o  a l t e r  defined w i t h  r e spec t  t o  required HVOSM input da t a .  
the  mass d i s t r i b u t i o n  t o  represent  t h e  EV conf igu ra t ions  considered for  t h e  
s imulat ion matrix.  

I 

20 
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Before calculating inertial properties for these hypothetical EL' 
conversions of the base car, the following components were analytically 
rmoved: 

CornDonen t 

IC Engine 
Transnission and Torque Conv. 
Radiator and Coolant 
Exhats t Sys t en 
Full Fuel T2nk (12.5 gal) 
Driveshaft * 
Differential* 

Est. Weight ( l b s . )  

350 
100 

50 

30 
100 

20 
40 

690 
- 

Based on approximate c . g .  locrttions of the masses and their 
nozinal overall dimensions, the appropriate IC engir?e components were sub- 
tracted fron the base vehicle (with the two-passenger load mzintained) using 
a ccmpute? prograa (ISCAL) written for this purpose. 
below: 

Results are given 

Base Minus 
Vehic 1 e ICE Components 

K (lbs.) 2115 1518 

a (in.) 39.20 45.70 

S 

S 

bS (in.) 55.30 48.80 

(in.) cgs h 

(i b- in-sec*) 
I X S  

22.33 23.86 

3104 2984 

11,199 2 (lb-in-sec ) IYS 7659 

(lb-in -sec') 11,376 7889 
I X S  

IXZS (lb-in-sec') 4 €4 399 

n 
Subtracted frorn t5e rear uxr?rung mass, ,only for the  GE/Chrysler and 
AiResearih ;otiertrcin confi:urztions. 
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The final step in the EV inertia definition was to add the 
app;opriate battery packages and powertrain components to the base vehicle 
SsripFed of its IC engine components. For this purpose, component weights 
f;r the GE/Chrysler and AiResearch electric prototypes were provided by JPL. 
Based on this information, the weights given below were used to calculate 
inertial properties for the EV configurstions simulated. 

Convent ionai 
Component & GE/Chrysler Drives 

blotor 217 
Transmission/Differential 48 
Misc. Drive Components 20 

Flywheel Assembly 
Power Cond. Unit 
Controller 

-- 
97 

8 

On-board Charger 6 

Nisc. Power Camp. 13 
Batteries (18 x 60#) 1080 

_I_ 

TOTAL (LBS.) 1490 

XiResearch 
Drive 

240 

90 

47 
173 

86 
12 
29 

33 

1080 - 
1790 

The EL' design drawings.also served to locate the various con2onents 
relative to t h e  drive axles f o r  the CE and AiResearch approaches. 
%ere configured as previously discussed. 
stripped base vehicle gives the weight distribution and inertial properties in 
Table 2 .  

Batteries 
Xcding these Components to the 

Table 2 demonstrates that significant ranges of weight distributioc 
and inertial properties are provided by the EV configurations selected. 
instance, the 10" outboard shift of batteries f o r  the SO/SO split causes 
about a 2O"i variation in yaw moment of inertia, while maintaining the same 
front/rear axle loadings. Ctmversely, the GE Drive and Conventional Drive 
(10" outboard) configurations have about the came yaw inertia, but a 
substantial difference ir? front/rear weight distribution (SO/SO vs. 5 5 / 5 5 ) .  

For 

23 
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Since axle loadings are substantially increased from the base car 
by the EV component additions, it is necessary to adjust the suspension spring 
rates accordingly. 
equal K/F ratios were incorporated in all vehicles, where K is the spring 
rp+e effective at the wheel for a particular suspension and F is the static 
vertical force (curb weight condition). For curb weight conditions, this gives 
spring rates for the EV's relative to the base car as listed below: 

To maintain equal ride frequencies and ride heights, 

SPRIKG RATES 
Fron: Rear 

Itheels (lb/in) Wheels (lb/in) 
Base Vehicle (std. rates) 170 123 
Conv. Drive, SO/SO Bat. 230 201 
GE Drive, l/3 - 2/3 Bat. 210 223 
AiResearch, 2/3 - 1/3' Bat. 202 28 1 
GE Drive, Tunnel Bat. 204 229 
AiResearch Drive, Tunnel Bat. 216 2 66 
Mars I1 Configuration 23i 322 
Front Heavy, High Inertia 298 256 

Similarly, increased axle loadings necessitate selection of tires . 

for the EV's with a higf-r load rating than for the base car tires. 
our understanding that the GE electric vehicle employs P175/75 Extra Load 
tires. 
HV091 input. 
stiffness significantly greater than the A78-13 tire used on the base car, ter.dins 
to counteract effects of relatively high inertia in transient fi..ieuvers. 
As will be discussed later, we also investigated the effect of using larger 
(14 inch) radial tires on the EV's. 

It is 

So data are available for this t)pe of tire in a form suitable f o r  

Le have therefore selected a BR78-13, which has a cornering 

These configurations give a spectrum of EV derivatives characteri:ed 
by the weight-inertia relationship shown in Figure 9. The base car sprung 

26 
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3 
G ~ L S S  has a paw moment o f  i n e r t i a  of about 11,000 lb-in-sec’. There is then 
a group of EV’s with a 5jlriing weight i n  t h e  3000-3300 l b .  range, with yaw 

rconents of  i n e r t i a  betwrlw s??roxirnately 15,000 and 21,000 lb- in-sec ; t h e s e  

a r e  Lased on t h e  va r ious  luckaging l ayou t s  of 18 b a t t e r i e s  (60 l b s .  each) 

and compatible d r i v e t r a i n  designs.  

Flars 11 conf igu ra t ion  corltaining 20 heavy-duty b a t t e r i e s  (92 l b s .  each ) ,  

r e s u l t i n g  i n  a S p i . g  weight of 3800 l b s .  and a yaw i n e r t i a  of n e a r l y  25,000 

lb - in - sec  . 

2 

At t h e  upper end of  t h e  spectrum l i e s  the 

2 

In t h e  next scvcral s e c t i o n s ,  t h e  handl ing p r c p e r t i e s  or” t h e s e  

configurat ions w i l l  be s tud ied  using computer s imula t ions  and l i n e a r  theory 

for a s i m p l i f i e d  v e h i c l e  model. 
veh ic l e  dynamics theo ry ,  which g ives  a foundation for  understanding r e s u l t s  

of the handling s imulat  icJirs which follow. 

We w i l l  begin with a d i s c u s s i o n  o f  l i n e a r  

e .  a .  

2 . 3  Linear Vehicle Stability and Control Analysis 

In o rde r  t o  provide a b z s i s  f o r  more f u l i y  understanding the  
resal ts  obtained through s imulat ing t h e  va r ious  v e h i c l e  conf igu ra t ions  with 
the HVOSN--a complex, non l inea r  v e h i c l e  d.ynarr,ics s imulat ion--  l imi t ed  

inves t iga t ions  have been coniucted with s i m p l i f i e d ,  l i n e a r  automobile mcdels. 
Such closed form analyst,. r e s u l t  i n  a b e t t e r  apprec i a t ion  f o r  t h e  

fundarnental re la t ior ,ship. .  between va r ious  ph:isical parameters than can be 

obtained through s i a u l a t i o n  resul ts  a l cne .  Although nany icdependent v e h i c l e  
dynamic analyses  have bccn conducted through t h e  years, t h e  d i s c u s s i o n s  
contained below draw hcilvlly on t h e  work r epor t ed  i n  References 5 and 6 .  

Consider t h e  system shown i n  Figure 10, which i l l u s t r a t e s  
geometric and ki i ienat ic  v a r i a b l e s  f o r  a two degree-of-freedom automobile. 
This schematic rep,esent!, 3 i e h i c l e  i n  a s t eady  t u r n  of r a d i u s  K with boci?. 
s l i p  angle  (E), yaw ratc ( r ) ,  and f r o n t  wheel steer ang le  (IS) held cons t an t .  

The long i tud ina l  and lat(:ra! com?onents of t h e  r e s u l t a n t  v e l o c i t y  (\!) i n  
t h e  body-fixed axes arc :A and v. Small angle  3ssunpt ions are made f o r  5 ,  6 ,  a n d  

t 

:e 
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Figure 10 Tk’C DEGREE OF FREIhOf4 NODEL OF THE AUTOMOBILE 
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tftc front and rear s l i p  angles  (a 3nd a 1, 3nd longitudinal  forces are 

neglected.  The system is thus represented by a l a t e r a l  force and a yaw 

noment equation: 

F R 

Y = FF + FR 

N = 3FF cos 5 - bFR aFF - bFR 

Tire forces 3re assumed t o  be functions only of tire sli? angle and, 

for small angles .  can be represented 3s tne product of the cornering s t i f f n e s s  

and the s l i p  angle: 

- 5 1  
+ ar 
U FF - - ‘aF “F = ‘aF ta l i1  [v 

Applying the  assumptions noted above w e  obtain:  

From these  re la t ionsh ips ,  ne can then obtain the side force and 
ycix noment equations as follotss : 
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These equations define the total side fcrce and yaw moment acting I 

an automobile subject to the validity of the assqtions made in the derivation. 
Kote that the small angle and tire force assumptions result in linear equations 
in r and 6, the yak’ rate and side slip angle (for constant speed) and, thus, 
this representation is often referred to as the simple linear automobile 
model.* It is generally accepted that the overall linearity assunption is valid 
within the operating range from zero to ap2roximately 0.3 g lateral acceleration 

If we now consider only steady-state turns, the resultant yaw - 
moment (N) is zero and side force (Y) can be equated to mVr, the centrifugal 
force due to yaw rate r (or lateral acceleration E&). 
restrictions, the side force and yaw equations (with additional manipulation} 

9 

With these further R 

becone : 

ar br [e  + - 61 + CaR [6  - ] = m‘.r %F 

Solution of these two equations f o r  the front wheel steer angle (6) 
results in: . 

+ -  a 
PR 6 =  E 

The static sargin ho, is a particglarly useful descriptor of the 
lateral-directiczal poperties of the simple two degree of freedon (2Cf) node1 
of Figure 10. It is defined (c.g., Ref. 5) 3s 

** 

bC - aCaF - ‘aR a 3R 

. 
ho-C,,S - -  P = 

Later in this section we will discuss an improvement in certain relationships 
derived fron this nodel shich reflect an Espansion of tSe physical factors 
considered, but maintaining the restriction of linearity. 

& *  



ana is zero, positive, ana ~egative for the neutral steer, understeer. and 
oversteer 2df car, respectively. In terms of the static margin, the steer 
angle equation becomes: 

which is the genera1i:ed steer angle expressed as a function of R, V, and 
vehicle physical  constants where ‘3s t; is defined as - 1 . 

P F  

L oF LoR 

This equation is often expressed as:  

xhere E, in units of degrees per g, is referred to as the understeer factor ac 

understeer gradient. 
asintaining a given radius, R, (including t h e  Xckerman angle, E 1 as a 

function of wheei base, E ,  velocity, V, ant understeer gradient, E. 

Thus we have front riheel steer angle required for 
li 

Physically, C is always negntive since tire cornering stiffness is 
alh-ays negative (a negative s l i p  angle prodr:ces a positive side force). 
posicive static margin tnerefore requires an increase in steer a3gle in order 
to naintain a given radius as speed is ixreased. 
behavior to xhich drivers are most accustomed. Tine reverse is true for 3fi 

oversteering car, that is, the steer aqle nust be reduced to maiiitair. a canstant 
radius as speed hcreases. 

0 
A 

Tnis is the understeering 

To t h i s  point, we have dealt only with a siiriplified automobile model 
whose steady-state steering characteristics are determined by weight 
distribution and tire cornering stiffnesses. 
many other factors which strongly influence a car’s steering behavior in the 
linear realm of operation. These include tire self-aligning torques, tire 
csn5t.r e f f e c t s ,  geometric r o l l  steer, steer effects arisi.ng f rcn steering 
and suspension compliances, laterai ioad transfer 2nd aerodynamic ef fec ts .  

In real automobiles there are 
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Analyscs conducted by blillilien, et ai. (Ref. 7) have atte3pted tcj 
account for some of these additional factors (sometimes called "steer effects") 
in a rather unique fashion. 
equations of notion and dealing tzith attendant complex coupling terns, efforts 
have been made to isolate these "add-on" factors in an approximate manner by 
treating then one at a tine. This approxh ignores interactions (2nd the 
algebraic conplexity) of an esact method, focusing on each factor individually 
and allowing one to compare the influence of different factors with relative ease. 

Rather than including them directly into the 

This approach results in expressions for these factors in a manner 
that isolates their effects as an increnental change in the static margin, hi, 
or an incremental change in the cornering stiffness paraxeret, Ci. 
the analyzed effects, the steady-state ste?r equation then becoaes: 

For a l l  of 

where - h = ho + Ch i 
c = co + ZC; 

* 

and E; = with appropriate factors applied to maintain consistsn: units. C 

Table 3 gives a list of  the incremental changes in algebraic form 
for those steer effects that were ccnsidered (from Reference 7 ) .  

Kith regard to this study, it w3s felt that an understznding of the 
steady-state steel-ing characteristics of the base vehicle and the h\-pothetical 
electric vehicle configurations xas necessary. lrhife the tot31 vehicie tinder- 
steer factor is available from the WOSN output {as is discussed later!, 
the linear analyses discussed i n  this section provide a breakdom cf the 
contributions to understeer factor from many different sources. 

Table 4 gives a breakdom of the contributions of the varicus steer 
effects to t h e  total tehicle understeer,factor for five of the vehicle 
confiiprstions investigated. Sotc that ststic weight distributioa and co;.nc?ring 
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9 9 5 0 - 2 9 7  

stiffness provide only about 32% of the base vehicle's effective static 
margin.* 
tile effective static margin. 
conpliances in the steering and suspension systems of a vehicle (i.e., steer 
angle changes induced by forces or moments) and, which taken into account 
in the design stage, not only provide for shock and vibration isolation but, as 

is illustrated here, have a substantial influence on B vehicle's steady-state 
steericg characteristics. 

The total of all deflection steer effects provides about 4706 of 
These deflection steer effects arise from 

It is particularly interesting to note that, even though the rear 
heavy (A/R Drjve, 2/3 - 1/? Bat. Split) electric vehicle listed in the table 
is an oversteering vehicle when considering weight.distribution and cornering 
stiffEess alone, when other effects are included it becomes a moderately 
understeering vehicle. This point is further illustrated by considering the 
steer characteristics of the remaining vehicle configurations shom in Table 5. 
Of these four  vehicles, three are oversteer based on sinple linear vehicle 
theory, while the expanded theory shows then to be all understeer. 

From the point of view of electric vehicle design and constructior, 
it is therefore significant to emphasize that even though other constrsints 
{e-g., packaging) may require a rear-heavy vehicle layout, it is still 
possible to produce an understeering car in the linear range of operation by 
proper suspension design without resorting to undesirable practices such as 
tire pressure or size differentials. 

in addition to steady-state response, linear theory can be used to 
predict transient response to various steer inputs. 
different response times that can be used, and have been used in the past, to 
characterize transient response, both in terms of yaw rate and lateral 

There are a n m b e r  of 

Static margin can be thought of being the distance of the effective point of 
application of the tire side forces from the vehicle center-of-gravity, positive 
if ahead of the C . S .  and negative if behind. 
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a t -ce le ra t ion .  Such times can be .iettsured with r e s p e c t  t o  t h e  first c rossove r  

of' t h e  s t e a d y - s t a t e  va lue  (or 6 3  o r  909 of  t h i s  va lue)  or t o  t h e  peak va lue .  
,blother response time t h a t  is t y p i c a l l y  used i n  experimental  work is  based on 

thc time d i f f e r e n c e  between t h e  p o i n t  where t h e  s t e e r i n g  input  has  reached 
Sooi of i ts  s t e a d y - s t a t e  va lue  and t h e  p o i n t  where t h e  response (yaw rate o r  
l a t e r a l  a c c e l e r a t i o n )  has reached 90% of i t s  s t eady  s t a t e  value.  This  expe r i -  
rw:ntal procedure is based on t h e  f a c t  t h a t  (un l ike  ana lyses)  pure s t e p  i n p u t s  
arc' phys ica l ly  unrea1i:able. 
determined by f ind ing  t h e  frequency a t  xhich  t h e  yaw ve!ocity l a g s  t h e  steer 
angle  by 45' f o r  a s i n u s o i d a l  steer inpu t .  

have used t h e  exper imenta l ly  der ived  response time (50% of t h e  inpu t  s t e e r  t o  
gooo of t h e  yaw rate s teady  state) as a metr ic .  However, we w i l l  now i l l u s t r a t e  
the e f f e c t s  o f  c e r t a i n  v e h i c l e  parameters  m 3 number of response times as 

dctermined from l i n e a r  t heo ry .  

One a d d i t i o n a l  e f f e c t i v e  t i n e  cons t an t  is  

lu'ithin t h e  s imula t ion  s tudy ,  we 

It is  knohn t h a t  s o l u t i o n  o f  t h e  two Gegree-of-fr ia iom l i n e a r  e q u a t i o x  

of mozion of an automobile l eads  t o  a second o rde r  damped system f o r  y3w 

rcsponse. In gene ra l ,  t h i s  response can be underdamped, overdamped o r  c r i t i c a l l y  
Jmped depending on t h e  phys ics1  p r o p e r t i e s  of  t h e  p a r t i c u l a r  automobile.  
Close inspec t ion  of t h e  equat ions  l eads  t o  t h e  genera l  conclusion t h a t  an 
understeer ing c a r  w i l l  respond t o  a s t e p  s t e e r  input  i n  an underdanped manner 
while an ove r s t ee r ing  car w i l l  be overdamped. 
have a l a r g e r  s t e a d y - s t a t e  yaw ra te  ga in  but  t h e  unde r s t ee r  v e h i c l e  w i l l  reach 
a steady s ta te  sooner .  

handling is s u b j e c t i v e  and t h e r e f o r e  d i f f i c u l t  t o  q u a n t i f y ,  it is  widely be l ieved  
t h a t  vehic les  w i t h  sma l l e r  t ime cons t an t s  ( e i t h e r  i n  yaw or l a t e r a l  a c c e l e r a t i o n  
response) are b e t t e r  handl ing veh ic l e s  than those  with l a r g e  t ime c o n s t a n t s .  
T h i s  is supported by experimental  s t u d i e s  repor ted  i n  Reference 8,  which r e s u l t  

i n  a domain o f  a c c e p t a b i l i t y  f o r  3 v e h i c l e ' s  s t e a d y - s t a t e  yaw r a t e  v s .  time 
constant  response.  

The ove r s t ee r ing  v e h i c l e  w i l l  

While judgments as t o  t h e  goodness o r  badness of v e h i c l e  

Yaw r a t e  t ime c o r s t a n t s  were conputed f ron  a s i m p l i f i e d  two-degree-of- 
freedom automobile r e g r e s e c t a t i o n  f o r  3 number of d i f f e r e n t  v e h i c l e  c o n f i g u r a t i o n s  
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t h a t  were also s t u d i e d  with t h e  l a r g e  s c a l e  HVOSN s imula t ion .  

i n  Table 6 a r e  both t h e  s imple and expanded two-degree-of-freedom u n d e r s t e e r  

f a c t o r s ,  t h e  s t e a d y - s t a t e  yaw rate ga in ,  and t h r e e  d i f f e r e n t  time c o n s t a n t s .  

These are t h e  times a t  which t h e  yaw response reaches t h e  63% and 900; s t eady-  

s ta te  l e v e l  and t h e  e f f e c t i v e  time constant  determined from t h e  frequency 

a t  which t h e  yaw response l a g s  a s inuso ida l  s t F e r i n g  inpu t  by 35'. 

included i n  t h e  tab le  is t h e  yaw moment of i n e r t i a  for each conf igu ra t ion .  

Included 

.41so 

It should be noted t h a t  t h e  model from which t h e s e  time c o n s t a n t s  
were obtained was based simply on weight d i s t r i b u t i o n  and co rne r ing  s t i f f n e s s  
only. 

a v a i l a b l e  f o r  a c l o s e d  form s o l u t i o n  t o  an expanded nodel.  Consequently, t h e  
time ccns t an t s  l isted i n  t h e  t a b l e  correspond t o  t h e  s imple two-degree-of-freedom 
understeer  f a c t o r s  a l s o  shown. 

No compliances o r  r o l l  effects are included as no knohll t heo ry  is 

.4 nuzber of obse rva t ions  are appazent from s tudy  of Table 6 .  In 
general ,  t n e  e f f e c t i v e  response times a r e  c l o s e  t o  t h e  63% response t imes 
(based on a p e r f e c t  s t e p  s teer )  with t h e  OGO, times being considerably higher .  

Vehicles ishich are less u n d e r s t e e r  shot< i x r e a s i n g  s t e a d y - s t a t e  yaw v e l o c i t y  
gain (degrees/second/degree o f  f r o n t  whee i j s t ee r  a g l e ) .  There is no oSvious 
t rend i n  response time when t h e  base v e h i c l e  tires are changed from a b i a s  

ply  cons t ruc t .on  t o  a l a r g e r  s i s e d  r a d i a l  t i r e .  
a general  conclusion s i n c e  i t  is due t o  a F e c u l a r i t y  o f  t h e  p c r t i c u l a r  r a d i a l  
tires used. The BR78x13 t ires exh ib i t ed  an anusual ly  s t r o n g  co rne r ing  s t i f f -  
ness  f a l l - o f f  with dec reas ing  normal load and hence t h e  t o t a l  co rne r ing  
s t i f f n e s s  did not  i n c r e a s e  s i g n i f i c a n t l y .  
on t h e  base v e h i c l e  d i d  s i g n i f i c a n t l y  i n c r e a s e  co rne r ing  s t i f f n e s s  and reduce 
respcnse times. 

This should n c t  be t a k m  as 

However, t h e  use of  FR7Oxl-l t i r e s  

X s i g n i f i c a n t  r e l a t i c n s h i p  can be obtained from t h i s  d a t a  by y l c t t i n g  
time constant  as a func t ion  o f  yaw moment of i n e r t i a  as is shown i n  Figure 11. 

Further ,  i f  t h e  v e h i c l e  c o n f i g u r a t i o n s  are broken doh- i n t o  f r o n t  heavy, 

r e a r  heavy a n i  balanced c a t e g o r i e s  as i s  ind ica t ed  i n  t h e  f i g x e ,  it becomes 
I 
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appibr*-.. t h a t  t h e  rate of change .-f t i n e  cons t an t  for i nc reas ing  i n e r t i a  is 
S i i W ‘  -.antly g r e a t e r  for mar heavy vc.l icles than for f r o n t  heavy vehi:les.  
[his : an important observat ion s i n c e  an i n e r t i a  p e n a l t y  w i l l  always be 

.aSSOC-;:ed with e lec t r ic  v e h i c l e s .  However, t h e  response t ime pena l ty  

assoc--:ed with t h i s  i n c r e a s e  i n  i n e r t i a  can be minimized by designing a 
f ron t  . ‘3vy veh ic l e .  
be co!Tirmed i n  S e c t i o r  2.8 from - s s u l t s  of t h e  HVOSM computer runs.  

This  conclusion,  developed he re  from l i n e a r  t heo ry ,  w i l l  

The handl ing maneuvers t h a t  were s i n u l a t e d  are desc r ibed  next.  

2.4 Hand1 ing Maneuvers Simulated 

The main purpose of t h i s  s tudy was t o  e v a l u a t e  effects t h a t  mass 
d i s t r .  ..:ion and moments of i n s t i a  have on d i r e c t i o n a l  c o n t r o l  and b r a k i q  
s t a b i -  : : y ,  f o r  yrarious e lec t r ic  v e h i c l e  packaging c o n f i q i r a t i o n s  app l i ed  t o  

t h e  b i t 2  car. 
to  CO:.’rol i npu t s ,  whereas mass (beight)  d i s t r i b u t i o n  between t h e  f r o n t  and 

r e a r  - / l e s  affect .< s t e a d y - s t a t e  corner ing behavior as  well. 
and t r  .rnsient maneuvers were t h u s  considered. 
were: 

I n e r t i a l  p r o p e r t i e s  d i r e c t l y  affect  v e h i c l e  t r a n s i e n t  r e s ~ ~ n s e  

Both s t e a d y - s t a t e  

The s p e c i f i c  maneuvers s i n u l a t e d  

0 Trapezoidal S t e e r  Response ( i r c l u d i n g  s t e a d y - s t a t e  
t r i m  cond i t ion  a t  a f i x e d  steer ang le  i n p u t )  

0 Sinusoidal  S t e e r  Response 

0 Braking i n  a Turn 

The t r ape ;  a ~ l  and s i n u s o i d a l  steer s imula t ions  were performed 
con?lctely c o n s i s t e n t  k i t h  Vehicle Handling Test Procedures (ViiTP’s) No. 4 

and 5 ,  r e s p e c t i v e l y ,  developed f o r  t h e  National Highway T r a f f i c  S a f e t y  
AdmiiIiTtration under c o n t r a c t  h i t h  t h e  Un ive r s i ty  of Michigan (Ref. 9 ) .  
braki l rs- in-a- turn s i n u l a t i o n  was c o n s i s t e b t  with VHTP No. 2 ,  except for a 

‘%e 
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modification required because detailed brake system data w r e  not available 
for the base vehicle. Each of these maneuvers is described in the remainder 
of t h i s  section. 

An overview of this maneuver is given by the foilowing excerpts frorc 
Reference 10. 

"This meuver results in 2 J-tun trajectory which 
does not appear to be representative of any realistic highway 
maneuver but Mhich does, nevertheless, provide the conditions 
aFpropriate for examination of the transition f ron straight- 
line motion to limit turning, scch as ma:i occur in the initial 
phase of an obstacle-avoidance mneurer. The effectivenass 
with which a vehicle perform an obscacle-avoidance task in 
an energency, as a result of a steering input, uouid seem to 
be deternined by the ability of xhe vehicle to achieve lateral 
displaceaent in a controllable zznner. 
havir;, nonsteerable rear h-heeir, the passenger vehicle achieves 
lateral displacement only by ne3ns of a curvilinear trajectory. 
I t  follows that a characterizazion of the curvilinear path 
produced by a rapid steering iqct can serve as a measure of 
the obstacle avoidance capability of a motor vehicle. 

For charzcteri-azion of t h c  curvilinear'path response, 
a normalized pai.l-curvature me,t .we, Rs (1/R)ave, is obtained 
by averaging the tine history of Fath curnature over a 2 s 
period following the initiation of the trapezoidal steer iriptit. 
As a resiilt of this averzging process, the measure combines 
the dynamic deiay i fesponse together Kith the achieved quasi- 
static Level of pa- .urvature. The nomalizing ten, R,, 
is the value of pat curvature constituting a steady 1 g turn 
at 40 NPH, and is U-E 1 simply to obtain a convenient scale. 
The path-curvature 1,reasure is plotted versus nornalized steer 
angle to indicate T 
steer input 1 eve 1. 

seen as a driver challenge factor. Accordingly, the peak value 
of 0, as observed xithin t5c f i x t  2 s of the naneuver, is 
plotted versus szeer inpur level as well as cross-plotted 
against the path-cJrvature measure. 
as indicating the "price" (in terns cf sideslip angle) that is 
"paid" for the level of path curvature that is rchieved. 
is hypothesized that obstacle at.oidar.ce capabilizy is 
maximized in those vehicles which p r d u c e  a high path- 
curvature measure without exhibiting significant sidesli?." 

As a consequence of 

response trend as a function of the 

Sideslip response to trzpezoidal steer input is again 

The cross plot is seen 

It 
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This  maneuver t h e r e f o r e  charact:ri:es t h e  t r a n s i e , i t  response of 3 

veh ic l e  to a suddenly app l i ed  steer inpu t .  
increased c h o u g h  a series of  s imula t ions  unci! t h e  l i m i t  of l a t e r a l  adhesion 
is reached r e s u l t i n g  i n  e i t h e r  a plowins cond i t ion  (unde r s t ee r ) ,  l a t e r a l  

d r i f t  (neu t r a l  s t e e r ) ,  o r  sp in-out  ( o v e r s t e e r ) .  S ince  ?he s t e e r i n g  angle is 
held cons tan t  a f t e r  t he  r ap id  s t e e r  i n p u t ,  t h i s  s imula t ion  a l s o  provides  
s t eady- s t a t e  ( t r i m  condi t ion]  informat.ion 3 f t e r  t h e  t r a n s i e n t  motions aanp out. 

Th magnitude of steer angle  is 

An i n i t i a l  v e l o c i t y  of W NPI! i s  norm11y used, and t h e  s t a n d s r d '  
s t e e r i n g  inpu: angle  (average ang le  of f r o n t  whee l s )  t i n e  iiiszory i s  shown 

below: 

i- Steady 1 Sta te  
I ! 
I I 
I I 
I I 

I 

I L .  

1 
I I 
I I I 

0 E 0.4 220 3.0 t (ssc)  



The constant steer angle (ac) is nomalized for a given Kheelbaset ( i ]  and 

reference angle i o )  by: 

S 
Q = -  

&e 1@ 

Sizlulationr here generally performed fo r  the follo\sing range of reference 

angles : 

a = 2, 4, 8 ,  12, 16, 20, 24' 

Fcr the base car, 

!Z = 7.S6' (34.-T"j 

a i s  gives the actual front wheel conmand steering angles that here considered: 

6c = 1.S7, 3.15, 6.39, 9.43, 12.33, 15.72. 1S.Sb" 

For t h i s  maneuver, the  stmdard e':cz',uation numerics are: 

a PIaximum iateral actclcration (3 ) >P 
hlaxirnum yaw ra te  (r ) P 

0 

0 3eak s idesl ip angle (B ) 
? 

Peak rate of change of  sideslip angle ( 9  ) P 
Average path cunature ratio defined by: 

0 

0 

t = O  

2nd R = radius for  1 g laterall d 40 NPII = i06.9' 
S 
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The most c ' g n i f i c a n t  response numeric i n  t h e  context  o f  t h i s  s t u s ?  

i s  t h e  maximum s i d e s l i p  ang le ,  which is  3 measure of how c l o s e l y  a t3r p o i n t s  

i n  t h e  d i r e c t i o n  t h a t  it is t r a v e l i n g .  

s i d e s l i p  angle  i s  undes i r ab le  t o  an average d r i v e r  because it can be d i s -  
o r i e n t i n g  and d i f f i c u l t  t o  recover  from i n  an e f f e c t i v e  and c o n t r o l l e d  manner. 

Another neasure of v e h i c l e  responsiveness  t h a t  can be determined from t h i s  

maneuver is t h e  time cons tan t  r e l a t e d  t o  t h e  t r a n s i t i a n  f r o n  a s teer  ang le  
in,iut t o  a s t e a d y - s t a t e  co rne r ing  ( t r i m )  cond i t ion .  This response time is  

gene ra l ly  considered t o  be h igh ly  obse rvab le  t o  a d r i v e r  and, i f  e x c e s s i v e l y  

long, detr imental  t o  v e h i c l e  handling. 

I t  is u n i v e r s a l l y  agreed t h a t  a high 

As prev ious ly  noted,  t r a p e z o i d a l  steer maneuvers with r e l a t i v e l y  

small steer angle  i n p u t s  p rov ide  v a l u a b l e  information about t h e  l i n e a r  response 

? r o p e r t i e s  of a given v e h i c l e  c o n f i g u r a t i c ? ,  i . e . ,  i n  t h e  "normal" d r i v i n g  
regire where la re ra l .  a c c e l e r a t i o n s  above 0.2 o r  0.3 g are r a r e l y  experienced. 

This s a b j e c t  was d i scussed  i n  Sec t ion  2 . 3 .  

Ne again quo te  from Reference 10 t o  g i v e  an o v e r a l l  understanding of 

t h e  i n t e n t  of t h i s  handl ing maneuver: 

"The s i n u s o i d a l - s t e e r  test  i s  designed t o  examine 
t h e  e f f e c t i v e n e s s  with which s t e e r k g  c o n t r o l  can produce a 
lane change, i n  3 l i m i t  sense.  Khereas, i n  a c t u a l  d r i v i n g ,  
t h e  t r a j e c t o r i e s  r equ i r ed  during emergencies r e s u l t  Erorn 
c losu re  o f  t h e  c o n t r o l  loop by t h e  d r i v e r ,  i n  t h i s  tes t  t h e  
i n t e n t  is t o  e v a l u a t e  t h e  r e s u l t i n g  loop-closure cha l l enge  
on t h e  b a s i s  of f i n d i n g s  obtained i n  an open-loop t e s t i n g  
procedure. I m p l i c i t  i n  t h e  use  of  t h e  s inuso ida l  steer 
input is t h e  p ropos i t i on  t h a t ,  i n  normal d r i v i n g ,  s p m e t r i c  
s t e e r i n g  i n p u t s  are found t o  be a p p r o p r i a t e  for producing a 
13ne change. In an emergency it  i s  hypothesized t h a t  t h e  
d r i v e r  loop-closure burden is least Mhen a l ane  change can 
be achieved i n  response t o  c o n t r o l  i n p u t s  which are  d i r e c t l y  
ex t r apo la t ed  from t hose  enployed i n  normal d r i v i n g .  

The e x t e n t  t o  which t h e  v e h i c l e ' s  resporise t r a j e c t o r y  
approxinates a l ane  change is as ses sed  by wav of t h e  " lane-  
char?ge-dei:iation" nessure, A .  This medsure i s  de f ined  ss 3n 
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integral error tern cperating on the time history of 
lateral displacement, y(tj, and is expressed by the 
following relationship: 

Sote that the measure as defined has units of feet, rep- 
resenting an average deviation f r o c  a desired lateral dis- 
placement of I t  ft as deterrined over the computation time, 
3.4 s. This iaeasure is plotzed as a function of the 
anplitude of the sinusoidal sL.fer input t o  demonstrate the 
trend of trajectory responses 3ver the range of input levels. 

Peak sideslip angle is zlso computed in this test, 
and plotted versus steer input mplitude, as uell as cross- 
plotted with the lane-chsnge-dei~i3tion neasu~c, A .  It is 
hypothesized that driver loop-clJsure burden is monotonic 
with both of the variables on the Cross-plot such t ha t  
desirable 2erfomance is consTituted by data points clustered 
near the origin. I' 

~ 

rim- 
Open loop y([) ome hrttory to m e  steer mpcr 

This naneuver thus relbtes to the respcnse of a vehicie tG a rapid 
An ideal response is cne in which the steer lane change type of  steer input. 

input produces a lateral displaccment of ipproximately 12 feet snd a f i n a l  

heading direction parallel to the original direction. However, reai vehicles 
tend to either "undercorrect" o r  "overcorrect" resulting in a heading mzle  

deviation from the intended direction; the magnitude of this deviation is 
arother ncasu=e of the vehicle's stability and contrsllzbility. 
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The initial speed is 45 N P H  and the comand steering input (at t h e  

front wheels) is defined as a sine wave with a period of 2 seconds and various 
aqlitudes. 
The general steer angle time history is illustrated belox: 

As normally applied, the naneuver is terminated at 3 . 4  seconds. 

0 t (sec.)  

The amplitude of the sine wave (6 ) is norma1i:ed vith respect to 
xheelbase (E) and a reference steer angle ( c )  by: 

C 

The folioking reference angles \*.ere used in the simulations: 

a = 4,  8 ,  16" 

Thus, since whcelbase is equal to 7.56 feet, the actual peak steer angles 
were : 

6c = 3.14, 6.29, i2.58" 

4s 



For t h i s  mzneuver, t h e  conventional eva lua t ion  numerics are 3s 

follows : 

Lane change d e v i a t i o n  de f ined  by 

t = G  

where y is t h e  lateral displacement of the v e h i c l e  c.g. 

0 Maximum s i d e s l i p  a n g l e  ( 3  ) 
P 

0 Heading ang le  a t  t = 5.4  :ec CAY) 

This maneuver measures t h e  a b i l i t y  o f  a v e h i c l e  t o  n a i n t a i n  a 

constant  ? a t h  curva'ure and a c o n t r o l l e d  s i d e s l i p  a n g l e  when brahes are s p l i e d  
during a s t e a d y - s t a t e  t u r n .  
and p r e s s u r e s  are a p p l i e d  i n  increments of 100 p s i  i n  success ive  ruzs -uti: 

both whoels lock up on e i t h e r  t h e  f r o n t  or  r e a r  ax le .  However, s i n c e  3rake 

l i n e  pressure/\cheel torque data were no t  a v a i l a b l e  for t h e  b s s e  v e h i c l e ,  a 

modification t o  t h i s  procedure was employed f o r  t h e  conputer  s i n u i a t i o n s ;  

t h i s  w i l l  be desc r ibed  later. 

In an a c t u a l  trjst, brake l i n e  p r e s s u r e  is z o n i t o r e i  

Reference 10 a l s o  p rov ides  a swmary of t h i s  g e n e r a l  kind of maneuver. 

from which we have excerpted t h e  following: 

0 

"The s u b j e c t  maneuver involves  an i n i t i a l l y  curved 
pa th  whose c x r v a t u r e  can change 8s a r e s u l t  o f  braking. 
is argued t h a t  d r i v e r s  do not  api~ly  braking k i t h  t h e  i n i e n t i c n  
of a f f e c t i n g  3 change i n  d i r ec t ion21  respcns?. Consequently, 
an i n t e r p r e t a t i o n  scheae is needed u h i c h  co,nprehcnsively 
desc r ibes  t h e  p r o p e r t i e s  of  a turn such  :ha: d e v i a t i o n s  f ron  

I t  
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t h e  i n i t i a l  t u r n  c3n be recognized and eva lua ted .  Thus, 
t h e  d a t a  p r e s e n t a t i o n  i s  s t r u c t u r e d  t o  d e t e c t  such changes 
from t h e  i n i t i a l  t u rn ing  s t a t e ,  which  change d r i v e r s ,  i n  
real l i f e ,  would have t o  recognize and accompany wi th  a 
s t e e r i n g  c c r r e c t i o n .  

An "ideal"  d i r e c t i o n a l  response i s  de f ined  f o r  t h i s  
maneuver t o  be a cons tan t  p a t h  r a d i u s  (or curva tu re )  
t r a j e c t o r y ,  over  which t h e  Yehicle  main ta ins  a Zero or 
small va lue  of s i d e s l i p  ang le .  I t  i s  p o s t a l a t e d  t h a t  t h e  
" idea l  tur-n," expressed i n  these  terms, r e p r e s e n t s  a com- 
prehens ive  manner of viewing d i r e c t i o n a l  response i n  t h i s  
o r  any t u r n i n g  maneuver. 

s a f e t y  s i g n i f i c a n c e .  I t  seems l i k e l y  t h a t  l a r g e  s i d e s l i p  
a n g l e s ,  as o f t e n  occurs  under l imit-maneuvering c o n d i t i o n s ,  
will d i s o r i e n t  t h e  d r i v e r  wi th  r e spec t  t o  t h e  normal view 
of  h i s  v e h i c l e ' s  pa th ,  and, f u r t h e r ,  cause t h e  v e h i c l e  t o  
p r o j e c t  a l a r g e r  t a r g e t  for c o l l i s i o n  i n  t h e  roadway. 
r a r i t y  of emergency maneuvering events  sugges t s  t h a t  d r i v e r  
a d a p t a b i l i t y  under such c i r c u i i s t m c e s  must d e r i v e  frop 
t a l e n t s  o t h e r  than those  a t t a i n a b l e  from l e a r n i n g  ( t r i a l  
and e r r o r )  experience.  Tlius, t h e  analog or cont inuous 
measurement of s i d e s l i p  angle  and s i d e s l i p  rate is viewed 
as rep resen t ing  an e r r o r  q u a n t i t y  which imposes a 
monotonically inc reas ing  cha l lenge  t o  t h e  hunan c o n t r o l l e r  
as he  proceeds t o  c l o s e  t h e  loop.  
cu rva tu re  measure provides  a s i n g l e  q u a n t i t y  c h a r a c t e r i z i n g  
t h e  c u r v i l i n e a r  t r a j e c t o r y  without  in t roducing  any ambigui t ies  
i n  t h e  measure due i o  a simultaceous s i d e s l i p  response.  

Although t h e  peak va lue  of  s i d e s l i p  zng le  wouid be 
of  i n t e r e s t  i n  a s s e s s i n g  mak ing- in -a - tu rn  response,  t h i s  
v a r i a b l e  was not  conputed i n  vie!\ or' t h e  poor accuracy t h a t  
p r e v a i l s  as v e l o c i t y  goes t o  zero.  Kever the less ,  i n  t h i s  
s h o r t - l i v e d  maneuver, it is f e l t  -tiat 3 and b each r e f l e c t  
t h e  same phenomenon, w i t h  k being a s u b s t a n t i a l l y  more 
s e n s i t i v e  measure. 
c h a r a c t e r i z e  t h e  limit p e r f o r a m c e  o f  v e h i c l e s  which 
e x h i b i t  lockup of  r e a r  riheels p r i o r  to lockup of f r o n t  
wheels. Conversely,  locking of f r o n t  wheels p r i o r  t o  
rear wheels i s  cha rac t e r i zed  by a l o s s  of  p a t h  cu rva tu re  
as i n d i c a t e d  by a sharp  decrease i n  1/R. The " idea l"  value 
of normalized pa th-curva ture  response,  de f ined  as t h e  
average va lue  o f  p a t h  cu rna tu re  r a t i o e d  t o  t h e  i n i t i a l  s teady  
t u r n  va lue ,  m u l d  be 1 .0  i n d i c a t i n g - t h a t  no d i r e c t i o n a l  
adjustment would be requi red  due t o  braking."  

The s i d e s l i p  response,  6 ,  is  f e l t  t o  be of major 

The 

Note t h a t  t h e  pa th -  

Fcr example, t h e  6 measure w i l l  r e a d i l y  

The i n i t i a l  v e h i c l e  condi t ion  for t h i s  maneuver is def ined  as a 

0.3 g l a t e r a l  a c c e l e r a t i o n  s t e a d y - s t a t e  t u r n  a t  40 NPH. For a given Yeklcle 

so 
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conf igu ra t ion ,  t h e  f r o n t  wheel s teer  a n g l e  corresponding t o  t h i s  corner ing 
cond i t ion  w3s d e t e n i n e d  from r e s u l t s  of t h e  t r a p e z o i d a l  [s teady statel; s t e e r i n g  

s imulat ions p e r f o n e d  previously.  

s l i p  ang le  f o r  a 0 . 3  g t u r n  a t  40 NPH, from t h e  previous s imula t ions .  

lie also obtained t h e  body ro l l  a n g l e  and 

The g e n e r a l  braking torque i n p t  time h:story is  i l l u s t r a t e d  below: 

I I 
I I 
I I 
I I 
I I 
1 I 

I 
I I t ( s e d  

I Tfw 0 tr 1.0 1.05 I tf 

where a s t a b i l i z i n g  i n t e r v a l  from zero to 1 . 0  second i s  provided tn i n s a r e  t h a t  

t h e  veh ic l e  i s  i n  equi l ibr ium befqre t h e  braAes are app l i ed  and: ’ 

= torque app l i ed  t o  t h e  f r o n t  whP?ls T f w  

tf = time when t h e  v e h i - i c  comes t o  a ha!t 

To determine t h e  magnitude of fiorir b.ficel braking torque applied, we 

first  a s s m e d  t h a t  t h e  rear wheel t o rqcec  GXFC propor t iona l  t o  t h e  f r o n t  wheel 
torques as follows: 

Trw = Y Tfw 

where y i s  t h e  p ropor t ion ing  constanz of t h e  base c a r  braking system (0 .67j .  

From t h e  s t e a d y - s t a t e  s t e e r i n g  s i m u l a t i o x i ,  t h e  normal f o r c e  w3s knom for  

each wheel under :he (3.3 g t u r n  cond i t ion  a t  40 X?H. Also knowi were :!le 
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d c f l e c t e d  t i r e  r a d i i .  This a1 la\c.rl c a l c u l a t i o n  (forward weight t r a n s f e r  was 
a l so  considered)  of  t h e  mininun: \\heel to rque  t h a t  causes lockup of t h e  f r o n t  
and/or rear wheels, i . e . ,  

* 

where 

Y = c o e f f i c i e n t  of f r i c t i o n  (0.75 was used) 

= normal fo rces  of  each wheel Fi 
Ri = d e f l e c t e d  t i r e  r a d i i  

* 
1 refers t o  thz  l e f t  f r o n t  wheel 

2 refers t o  t he  l e f t  rear  wheel 
i = {  

These s imulat ion runs wrr' made f o r  each cocfiguTaeion. The f i r s t  
run has perforned with t h e  brakins  to rques  corresponding t o  t h e  lockup coz- 

d i t i o n  at e i t h e r  t h e  f r o n t  o r  r e a r  a x l e  as  d i scussed  above. 
were made a t  75% o f  lockup torque 3nd 50% of lockup t o q u e .  

Subsequent runs 

The s tandard evaluat ion ntmerics  f o r  t h i s  maneuver a re  as fol lows:  

0 Average dece le ra t ion  as de f ined  by: 

a d t  
X 

t = l  

where 

t10 is t h e  time hhen forward speed reaches 10  blPH. 

* 
Assuming a t u r n  t o  t h e  r i g h t ,  which i n c r e a s e s  loads on t h e  l e f t  s ide  
wheels. 
locks,  dui? t o  t h e  weight t r a n s f c r .  

Both wheels on an axle riill g e n e r a l l y  lock if  t h e  o u t s i d e  uhecl 



0 Average p a t h  cu rva tu re  r a t i o  as def ined by: 

where 
2 

t = l  

Ro = p a t h  c u r v a t u r e  a t  t = 1 second 

Naximum a b s o l u t e  va lue  of  s i d e s l i p  angle  (i 7 P' 

Maximum a b s o l u t e  va lue  of  r a t e  of  change of 
s i d e s l i p  ang le  ( 5  ) 

P 

2 . 5  Results o f  Trapezoidal Steer Sinulaticns 

This maneuver was desc r ibed  i n  the previous sec t ion .  B r i e f l y ,  a 

steer angle  i s  r a p i d l y  app l i ed  and held a t  a cons t an t  ang le  t h e r e a f t e r .  
This r e s u l t s  i n  a sudden change frcm a s t a b l e  forward motion t o  3 cornering 

condi t ion a t  varying degrees  of  s e v e r i t y .  
from 2"  t o  24" were app l i ed  t o  t h e  f r o n t  wheels a t  a speed of  40 NPH. 

normalization approach re la tes  t h e  steer ang le  t o  a s t anda rd ized  v e h i c l e  with 
a 10' wheelbase; a c t u a l  f r o n t  wheel i npu t  steer angles  ranged from 1.57'  

(a = 2") t o  18.86' (u = 24') .  

from such c o n t r o l  i npu t s  f o r  s e v e r a l  r e p r e s e n t a t i v e  steer a n g l e s ,  where 

sequen t i a l  p o s i t i o n s  of t h e  s u b j e c t  v e h i c l e  ( a t  0.5 sec. i n t e r v a l s )  are 

shorn i n  t r u e  pe r spec t ive  from an overhead "camera" i n  t h e s e  computer-generated 
graphics .  

i\;ormalized s teer  i n p u t s  r m g i n g  
The 

Figure 12 t y p i f i e s  t T a j e c t o r i e s  t h a t  r e s u l t  
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Figures 13 through 20 show trajectory graphics for each of the eiectric 
vehicle configurations compared with the base vehicle responses for two 
normalized steer angle inputs, 3' and 16'. 
car was equipped with the same radial tires as the EV's (BR78-13) for direct 
comparisons without potential differences due to tire property vsriations. 

For these comparisons, the base 

For the smaller steer angle (o = 4'1, the trajectories are vezy 
similar except, in some cases, where t h e  EV's take a wider path. ihis is 
not particularly important, however, since a slightly higher steer angle would 
tighten up the EV trajectories (more curvature in steady-state turn) .  

A significant effect is apparent f o r  the larger steer angle (CT = 16') 

trajectories for several of the EV configurations. 
sideslip angles corresponding to the XiResearch Drive, 2/5 - 1/3 Battery Split 
Configuration (Figure 161, the GE Drive, Tunnel Battery configuration 
(Figure 17), the AiResearch Drive, Tunnel Battery config,:ration (Figure lS), 
and the Mars I1 configuration (Figure 19). 

Note tne extremely nigh 

blaximum values of sideslip angle f o r  each of the vehicle configurations 
are quantitatively given in Figures 21 and 22 a s  a function of the noma1i:ed 
steer angle. 
exhibiting the higher sideslip angles are all rear-heavy (refer back to Table 2 )  
It is believed that sideslip angles f o r  the vehicles noted above (in the 30' 

to SO' peak magnitude range) are exczssive and clearly undesirable. 

An interesting observatiox is that those configarations 

Figures 23 and 24 ar.2 plots of peak sideslip rate (8) versus 
norzalized path curvature ratio. The baseline performance boundary sliom in 
the figure was define4 from actual tests of a group of twelve real passenger 
cars with widelv varying properties (Ref. 10). In view of this comparison, 
the EV configurations may not be particularly unusual, but nevertheless 
demomtrate undesirable behavior in the instances 2 i s c u s e d  above. 
from Section 2.4 that this plot indicates the "price" (in terms of side 
slip angle) that is "paid" t o  achieve a given magnitude of path curvatwe. 

Recall 

' 
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A r e l a t i v e l y  high pa th  cu rva tu re  r a t i o  (small r a d i u s )  without excessive s i d e s l i p  

i s  clearly p r e f e r a b l e .  

24 which approach (o r  c r o s s )  t h e  upper boundary l i n e  t h e r e f o r e  are l i k e l y  t o  

perform poorly i n  t h i s  maneuver. 
rear-heavy. 

Vehicle conf igu ra t ions  e x h i b i t i n g  curves i n  Figui-es 23 an2 

Again, t h e s e  suspec t  conf igu ra t ions  a r e  a l l  

Another a spec t  o f  t h e  t r apezo ida l  s teer  maneuver t h a t  is  p a r t i c u l a r l y  

important relates t o  response time c o n s t a n t s ,  i . e . ,  yaw rate ( v e l o c i t y )  
response time (TI) and la te ra l  a c c e l e r a t i o n  response time (T,). 
response measures were discussed i n  t h e  s e c t i o n  d e a l i n g  with l i n e a r  response 

theory o f  s i m p l i f i e d  v e h i c l e  models (Sectioi: 2 . 5 ) .  

defined (as used i n  t h i s  s tudy)  i n  Figure 25, and p e r t a i n s  t o  t h e  time d u r i t i o n  
betueen t h e  mid-poict of  s teer  input  and t h e  p o i n t  i n  tirne when 90% of t h e  

s t e a d y - s t a t e  value o f  t h e  r e s p m s e  v a r i a b l e  is reached. 

t i n e  cons t an t  i s  de f ined  i n  t h e  same manner. 

These 

Yaw rate time cons tan t  is  

Lateral a c c e l e r a t i o n  

Figures 26 and 27 are p l o t s  o f  yaw v e l o c i t y  time c o n s t a n t s  f o r  a i l  

conf igu ra t ions  as func t ions  o f  s t e a d y - s t a t e  lateral  a c c e l e r a t i c n .  So te  t h a t  

t h e  base car e x h i b i t s  t h e  s h o r t e s t  yaw v e l o c i t y  response time (on t h e  o rde r  
of  0.2 sec). With a few except ions i n  t h e  high la teral  a c c e l e r a t i o n  range, 
t h e  EV conf igu ra t ions  gene ra l ly  produce longer  d u r a t i o n  response times. 

is  p a r t i c u l a r l y  t r u e  f o r  t h e  AiResearch Drive,  2/3 - 113 Ba t t e ry  S p l i z  and 
Nars I1 conf igu ra t ions ,  which are i n  t h e  0.35 sec. range. 

This 

S imi l a r  t r e n d s  3re evident  f o r  t h e  E'?'s when lateral  a c c e l e r a t i o n  
response t i n e  i s  considered i n  Figures  28 and 29. Kote t h a t  t h e s e  time c o n s t a z t s  
are gene ra l ly  double t h e  corresponding yaw response times. The blars I1 
conf igu ra t ion  has a response time exceeding 0.8 sec; t h i ,  i s  c o n s i s t e n t  
with lateral  a c c e l e r a t i o n  response d u r a t i o n  a c t u a l l y  measured with t h i s  
veh ic l e  and found t o  be c l e a r l y  excessive,  r e s u l t i n g  i n  s l u g g i s h  response t o  
steer i n p u t s  (Ref. 1). Although t h e r e  is no known publ ished h f o r n a t i o n  
regarding s u b j e c t i v e  determinat ion of t h e  maximum accep tab le  va lues ,  it i s  
d o u t t f u l  t h a t  l a t e ra l  a c c e l e r a t i o n  response times longer than about 0.5 sec. 

would be found accep tab le  b>* rnost d r i v e r s .  Thus, nany o f  t h e  EV's  are l j k e l y  
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to be poor responding configurations, particularly the two AiResearch Drive 
cmfigirations, the GE Drive, 1/3 - 2/3 Battery Split configuration, and the 
Nars XI. This finding will be explored more fully in Section 2.8.  

As pointed out previously, results of the trapezoidal steer maneuver 
for low steer angles which result in steady-state lateral accelerations belch 
3bout 0 . 5  g provide infornation relating to linear performance characteristics 
Linear response theory was explored fron theoretical viewpoint (using 
rather simple mathematical models] in Section 2.3. 
particular interest as listed belo-..: 

Several numerics are of 

0 K - Understeer gradient 

3av 

ab - - Lateral acceleration gain 0 

- ar 
a6 - Yaw rate gain 0 

0 - a@ - Body r:ll vlgle sensitivity 3a 

aa 

Y 
0 - -  a’ Body slip angle sensitivity 

Y 

0 Tr - Yaw rate time constant 

0 Ta - Lateral acceleration time constant 

Table 7 c.?tains values obtained for each of these linear properties 
for the vehicle configurations examined by computer sinulacior. (KL:OS:-! results). 

The understeer factor, lhteral acceleration gain and yaw rate ga in ,  as l i ~ t - 2  
In :!le t 3 5 l c ,  uere calculated fron :hi. M’OSY outpxt !xis-.d on a reference 
steer angle. 
steering wheel angle divided by the overail steering ge&r ratio.* 

In this progra!, reference steer angle was defined as the 
inis 

- 
t 

This definition is consistent Kit11 the SA€ Refere;?ce Steer .k.gle. 
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reference steer angle xould equal the front wheel steer angles if no 
~ckerman geocetry, ride steer or  cornpliance steers uere considered. 

Note that the two Conventional Drive configurations, which have 
different yaw moments of icertia due to longitudinal battery location 
differences, have identical ccratrol gains anti sensitivities. This points 
t!iat inertial properties do not have a direct influence on these particular 
properties because they are based cn steady-state behavior (ne transient 
effeccs are considered). 
functions of the duration of the time interval before a steady-state condition 
is attained; time constants given in Table 7 were computed by averaging times 
from tk’o or three simuiations of zhe trapezoidal steer maneuver in the linear 
response range (refer back to Figures 26 through 29 and note time constaxts 
f o r  lateral acceleration below 0.3 g) .  

Response times are exceptions Secause these are 

From the table, the understeer gradient {K) is seen t3 vary between 
3 . 5  and 8.9; all values are positive indicating that all configurations are 
understeering vehicles in the linear range. Passenger cars generally have 
understeer gradients in the range from 2 to 10, and values exceeding 5 or 6 
are generally considered to Se somewhat high. 
is that vehicles indeed be understeer (K > 0 ) ,  2s is the case for all the 
configurations considered. In addition, the arAOunt of understeer can be 
tailored by inaking susTension and steering system adjustnents. 
explored further in Section 2.9. 

Of prisary importance, however, 

This will be 

Lateral acceleration gains (3a / a & >  are about the saxe f o r  311 t ? i c  
Y 

vehicle considered. Similarly, yak‘ rate gains < “ o r / 3 6 )  are generally quite 
close for all configurations. 
suspension and/or tire changes. 
an appropriate steering ratio so that acceptabie gains related to steering 
whdel input anglc are obtained. 

Again, these properties car be adjusted by 
O r  they can Se coapensated fcr by selecting 

Roll angle sensitivity (Js/aa ) is found t’2 be essentially cor:stani 
\- 

for all configurdtions. This is nat surprising since c.g. heights do not  

76 
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vary dramatically for tne configurations defined. and spring rates were 
selected based upon axle ioadings t o  give equivalent ride heights. 
event, these values are probably quite reasonable and comparable t o  many 
production passenger cars. 
stiffness and associated roll angle sensitivities in the 3 t o  6 deg/g range. 

In any 

High performance cars have somewhat higher roll 

Sideslip angle sensitivity is seen ta vazy widely between the 
various configurations, ranging from 4.1 deg/g for the base car (with radial 
tires) t o  9.3 degig for  the Mars I1 configuration. 
sideslip angle sensitivity as low as possible; a value of about 2 deg/g is 
considered to be excellent by some handling experts. 
deg/g are probably quite excessive. 
exceed this range. 

It is desirable to maintain 

Magnitudes above 5 or 6 
Note that several of the EV configurations 

Lateral acceleration responsc Limes range from G.44 sec. to 0.75  see. 
Values exceeling 0.5 sec. are beliebed 20 indicate particularly poor performance: 
a very responsive car uould have a lateral acceleratj- response time on the ordtr 
of 0.25 sec. It is therefore conclt.led that several of the EV configurations have 

excessive respor.se tines related to lateral acceleration as is apparect frcm Tz3;e T 

Yaw velocity response times range from 0.20 sec. for the base car to 
0.35 sec. for the Nars 11. 

a yaw vt\c;l=ity response time in the neighbornmd of about 0.10 to 0.2C sec. 
Response times ,n excess of 0.25 sec. are believed to be undesirable. The 

Mars 11 was found to possess highly excessive response time based or. experi- 
mental testing, and the value abtained from the simulation study is ;er..-.raily 
consistent xith the e-qeriaental results. 
2/3 - 1/3 Battery Split configuration has a yaw velocity response time near?? 
a,c Sigh as the N3rS I1 (0.34 sec.) and must thus be considered to be equa11;: 
unaccep tab 1 e. 

X crisp handling car is believed to gen5rally have 

e 

Kote that ?'le AiResearch Drive, 

Some theoretica; s'- ' ::r<mer,tPi work has been done In a attapt 
T -133 tire t o  subjective evaluatio? t o  relare )aw velocit;. - \+ 
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of a vehicle’s handling qualities (Ref. S). Based on this work, a domain 
of acceptability has been established for yaw rate gain as a function of 
response time as was discussed and applied to vehicle configuration evaluation 
in Reference 11. 
acceptability is not strictlynor sharply defined-- the bounds represent gray 
areas where there is no clear consensus as to whether a vehicle handles 
acceptably or not. 
driver skill. 
constant to be lised in this evaluation. Time constants that have beer, used 
in the past include calculations based on simplified linear theory relationships, 
fits of a simplified dynamics model to experimental results, and values based 
on a 45’ phase lag between a sinusoidal steer input and yaw response output. 

However, it mu*’ be pointed out that this domain of 

In fact, studies have shown that these bounds change with 
Furthermore, there is some question as to the appropriate tine 

lu’e have chosen ta use the 90% yaw velocity time ccnstant as previously 
defined and listed in Table 7 for use in this evaluation procedure because it 
is easily obtainable from experimental results and thus could provide a direct 
conparison should experimental electric vehicle handling programs be undertaken. 

Results from Table 7 are indicated on Figure 30, and show the 
relationship of the various vehicle configurations considered with respect 
ro each other and the bounds of acceptability. 
boundary has been adjusted to reflect a neutral steer yaw rate gain at 40 >!PH 
for  the base car wheelbase. 
investigated were understeer, they are well below this neur ra l  steer condition. 
However, only four of the ten configurations are clearly within the right 
side boundary. These are: 

On this figure, the upper 

Since all of the vehicle confjgurations 

Two base car configurations 
0 Conventional drive EY 
0 GE drive, tunnel battery location 

Two configurations are well beycnd the right side boundary--the I-?ars .I1 
configuration and the Air Drive 2/3 - l/j battery configuration. 
with the actual Nars I1 vehicle clearly proved that time constants of the 

Experience 
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order iidicated were unacceptable. 
close to the boundary, and Gwing to the vague nature of the boundary, would 
probably be marginally acceptable (but not necessarily desirable). 

The ozher four configurations are very 

It is interesting to compare these results obtained from HVOS! 

sinulation runs to similar results from simplified linear theory. 
in Figure 31, linear theory predictions of yax rate gain are considerably 
higher (that is, less understeer or even oversteer) than those from the WOSM. 

Tnis results from additional understeer effects (compliznces, roll effects, 
etc.) included in the HV0SE.I vehicle representation which are not considered in 
simple linear theory. 
in the figure. 
frequency at which the yaw response lags a sinusoidal steer response by 45' 

in a linear model. This time constant appears to be, iz general, sonershet 
less than the 90% time constant determined from H\:OSM results. 

As shown 

A l s o  note that an effective time constant is used 

This effective time constant was determined by finding the 

Results of the trapgtoidal steer simulations will be evaluated fur ther  

in Section 2.8,  which deals with mcre general effects of weight distribdtion and 
moment of inertii instead of toncentrzting on specific design configurations. 

2.6 Results of Sinusoidal Steer SiRu:ations 

As described in Section 2 .4 ,  this maneuver is generated by a steer 
input represented by a sine wave with a period of 2 . 0  sec. and various 
amplitudes; peak steer inputs (nornalized to a 10' wheelbase) of 4 ,  S and 16' 
Mere selected for the simulations. 
input is a lateral displacenent (lane change) of 12' with final heading 
parallel with the initial travel direction. 

T'nz "ideal" response to this control 

Figures 32 through 36 .Are conputer-generated graphics which S ~ O W  

trajectories predicted by the computer simlations for the two  extreines 
(a = 4 O  and 16'). 
piace at the snaller steer input. However, considerzhle variation in 
directional response is noted f o r  the nore drzsric condition 

In all insTances, a well-controlled lane change takes 

so 
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Base v e h i c l e  responses are compared i n  Figure 32 for t h e  two t ires 
simulated,  i .e. ,  b i a s -p ly  (A78-131 and r a d i a l s  (BR7S-13). The d i f f e r e n c e  

between t h e s e  s 2 e c i f i c  t ires is  seen t o  have a small effect on t h e  response.  

In both cases, t he  car ach ieves  very high s i d e s i i p  angles  af ter  abcut  2 sec 

i n t o  t h e  maneuver. 

last p o s i t i o n  s h o m  ir. t h e  f i g u r e  i t  = 3.5 s e c  ). 
exhibit: unstable  yaw response f o r  t h e  high s i n u s o i d a l  s teer  input  and may thus  
be d i f f i c u l t  t o  c o n t r o l  i n  similar, high l e v e l .  maneuvers. 

The r e s u l t a n t  speed is s t i l l  approximately 40 MPH 3t t h e  

The base c32 t h e r e f o r e  

The Conventional Drive EL' conf igu ra t ions  (SO/SO b a t t e r y  s p l i t s  over 

t h e  axles, and 10" outboard) a l s o  t end  t o  gene ra t e  high s i d e s l i p  a n g l e s  and 

an "overcorrecting" response for t h e  h ighe r  steer input  (Figure 33) ,  bu t  

not  t o  t h e  ex ten t  p r e d i c t e d  for t h e  base car. 
placements ( d i f f e r e n t  yaw moments of i n e r t i a )  are seen t o  be very similx. 

Rdcovery t3 a p a r a l l e l  heading d i r e c t i c n  would perhaps be p o s s i b l e  i f  p rope r  

c o r r e c t i v e  a c t i o n  was taken by 3 d r i v e r ,  bu t  t h i s  is specu la t ive  and 
dependent upon d r i v e r  s k i l l .  

Responses for t h e  two b a t t e r y  

Figure 34 shows t r a j e c t o r i e s  f o r  t h e  two GE Drive c o n f i g u r a t i o n s  
(1/S - 2/3 b a t t e r y  s p l i t  and tunne l  b a t t e r i e s ) .  In t h i s  case, sidesll? is 
much less severe f o r  t h e  conf igu ra t ion  with lower nonent o f  i n e r t i a  ( tunne l  

b a t t e r i e s ) .  Lateral d i s 2 l a c e n e s t  is high f o r  t h i s  conf igu ra t i an ,  however, 

which csn also be undes i r ab le .  

The two conf igu ra t ions  Sased upon t h e  AiResearch Drive packaging 
approach, with e i t h e r  a 2/3 - 1/3 b a t t e r y  s p l i t  c)r tunnel l oca t ed  b a t t e r i e s , '  

are shohn i n  Figure 35. 
by t h e  computer s imula t ion  f o r  t h e s e  cases. 

A similar "undercorrecting" response is p r e d i c t e d  

The two EV's with t h e  highest  moment of i n e r t i a  e x h i b i t  very 

d i f f e r e n t  responses (see Figgre 36) depending on whether t h e  weight d i s t r i b u t i c n  

is  front-heavy o r  rear-heavy (bhrs 112. This o f f o c t  w i l l  be e?rplored f u r t h e r  
i n  Sect ion 2 .8 .  
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Quantitative results for all configurations are given in Figure 37 

and 38 in the form of plots of peak sideslip angle versus lane change 
deviation. 
these measures are undesirable and, therefore, performance "points" are 
favorable when clustered near the origin of the graph, i.e., relatively low 
sideslip and lane change deviation. 
of baseline performance generated from experimental testing of 12 actual passenger 
cars (Ref. 10). 
direction of high sideslip angle) and may thus behave somewhat differently than 
the group of cars experinentally tested, at least for the more drastic (high 
iteer input) conditions. 
substantially depart from "real" vehicle behavior. 
some of the configurations are clearly better performers than others. 
return to this subject in Section 2.S. 

As pointed out in Section 2.4, excessive magnitudes of each of 

Also shown in these figures is 3 boundary 

The base car is seen to exceed the boundary limit (in the 

Since all EV's fall within the boundary, these may not 
hut, in a relative sense, 

We will 

A measure of vehicle responsiveness and controllability that is not 
specifically addressed by the sinusoidal steer VHTP, but of particular 
significance in our  opinion, is the amount of time lag that exists between 
the steer input and the directional response. Similar to the yaw rate and 
lateral acceleration time constants addressed for  the trapezoidal steer 
~aneuvers, a tine constat (phase lag) was defined as given in Figure 39 
for  lateral acceleration response (yaw rate response time lag is defined in 
tlie sane manner). 
mid-point of the control input, e.g,, during the initial (evasive) phase 
of a rapid lane change prior to countersteering to straighten the vehicle 
back to the intended path. 

This gives an indication of how much lag time exists at the 

Figures 40 and 41 are plots of the yaw velocity (rate) response time 
lag as a function of the peak input steer angle (normalized), f o r  all the 
vehicle configurations. 
considerably between EV's and generally exceeds the response time for the 
base car. The AiResearch Drive, 2 /3  - 1/3 Battery Split and the P!ars I1 
configuration exhibit the longest time lags, which approach 0.5  sec. 
(90" out of phase) at the higher steer angle input. 

As is clear from the figure, response time varies 
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Lateral acceleration time lags are given in Figures 42  and 4 5 .  

These response measures show trends which are similar to the yaw velocity 
response, but at extreme lag tines approaching 0.9 sec. for the worst cases. 
This amount of time corresponds to phase lags approaching 180°, which will 
certainly produce very poor handling qualities. 
case for the blars I1 EV when evaluated experimentally (Ref. 1). Excezsive 
phase lags are very apparant to a driver and rcsult in reduced ability to 
control the direction of a vehicle in a precise and consistent manner. 

This was found to be the 

I t  will be shown in Section 2.8 that weight distribution plays an 
important role in the response to this maneuver, as was also the case for the 
trapezoidal steer (and steady-state steering] behavior. 
maneuver Kill be considered next. 

The.braking-in-a-turn 

2.7 Results of Braking-in-a-Turn Simulations 

The braking-in-a-turn test procedure is intended to provide 2. measure 
of the interaction between tire side and braking foxces and their ulti~aze 
influence on ssfety. 
surface characteristics, tire Characteristics, vehicle braking system 
characteristics, etc. The relationship of the vehi:le response to safety, 
although not definable in a quantitative sense, is apparent when one considers 
the possible vehicle responses--deviation from the intended path and/or 
yaw instability. 

The interaction is a function of many variables--test 

The test proce re calls for the application of braking forces while 
the test vehicle is negotiating a 0.3 g turn at an initial speed of 40 blPH. 

Once in the steady-state turn, brakes are applied at increments of 100 psi 
brake line pressure in successive runs until. trso wheels on one axle lock up 
at a speed above 10 MPH. 

The ideal directional response to the braking-in-a-turn procedure is 
defined to be a constant radius (cr curvature) trajectory over which thc 
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vehicle  maintains a ze ro  o r  small valbe o f  s i d e s l i p  angle .  

from t h i s  i d e a l  reFponse occur p r i m u i l y  due t o  t h e  seqGence of a x l e  lockup. 

That is, lockup of t h e  tires on t h e  r e x r  a x l e  i s  cha rac t e r i zed  by a sudden 
and l a r g e  inc rease  i n  8, t h e  s i d e s l i p  angle ,  and i t s  time d e r i v a t i v e .  

lockup o f  t h e  f r o n t  axle t i r e s  is cha rac t e r i zed  by a sharp dec rease  i n  pa th  

cu rva tu re  due t o  t h e  loss of cornering power a s s o c i a t e d  with t h e  locked wheels. 

Deviation: 

Conversely, 

This procedure,  a s  app l i ed  t o  r-he s imulat ion s tudy,  was modified 

somewhat i n  o rde r  t o  n l in i r i ze  t h e  number of non-es sen t i a l  computer runs.  
The modified procedure c o n s i s t e d  of  a n a l y t i c a l l y  determining t h e  brake to rques  

required f o r  lockup of one a x l e  s u b j e c t  t o  t h e  braking d i s t r i b u t i o n  c m s t r a i n t ,  
then running t h e  s imulated maneuver with t h e s e  torques,  and subsequent ly  75: 

and 50% of t h e i r  values .  

Resul ts  obtained f o r  t h e  va r ious  v e h i c l e  c o n f i g u r a t i c n s  run w i t h  

t h i s  maneuver are summarized i n  Figures 44 - 4 7 ,  which i l l u s t r a t e  peak s i d e -  
s l i p  rate achieved and t h e  average pa th  cu rva tu re  r a t i o  a r t a i n e d  over i one 
second i n t e r v a l  a f t e r  brake a p p l i c a t i o n ,  both as ?unctions of t h e  average 
longi'. -' .:a1 d e c e l e r a t i o n .  41so included on thc  fi,n--tes are bounds obtained 
i n  , .ig 12 v e h i c l e s  during development of t h e s e  procedures.  So te  t h a t  t h e  

boundiag condi t ions i l l u s t r a t e d  ref lect  t h e  cond i t i cns  of a s p e c i f i c  s k i d  pad 
on which t h e  tests were made, which had a s u b s t a n t i a l l y  highe.. s k i d  number 
(or f r i c t i o n  c o e f f i c i e n t )  than was simulated.  
d i r e c t l y  a p p l i c a b l e  to t h e  simrtlated configur'.,ion but are p resen ted  for 
i: lu;:!: 5tive purposes. 

The bounds arc iict then 

Two oppos i t e  t ypes  of l i m i t  responses are i l l u s t r a t e d  i n  Figure 44. 
The peak s i d e s l i p  r a t e  a t t a i n e d  by t h e  X/R Drive conf igu ra t ion  s a t u r a t e s  

a t  about 10°/sec. i n d i c a t i n g  f r o n t  wheel lockcp and subsequent d r i f t o u t  
o r  piowing l i m i t  response rsith 3 loss o f  d i r e c t s o n a l  con t ro l  c a p a b i l i t y .  
o t h e r  four  conf igu ra t ions  a l l  e x h i b i t  l i m i t  spin-out  response caused by 

rear wheel locking.  
l i m i t  f o r  both types of  response (both l i m i t  responses produce a c e n t e r  of 

g r a v i t y  t r a j e c t o r y  t h a t  runs o u t s i d e  t h e  iptended p a t h ) .  Tiie l o s s  of path 

curva tu re  is ,  however, g r e a t e r  with t h e  l i m i t  plow response. 

The 

Figure 46 i l l u s t r a L e s  l o s s  o f  pa th  c u r v a t u r e  a t  t h e  
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Figures 15 and 47 illustrate similar sum-.iries fur five additional 
vehicle configcrations. 
radial tires and the front heavy, high inertia configurations exhibit limit 
spin response--the others plow at  the liziit. 
are graphically illustrated in Figure 4';. 

In this case, however, only the base vehicle with 

These two types of limit response 

The results shown above r e q i r c  some explanation as to the apparently 
better performance (assurning limit. Flo\.;.ng is nore desirable than limit 
spinning) of some of the EV configurations than is seen with the base car. 
The brake system proportioning for the 'ase car is fixed at 60/40 according 
to available ififormation. 
applied to the front wheels, while 40% is applied to the rear wheels. 
is a typical braking effort distrilaticn for automobiles. The reason fo r  
the front bias in braking effoit derives from the forward weight transfer 
2xperienced under braking--the normal loads at the front axle increase and those 
at the rear axie decrease the extent depending on the vehicle center of gravity 
height and level of deceleration. P i s  inpiies rhat the front tires can 
supporr more torque cnuer braking thsn is indicated by t h e  static %eight 
distribution, rolling radius and tire'gmund sliding friction coefficient 
without locking. 

That is, 6bt of the total braking torque is 
This 

The specific corfiguration of the base vehicle, 3s simulated, 
resulted in a 59/41 front to rear weight distribstion under static canditions. 
Consequently, any significant amount of height trsnsfer occurring as a result 
of braking results in a situation shere core than 60"' cf the steady-state 
vehicle &eight is at the front and less t h i n  40: at i he  rear. As a result 
of this conditicn, the fixed 4Oo0 brake corque -'?-it t o  the rear axie cziises 

the rear tires to lock before the frcnts, r:'tiinately resulting in the observed 
limit spin behavior. Conversely, vehicle tonfiguratians which are statically 
rear-heavy exhibit steady-state front. co r,oar axle load conditions under 
braking which are less than the 6C,'Ji) brake torquz eplit and therefore tend 
to lock the front tires firs:. 
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We do not know why the fixed proportioning of 60/30 was (according 
to our information) designed into the brake system of the base vesicle, but 

a brief discussion of some of the potential trade-o5fs that go into the 
design process is in order. First, fixed proportioning can never produce 
optimum braking performance (i.e., front and rear wheels locking at the 
same level of deceleration) under all conditions. Variations in tire/surfacz 
sliding friction (as are corimonly encountered due to road construction, 
tire characteristics or weather conditions) and variations in vehicle load 
conditions bcth affect brake system performance. 
surface conditions, front brakes commonly lock before the rears due to 
decreased weig . transfer resulting from the lower deceleration capability 
of the surface. 
coefficient surface conditions. 

Under low coefficient 

The opposite is true for fixed proportioning under very high 

Variations in vehicle load conditions also affect o?tizum brake 
distribution. This is particularly true in small cars (as the subcompact 
base vehicle) since the load changes resulting from passengers and/or baggzge 
can be a larger percentage of the total weight than with large cars. 
this smsll car, any increase in load conditions would bias the static xeight 
distribution toward the rear, thus resulting in improved braking perfornance 
(i.e., less of a tendency to lock the rear tires before the fronts). 

With 

With regard to electric vehicle design, it is important that due 
consideration be given to brake system performance. 
results from a conventional vehicle modification o r  a "ground-Qp" vehicle, 
suspension and braking system componen:s from existing prcduction vehicles 

would likely be employed in the car. 
modified to consider the appropriate balance bettceen braking-induced weight 
transfer, static weight distribution and braking torque distribution. 

hlether a given EL' 

These components must be chosen o r  
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2.3 Evaluation of )!eight Distribution and Inertis E f f e c t s  

The preceding d i scuss ion  of  technic21 r e s u l t s  has  d e a l t  with s p e c i f i c  
e l e c t r i c  v e h i c l e  conf igu r s r ions  and t h e i r  response t 9  va r ious  c o n t r o l  i npu t s .  

Iie now wish t o  g e n e r a l i z e  t h e  eva lua t ion  and consider  o v e r a l l  effects of two 

primary parameters--weight d i s t r i b u t i c n  and y3w a m e n t  o f  i n e r t i a .  

r e s u l t s  obtained through computer s imulat ion w i l l  t h u s  be t r e a t e d  as rep- 
r e s e n t a t i v e  of  a gene r i c  group of v e h i c l e s  having a wheelbase on t h e  o r d e r  

of  95 inches.  

The 

Three c a t e g o r i e s  of weight d i s t r i b u t i o n  w i l l  be addressed,  i . e . ,  
fr0r.t-heavy, balanced and rear-heavy. Referr ing back t o  Table 2, t h e  

front-heavy EV's a l l  have f r o n t  a x l e  loadings of 5 5 %  of  t h e  sprung weight,  and 
t h e  rear-heavy conf igu ra t ions  range between 44'6 and 49% f r o n t  axle lozding. 
The balanced conf igu ra t ion  is  s p l i t  e x a c t l y  SO/SO betxeen t h e  f r o n t  and rear  
ax les .  The base car i s  front-heavy with spruqg iseight d i s t r i b u t i o n  o f  53/41 
f r o n t i r e a r .  
condi t ions.  

A l l  of t h e s e  d i a t r i S u t i o n s  a r e  for two-passenger load 

Yaw moment of i n e r t i a  v a r i e s  between approxi2:ately 16,100 and 24 ,700  

lb- in-sec2 f o r  t h e  front-heavy EV's, and between 15,205 artd 24,700 lb-in-sec'  
f o r  t h e  rear-heavy EY's. 
groups. The yaw moment of i n e r t i a  f o r  t h e  s i n g l e  balanced c o n f i g u r a t i c n  i s  
18,500 lb-in-sec . These values  are f o r  t h e  sprung mass only.  The c o r r e s p o n d i z j  
value for t h e  base car ' ,  11,400 lb-in-sec'.  

The ranges are  thus  ve ry  sirnilar f o r  t h e s e  veh ic lp  

2 
7 

We w i l l  now e v a l u a t e  f ind ings  discussed p rev ious ly  i n  the  con tex t  or' 

t h e s e  b a s i c  phys i ca l  parameters.  
s t e a d y - s t a t e  s t e e r l n g  p r c y v t i e s  i n  t h e  l i n e a r  range, t r a p e z o i d a l  steer 
response,  and s inuso ida l  steer behavior.  Braking-in-a-turn w i l l  n o t  be 
addressed here  because we b e l i e v e  t h a t  xhievement  of e f f e c t i v e  braking pe r -  
formance i s  l a r g e l y  re1.ited t o  prudent design of  t he  r ' ront/rear brakir,g 

torque proport ioning system, 3 t o p i c  which i s  beyond t h e  scope of t h i s  s t u d y .  

The eva lua t ion  w i l l  be d iv ided  i n t o  
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For consistency with the remaining ~raphical presentaa;ons, 
steady-state properties will be evaluated as a function of yaw moment of 
inertia. 
directly affect steady-state behavior. 
increases monotonically with mass (weight), so we are in essence considering 
the effect of vehicle mass throughout this sectiorr. 

This is not rigorously correct since moments of inertia will not 
But, moment of inertia essentially 

The most important numeric characterizing steady-state steering 
behavior is the understeer gradient (K). 
has an understeer gradient of about 5 or 6 deg/g, depending on whether 
bias-ply (A78-13) or radial (BR7S-13) tires are used in the simulation. 
Understeer gradient increases with mass for the front-heavy configurations 
and, conversely, decreases slightly wic'r mass for the rear-heavy EV's. 
typical passenger cars are generally in the range from 2 to 10 deg/g, none 
of the configurations possess unusual steady-state steering properties. 
The important point is that they are all understeer, as opposed t o  oversteer 
( K <  0 ) ,  which is undesirable for the average driver. Also recall from Section 
2.3 that all of the rear-heavy configurations are understeer due to suspension 
and roll effects. 

Figure 49 shows thbt the base car 

* 

Since 

Lateral acceleration gain and yak rate gain are shom ir. Figures 5C 
a r '  51, respectively. These rzsults.show that, for a given command (input) 
steer angle, the front-heavy configurations produce somewnat less path 
curvature (lower lateral acceleration and yzw rate) than the rear-heavy 
vehicles. 
these numerics is not believed to be of great significance, since i: 
esseetially aeans only that nore steey angle' is required by the front-heavy 

The differences in directional control capability indicated by 

Sote that a l l  figures in thi? section show sizulstion resuits for the 
base car with both of these ,.*pes of tires. 
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configurations to achieve a given cornering (equilibrium) condition relative 
to the rear-heavy configurations. 
adjustments in steering gearbox ratio or by other changes in suspension 
and/or tire properties. 

This can easily be compensated for by 

Figure SZ illustrates a trend that is of more concern. than the control 
gain magnitudes, i.e., the rapid increase in sideslip sensitivity for the 
rear-heavy EV's as mass (noment of inertia) becones larger. For the front-heavy 
configurations, sideslip sensitivity is higher than f o r  the base car but 
remains relatively constant as mass increases. 
is clearly undesirable and disconcerting to an average driver. 
acceptable limits for this parameter are not precisely quantifiable, it is 
o u r  understanding that magnitudes much above 5 or  6 deg/g are considered excessive 
by some handling experts. Therefore, the frant-heavy El' configurations c m -  

sidered in this study are likely to be aarginally acceptable, whereas the 
rear-heavy configurations having moments of inertia above approximately 20,000 
lb-in-sec" probably exceed a reasonable range of sideslip sensitivity. 

Excessive sideslip sensitivity 
Although 

1 

Similar trends are apparent when considering the yaw velocity (rate) 
and lateral acceleraticn time constants in Figures 53 an4 54. 

quarititative uprer bounds of acceptability are not preLisely known for these 
response measures. However, baseo on the work of Systems Technology, Inc. 
(Ref. 8 )  and from sources within the automative industry, a conservative 
estimate is that yaw response time constants in excess of about 0.25 sec. 
xould be highly objectionable, as would lateral acceleration time constants above 
approximately 0.5  second. 
that front-heavy configurations can accommodate a high moment of inertia 
without radically affecting time constants. 
rear-heavy configurations, which exhibit time constants which would likely be 
troublesome particularly when yaw moments of inertia on the order of 20,000 
lb-in-sec' are approached or exceeded. 

Again, 

Results in Figures 53 and 54 therefore su!ggest 

This is not the case for the 

3 

Figure 55 shows the region of acceptability defined by STI related to 
yzw rate g2in plotted versus 90?, time constant (adapted from Ref. 8;. 
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Although the boundaries are r,ot tmsidered to be exact, the trend again 
is for the front-heavy configurations to be favored over the rear-heavies. 

Considering performance in the linear range of handling qualities. 
the evaluation of simulation results consistently points out a distinct 
advantage of designing o relatively high inertia vehicle so that the weight 
distribution is front-heavy. 
in the iront-heavy direction have not been explored, this conclusion is 
iestrictea to front axle loadings n ~ t  exceeding 55% of the sprung weight. 
Balanced (CO/SO) distribution or even mildly rear-heavy weight distributions 
do not offer the advantages of a front-heavy distribction; rear-heavy con- 
figurations with a sprung mass yaw moment of inertia on the order of 20,000 
lb-in-sec" or greater is believed to be particularly prone to severe 
handlifig problems. 

Since front/rear distributions beyond 551'45 

-3 

This maneuver characterizes +,he directional response of a vehicle 
to a transient steer input, and is a standard handling t e s t  that is easy t~ 

perform and commonly used by the automotive industry m d  research organizations 
involved in handling swdies. Results of the computer simulztions of this 
maneuver for  the case of 3 noderatel? sevsre steer input (nornalized steer 
angle of 5") will now be reviewed in the context of weight distribution 
effects. This amount of steer input produces steady-state (trim condition) 
lateral acceleration on the order of G . 5  to 0.G g f o r  the 95" wheelbase 
configuraticns, 3 ~ d  is thus beyond the linear range of vehiclt zperatiim. 

Peak body sideslip angles predicted for this maneuver are giver. in 
Figure 56 f o r  the base vcJicle (with bias-ply and radial tires) and the three 
categories of front/rear weight distributio2. mis.figure indicates rhat the 
front-heavy EV's do not generate sideslip angles significantly above the base 
c31, and are relatively invarient with respect t(r rionsnt of inertia f o r  the 
wide range considered. However, t h e  pe3k sideslip angles f o r  the rear-heavy 
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configurations 3re strong fdnctions of  rotational inertia and greatly exceeC 
the base car sideslip response throughout the inertia range. 
configuration is seen to produce sideslip between that for the front and rear 
heJvy distributions for the specific moment of inertia of this single balanced 
configuration. 

The balanced 

Figure Si presents yaw velocity response time as a function of moment 
of irrc- *i3 for the same group of configurations. 
time constants tend to diverge when yaw noment of inertia reaches about 
23,000 lb-in-sec'. 
constant and of the same general magnitude as for  the base car. 
rear-heavy time constants increase dramatically for the higher range of inertia. 

It is seen that response 

3 

For the front-heavy EV's ,  the time constants remain relativell. 
But, the 

This trend is even more 7ronounced when considering the lateral 
acceleration time constants in Figure 55. 

variable (lateral responsiveness) are clearly excessive for the rear-heavy 
configurations with moment of inertia approaching (and exs?eding) 20,00@ 

lb-in-sec'. The baianced and front-heap EV's are, however, nix szrong 
functions sf inertia and are in fact not substantially different than tSe base 
car with respect to this response ,neasure. 

Response tines related to this 

- 

Findings related to the tr3pe:oidal steer naneuver in the non-linear 
performance regime are sup3ortive of the trends noted in the linear response 
range. A clear advantage is again indicated for a front-heavy design 
approach, and a rear-heavy configuration is found to be much more susceptible 
to poor handling characteristics for the generic class of E\"s being consi2ere2. 

This is a transient response maneuver which involves a reversal of 
steer input necessary to produce a lateral dispiacernezt, such as required 
for a rapid lane change. 
trapezoidal steer, we will select 3 moderately severe condition, i . e . ,  a 

peak norna1i:ed front wheel steer angle of 2 S o  f o r  analysis. 

As was the c3se for the above evaluatim of 
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Peak sideslip angles predicted by the simulation model are shom in 
FipLe 59 for this transient condition. 
-c-ent ~f inertia, the rear-heavy configurations consistently produce higher 

Although not strong functions of yaw 

des'.? than the front-heavy E V ' s .  As has generally been the case, the 
balanced configuration gives a result between that of the two unbalanced 
wight distribution groups. 
condition are not apparent for this intermediate steer 
Sack to Section 2.5 for limit performance results). 

The instabilities noted for the extreme limit 
angle condition (refer 

One important measure of the effectiveness of this raneuver is the 
lane change deviation from the "ideal" curvilinear path. 
lane change deviation (defined in Section 2.4) as a function of yaw monent of 
ixertia. Since high deviations are undesirable, the front-heavy configurztions 
again perform Setter than the rear-heavy configurations, at least in a relati'#-e 
sense. 

Figure 62 shows 

The same trend is apparent when considering the nagnitude of lateral 
displacenent present at the end of the defined maneuver (at 3 . 4  sec.]. 
Figure 61 illustrates that the front-heavy E\"s are better behaved than the 
rear-heavies; recall that a later31 displacenent of 12' represents the 
preferred response, and the front-heavy configurations respond very close to 
this desired nagnitude of displacement. 

Heading angle deviations (departure from a parallel path at the end 
of the maneuver) also favor the front-heavy approach. 
figure 62, the two groups of unequal weight distribution E V ' s  tend to show 
siclilar deviations at the higher levels of moment of inertia. 
inertia thus appears to have a stabilizing influence with respect to 
directional heading. 

But, as ShOhn in 

Noment of 

Yaw velocity response time 
time lag is illustrated in Figures 63 and $4, respectively. 
response times are known to be undesirable, the frcnr-heat? configurations 
Once again exhibit stperiority over the rear-heavy and balanced weight distrikuti2ns 

and lateral acceleration respcnsc 
Since hign 
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I t  is not p o s s i b l e  t o  i n d i c a t e  limits of performance acceptabili t : .  

f o r  t h e  s inuso ida l  steer maneuver, s i n c e  eva lua t ion  c r i t e r i a  are not  well 

def ined.  Nevertheless,  s imulat ion r e s u l t s  c o n s i s t e n t l y  i n d i c a t e  response 

t r ends  uhich are i n  agreement with r e s u l t s  of the  s t e a d y - s t a t e  s t e e r i n g  

analyses  and t h e  t r apezo ida l  steer maneuver. 

N e  will now e v a l u a t e  a b r i e f  s tudy of  hoR t i r e  and suspension 

prope- .ies can affect handling behavior. 

2.9 Exploratory Study of Hand1 ing Performance Imprcverent 

A l imi t ed  s tudy w3s conducted t o  g i v e  some i n s i g h t  i n t o  p o s s i b l e  
xays t h a t  e l e c t r i c  v e h i c l e  handling n igh t  poss ib ly  be improved. 

focused on two inpor t an t  design areas-- t i re  s e l e c t i o n  and suspensicn 
compliance adjustnent .  

The s t c d y  

I t  is r e c a l l e d  t h a t  p r o p e r t i e s  of tw d i f f e r e a t  tires were used i n  
t h e  n3in p a r t  of  t h e  study. These were XTS-13 bias-ply t i res  f o r  t h e  Sase 

c a r ,  and BR:S-13 r a d i a l  t ires used on a l l  EV c t n f i g u r a t i o n s  as well as tfie 

base c a r .  Fron a design load s t andpo in t ,  tire A7S-i3 t i res  would be uncer- 
r a t c d  f o r  t h e  El”s and t h e  BR7S-13 t ires would be rnargically accep ta5 le .  bQt 

a reasonable choice for t h e  E\”s with t h e  p o s s i b l e  e scep t ion  of the  hr-sviest  
vehicles .  Vie have thus  investisatd t h e  e f f e c t  t h z t  larger (FR?@-lJI t i r e s  

hould have cn handling perfornance. I t  is bell h o w  rnst  lar;er ( I 4  i n c h )  

tires would o f f e r  t h e  advantage of improved bclulevard r i d e  c h a r a c t c ~ i s t i c s  
and t h e s e  t i res  a l s o  havlo higher  corner ing s t i i r n e s s  t h i i i  t h e  13 iach c i r t . 5  

considered previously.  

Adjustment of suspension compliances is .J irn7ortnnt a spec t  of 
achieving a c c e p a b l . :  handling q u a l i t i e s  of an automohile i n  t h e  design s t a g e ,  

and is  widely p a s t i c e d  by manufacturers. 
compliance p r o p e r t i e s  known f o r  t h e  base car here r;aintained constarrt f o r  

all of the Et’ d e r i v a t i v e s .  Thew compliances d e s c r i b e ,  in a quantitati:~ 

I t  is  again pointed out  t h a t  
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riafiner, the amount of flexibility existing in a given suspension system. 
Refer back to Section 2.3 for more details concerning compliance effecrs. 

For the illustrative purposes of this study, we have selected three 
bounding conditions related to compliance adjustment: 

0 Zero front compliance and "standard" rear compliance 

0 'Standard" front compliance and zero rear compliance 

e No front or rear compliance 

During the remainder of this section, the "standard" suspension compliances 
denote those f o r  the selected base car (Chevette) and the "standard" tires 
are BR7S-13 radials. 

Two electric vehicle configurations were chosen for this investigation, 
one a front-heavy design and the other a rear-heavy, both with noderately 
high yaw moments of inertia. These are (refer back t o  Table 2): 

0 Conv. Drive, SO/SO Batteries, 10" Outboard 
Frontirear weight distribution = 5S/45 

Yaw moment of inertia = 19,140 lb-in-sec' 
9 

0 AiResearch Drive, 2/3-1/3 Battery Split Over Axles 
Front/rear weight distribution = 44/56 

Yaw moment of inertia = 20,906 lb-in-sec 2 

Base car properties werz varied in the same manner as the EV's ior comparative 
purposes. 

Because of the l'mited scope of this evaluation, only t h e  steady-state 
properties (linear range) and trapezoidal steer prcperties (normiized s t ee r  

angle = 8') were obtained. Simulations results are discussed in the fo l lob ; ins .  
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The understeer gradient (K) varies as shown in the table below for 
the three vehicles simulated, as a function of the tire and compliance 
"adjustments" considered. 

WDERSTEER GRADIEhT {deg/g) 
Standard* 14'' Tires No Frt. Comp. No Rear Comp. So Co~p. 

Base Car 4.9 3.7 1.0 5.1 1.5 
Front-heavy EV 6.9 5.1 1.0 7.0 1.7 

Rear-heavy El' 3.5 3.2 -1.1 4.7 0.1 

The larger tires are seen to decrease understeer somewhat, particularly for 
the base car and front-heavy E l ' ,  but not to the extent of producing undesirable 
characteristics (these reductions ma,- actually represent slight improvements). 
On the other hand, renoving either the front compliances or all coqliancer 
produces a nearly neutral or, in one case, an oversteering condition (K < 0). 
This supports the finding based on linear theory (Section 2.3) that the 
rear-heavy EV's are inherently oversteering cars, but adjusted to understeer 
by suspension compliances. Eliminating only the rear suspension compliances 
results in a slight increase in understeer gradient, bat not to an excessive 
nagnitude. 

Sideslip sensitivity (aB/aay), an undesirable phenomenon if excessi-ce, 
is dramatically reduced by the use of 14" tires as shown below: 

SIDESLIP SESSITIVITY (deg/g) 
Standard 14" Tires No Frt. Comp. No Rear Conp. No Conp. 

Base Car 4.1 1.6 4.3 3.4 3.7 
Front-heavy EV 6.2 2.6 6.3 4.4 5.0 
Rear-heauy EV 8.2 3.9 11.0 6.2 7.7 

* 
Values for "standard" vehicle configurations taken from Table 7. 
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Sote also that reducing the rear suspension conpliances (or all compliances) 
can have a beneficial effect on sideslip sensitivity. But, eliminating front 
coqliances only has an insignificant affect on the base car and front-heavy 
EV and actually aggravates the sideslip behavior of the rear-heavy EV. 

With respect to Yaw Velocity Response Tine Constant (Tr). increasing 
tire size results in a beneficial reduction for the rear-heavy EV, but has 
nc discernable affect on the base car and front-heavy EL'. 
finding is that reduction in front suspension compliances can have a very 

deliterious effect on the response time. 
table that follows, the time constant is increased from 0.34 sec. to 1.42 sec. 
for the rear-heavy EV.* 

The most interesting 

For instance, as indicated in the 

YAN VELOCITY TINE CONSTAhT (SEC) 
Standard 14" Tires No F r t .  CORP. Xo Rear Comp. -- No Corm. 

Base Car 0.23 0.23 C.30 G. 21 0.28 
Front-heavy EV 0.25 0.25 0.42 0.24 0.34 
Rear-heayr EL' 0.34 0.26 1.42  0.28 0.67 

Response tine reductions are apparently achievable by compliance adjustnent 
only for the condition where the rear compliances are reduced with the front 
compliances kept the same (or perhaps increased). 

Lateral acceleration Time Constant (T ) is affected by these cknges a 
in the same general trends: 

* 
Highly excessive resFonse t:ze constants are characteristic of an oversteering 
c3r, which the rear-heavy configuration was previously s k o m  to becone with 
the front compliances removed. 

130 



3 9 50 - 2 ?  7 

LATERAL ACCELERATION TINE CONSTANT (SEC] 
Standard 14" Tires No Frt. Comp. Xo Rear Comp. So COED. 

Base Car 0.45 0.36 0.61 0.43 0.54 

Front-heavy EV 0.52 0.40 0.80 0.49 0.65 

Rear-heavy EV 0.70 0.55 1.70 0.62 1.09 

Increasing tire size results in a very pronounced decrease in time constant for 
each of the vehicles. 
effect, but nontheless, is beneficial. As with the yaw velocity tine constant, 
reducing front compliances has a negative influence, as does reduction of all 
compliances. 

Reducing rear compliances has a somewhat less dramatic 

In summary, linear response behavior can benefit by increasing tire 
size (increased cornering stiffness) and/or reducing the compliance (flexibilityj 
of the rear suspension. 
performance, since this provides dsirable understeer behavior and shorter respmse 
times . 

X compliant Cront suspension appears to er,hance linear 

As previously discussed in Sections 2.5 and 2.8, the numerics of 
payticular concern for this maneuver are the peak sideslip angle, yaw velocity 
(rate) response tine and lateral acceleration response time. Changes in these 
res2onse variables resuiting from the tire and conpiiance variations are 

evaluated in the remainder of this section. 

Peak body sideslip angles predicted by the computer simulation are 
given in the table below: 

PEAK SIDESLIP AXLE (DEG) 

Standard 14" Tires No Frt. Camp. No Rear Cop. Xo ComE. 

Base Car 4.9 3.3 10.0 4.2 8.4 
Front-heavy EV 5.2 3.5 11.0 4 . 2  8.5 
Rear-heavy EV 12.5 7.6 30.0 8.0 21 .2  
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The increased tire size has a very favorable effect on sideslip, especially 
for the rear-heavy EV. 

com2liance) also appears to have a positive influence. 
compliances (or all comp:iarxes) c3n severely degrade Derfornance. 
riote the extremely high sideslip angle associated with the rear-heavy EV when 
front coapliances are eliminated. 

Reduction of rear co?npliance (without changing f ront  

But, reducing front 
Farticularly 

Yaw velocity and lateral acceleration respms% times w e  given in the 
following table (lateral acceleration time constants in parentheses); 

YAW VELOCITY RESPONSE TIMES (see) 
[LATERAL XCCELERATIOK RESPOXSE TINES (sec] ] 

Standard 11" Tires Xa Frt. Comp. So Rear Comp. ho Coap. 

Base Car 0.20 0.19 0.15 0.20 0.16 
(0.45) (0. s i )  (0. SO) (0.44: (0.401 

Front-heavy E\: 0.23 0.21 0.19 0.22 0. :9 
(0.52) (0.40) (0.63) (0.48) (G. 46) 

Rear-heavy EV 0 . 2 7  0.24 0.35 0.22 0.32 
(0.93) (0.75) (0.82) (0.6G) (0.92) 

Response time reductions are realized by increasing tire size. Decreasing 
rear coKpliance also gives beneficial reductions, but similar reductions i n  
front con2liance do not consistently provide reduced response tines. 
rear-hezvy EL' is seen to be most sensitive to the tire and compliance variations. 

The 

Results of the trapezoidal steer simulations are consistent with 
behavior in the linear range uizh respect to sideslip response and time cOnstai.:s. 
It is clear that increasing tire cornering stiffness (for instance by g c i n g  

to a high cornering stiffness 14" tire) has distinct advantages. Likewise, 
by prudent design of suspension conpliaxes, i.e., minivizing rear suspension 
flexibility and properly selecting front suspension compliances, handling 
qualities can perhaps be inproved. 
some of the undesirable effects of high m3ss and yaw moment of inertia by 
tire and/or suspension modifications. 

Thus, it may be possible to cour,teract 
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I t  is  noted t h a t  using d i f f e r e n t i a l  t i r e  p res su res  ( d i f f e r e n t  

p re s su res  i n  t h e  f r o n t  and rear tires) can affect handl ing response s i n c e  

t h i s ,  i n  effect, provides  d i f f e r e n t  corner ing  s t i f f n e s s e s  between t h e  f r o n t  

and rear. 
affect handling. 

be poor p r a c t i c e .  
veh ic l e  so t h a t  dependence on proper  maintenance by t h e  consumer i s  minimized 

Using d i f f e r e n t  s i z e s  o r  types  of  t i res  f r o n t  and rear can also 
However, handl ing "fixes" o f  t h i s  n a t u r e  are bel ieved t o  

Proper handling q u a i i t f e s  should be designed i n t o  t h e  

This  s tudy  is by no means a thorough t rea tment  o f  t h e  sub jec t  o f  
e f f e c t i v e  suspension des ign ,  e t c .  
t h a t  can conceivably be inves t iga t ed  wi th  r e s p e c t  t o  achieving handling 

performance improvements of electric veh ic l e s  (or any veh ic l e ) .  Since a 

thorough s tudy was beyond t h e  scope o f  t h e  p re sen t  e f f o r t ,  o u r  i n t e n t  was 

only t o  po in t  ou t  t h e  importance of addressing handl ing performance dur ing  

t h e  design s t a g e  of a vehic le .  
p ro to types  o r  product ion EV's are conversions o f  ICE cars, it i s  important 
t o  consider  r ami f i ca t ions  of  mainiaining o r i g i n a l  equipment suspension 

There are many o t h e r  v e h i c l e  parameters 

In  a d d i t i o n ,  s i n c e  many electric veh ic l e  

components and/or  tires. 
important handling improvements. 

Proper modi f ic r t ion  of these components can provide 

133 



3 .  CONCLUS 1014s 

blain conclusions of the electric vehicle dynamics study are 
summarized here. 
of hypothetical EV's with a wheelbase of approximately 95 inches, and these 
conclusions thus apply only to this size car in a strict sense. 
we believe that generalization t o  larger or smaller cars is reasonable on a 
qualitative basis. 

It is recalled that the study focused on handling perfornance 

Nevertb:less, 

A most significant finding resclting from this study concerns the 
inportance of maintaining a front heavy weight distributicn on electric 
vehicles--whether they be conversions of conusntional vehicles or totallv new 
desigm. li'e have examined EV configurations ranging from a 55/45 frcrnt:'rear 
weight distribution to a 43/56 front/rear split and have characterized front 
heavy vehicles, balanced vehicles and rear heavy vehicles as having 554'45, 
SO/SO, and 45/55 front/rear distributions, respectively. 

Results presented in the previous sections consistently indicate that 
vehicles with a -I front-heaw weight distribution can tolerate a wide latitude 
of mass and yaw moment of inertia increases without severely compromisinz 
handling qualities. Rear-heavy configurations (and balanced configurations 
to a lesser extent), are much more susceptible to undesirable degradaticns' in 
response Eetrics resulting in excessive body sideslip, long response tines to 
steer inputs, and large phase lags between control inputs and directional 
responses as mass and inertia increase. 
for the linear range of perfornance as well as for the naneuvers simulated 
in the non-linear performance regime, i.e., trapezoidal steer inputs (severe 
cornering conditions) and sinusoidal steer inputs (quick lane change behavior). 

These trends were unifornly e-zident 

It should be pcinted out that front-heavy vehicles exhibited a 
trend that could be somewhat tioublesor]e for extreme fcrwsrd weight biases, i .  e . ,  
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lower yaw velocity and lateral accelerstion response gains than were seen with 
the balanced or rear heavy vehicles. 
also result from these configurations. But, these potential problems are 
more easily corrected (by steering system design or modificatior) than are 
the more fundanental lateral response problems associated with rear-heavy 
vehicles. 

High steering torque requirements can 

I* is universally agreed that a l l  passenger cars to be used by the 
general pL?-Jlic should be "understeering". 
incr~ased to maintain a given radius of curvature as forward speed is increased. 
A basic attribute of a front-heavy car is thar: it will be intrinsically 
understeer. Rear-heavy vehicles can be made to understeer (even though they 
will possess intrinsic oversteering tendencies) by appropriate suspension 
design to piovide counteracting compliance-steer and roll-steer properties, 
or by practices such as employing differen: front and rear tire pressures 
(which are not recommended for a vehicle to be used by the general public). 
But, even when a rear-heavy vehicle is designed tc mderstedr, it will still 
be prone to excessive tine constsnts ana response lags when relatively hizh 
yaw moments of inertia are present. 

That is, steer angles must be 

Considering all results of this szudy, we strongly conclude that it 
is highly desirable to design electric vehicles so as to maintain a forrszrd 

to a sub 

weight bias under all intended loa6 conditions. 

Aloment 06 hem% Li~~ktaCicns 

This study has considered battery weight addition ompac t 
base car ranging between 1080 lbs. (18 sixty pound batteries) and 1540 lbs. 
(20 ninety-two pound batteries). 
together with associated electric powertrain concepts resulted in sprung nsss 

2 yaw inertias between about 15,000 and 25,000 lb-in-sec . The base car has a 
yaw moment of inertia of approximately 11,000 10-in-sec . 
are for a two passenger loading conditior. 

Various packaging layouts of these batteries 

2 These magnitudes 
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Results of the study indicate that the front-heavy configurations 
maintain reasonable handling qualities (relative to base car performance) 
throughout the range of yaw inertia given above. 
of handling qualities was evident, as expected, for the extremely high 
inertia magnitude, but not to such an extent as to be grossly unacceptable. 
This conclusion appears to be tenable when it is realized that production 
passenger cars exist with comparable wheelbase, weight and yaw moment of 
inertia. For instance, the ME Pacer has a wheelbase of approximately lCO", 
weighs 3370 lbs., and has a yaw mcment of inertia of about 22,400 lb-in-sec' 
(see Appendix A).  

cars, the MIC Pacer is front-heavy. 

Of course, some degradation 

3 

Of course, as is the case for all recent model U.S. production 

Conversely, the rear-heavy configurations possess fundamentally 
Jicferent handling qualities as yaw inertia is increased. The general tendency 
is f o r  hanciling performance to severely degrade as yaw moment of inertia is 
increased beyond a magnitude on the order of 18,000 ta 20,000 lb-in-sec'. 
Although we cannot emphatically state that this is an absolute limiz of 
acceptability, it is abundantly clear ihat a rear-heavy EV (or even a 

balanced configuration) cannot tolerate relatively high inertia properties nearly 
as well as a front-heavy weight distribution layout. 

3 

Particularly when converting a conventional car to electric power, 
an analysis of proper tire selection may be ignored. ??le increase in weight 
associated with battery addition can obviously result in loadings beyond the 
OD1 tire rated capacity. 
for all electric vehicles. 
proper cornering stiffness is equally important. 
Section 2 . 9  indicate that proper choice of tires can substantially improve 
hand1 ing qual it ies . 

Proper load range tires must therefore be chosen 
In addition, emphasis on selecting tires with 

Results discussed in 
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Another importan? aspect of EV design that is commonly overlooked 
relates to suspension characteristics. 
urith suspension loadings is obviously necessary, and generally practiced because 
the need is so evident. However, proper design of other (not obvious) suspensior. 
characteristics can be of great benefit t o  EV handling perfornance. 
instance, this study has shown that suspnsion corr;pliances (flexibility>--which 
are necessary for vibration and noise isolation--can have a critical (and 
sometimes dominant) effect on steering behavior, e.g., the understeerin;: 
properties. 
and, if properly implemented, carr tend to counteract undesir-ole effects of 
relatively high nass and inertia. 

Adjustment of spring rates consistent 

For 

Attention to overall suspension design can thus be very beneficia; 

As illustrated in this stLdy, the most important aspect af  achieving 
reasonable braking performance is ?roper Troportioning of braking torques 
between the front and rear wheels. 
distribution and forwerd weight transfer during braking, the torque m s t  be 
applied so as to avoid cndesirable behavior such as rear wheel lock-cp before 
the front Kneels lock, thereby causing yaw instability resulting frcm the 
loss of rear tire cornering power. 

Because of static front/rear weigkt 

If braking systems are not pro2erly designed (or  modified) f , r  a 
given EV configuration, which we believe is often the case when the conventimsi 
passengcr car is converted to electric operation, performsnce problems can 

result which have severe safety impiications. 
the base vehicle weight distribution is substantislly altzred by the 
electric conversion, which is normally the case. 

link is particularly :yx if 

Perhaps the most important result of this study is the denonstratioc 
that an analytical methodology presently exists which can be applied tu tnc. 
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design and developmefit of electric vehicles having satisfactory handling 
qualities. 
is designed from the ground up, o r  can indicate potential problems which 
may result from retrofitting an existing vehicle. If properly emplgyed, 
handling performance analysis can also provide guidelines for €V design 
knich can potentially offer har.dling improvements without unreasonable 
conpromise of other design constraints. 
this study relates to front/rear weight distribution; it has been shom that 
kAckaging adjustments, which change a vehicle from a rear-heavy (or balanced) 
weight split to a moderately front-heavy configuration can offer distinct 
handling advantages. 

Such a methodology can help avoid handling problems when an EL’ 

The prime example resulting from 

The methodology that currently exists is not fully developed and 
validated at this time, since this study represents the first investigation 
of this subject, to our knowledge. WevertheLess, a strong technical 
foundation exists which can be of benefit to electric vehicle dynamics technolog), 
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4. RECONMENDAT1 ONS 

Contained in the following are several recommendations that, in our 
opinion, are of a high priozity nature and would effectively advance the 
state-of-the-art of electric vehicle technology related to handling pe-.fornance. 

We reconmend th;t a testing progra. be conducted that wculd (1) 
provide data for validating results of this analytical study, and (2) allow 
additional criteria to be developed for evaluating handling quality acceptability 
of EV's. 

With respect io generating hsndlina data for validation, a limited 
program would suffice utilizing a Chevette as the test vehicle; proY.ibior1 
f o r  altering weight distribution and nonents of inertia would be required 
(controlled ballasting), as well as changing suspension spring razes. 

A program for defining EV handling perfcrmance criteria would be 
more ambitious. Subjective and objective information would be required, and 
several actual EV prototypes would probzbly be the best test vehicles for 
this research (perhaps the GE/Chrysler and/or AiResearch prototyIse vehicles 
could be included in the sample) along wit:? a suitable conventional car for 
comparison. 
numerics (steady-state steering properties, time constants, limit naneuver 
response measures, etc) consistent with the intended mission of the electric 
vehicle. 
for passenger cars whr . 

The goal should be to establish ranges of handling response 

To our knowledge, no such project has ever been conducted, except 
iigh speed performance has been stressed. 

In order to make m a x i m  use of analytical methods for future 
research and investigatiq (predictin;) handling perfornance of prototy2e 
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e l e c t r i c  veh ic l e s ,  a source  f o r  ob ta in ing  t h e  necessary  phys ica l  p r o p e r t i e s  

is required.  
Parametric Measuring Device (MPblD) under developmznt by NHTSA. However, 
we know of no p resen t  p l a n s  t o  iriclude suspension compliance measurement 
c a p a b i l i t y  i n  t h i s  f a c i l i t y  and no such c a p a b i l i t y  c u r r e n t l y  ex is t s  o u t s i d e  

of t h e  automobile i ndus t ry .  In  view of tSe importance of  compliance effects, 

the  t r e a t n e n t  o f  t h e s e  parameters  i n  c o x p t e r  s imuia t ions  is e s s e n t i a l .  
shorn i n  Saz t ion  2.9, ignor ing  t h e s e  e f f e c t s  can gibe a t o t a l l y  d i s z o r t e d  

eva lua t icn  (p red ic t ion )  of handl ing Fer fomance .  

blany of t h e s e  p r o p e r t i e s  can be measured with t h e  Mobile 

As 

The p resen t  p r o j e c t  r ep resen t s  t h e  first i n v e s t i g a t i o n  of e l e c t r i c  
veh ic l e  handling 2erformance Lsing a v a i l z b l e  a n a l y t i c a l  methods. 

n e c e s s a r i l y  l i m i t e d  in  scope and t h e r e f c r e  t r e a t e d  t h e  sub jec t  in a r e l a t i v e l y  
elementary manner. For in s t ance ,  t h e  p r o j e c t  was concerned only wi th  veh ic l e s  

of a given size class (no wheelbase v a r i a t i o n ) .  
e s s e n t i a l l y  l i n r t e d  t o  weight d i s t r i b u t i o n ,  mcments of  i n e r t i a ,  t i r e  cha rac t e r -  

istics, and suspension compliances. There are numerous o t h e r  phys i ca l  p r o p e r t i e s  
which a f f e c t  handl ing q u a l i t i e s  such as c.g. h e i g h t ,  roll s t i f f n e s s ,  suspmsior .  
geometries,  brake torque  proport 'oning,  shock absorber  c h a r a c t e r i s t i c s ,  and 
the  l i k e .  Consequently, we recommend t h a t  an extended a n a l y t i c a l  i n v e s t i g a t i o n  

of EV handling be undertaken. 
p a r a l l e l  with an experimental  7rogram as recommended above. 

I t  was 

Parameter va r i a t io r i s  were 

Ne f e e l  t h a t  t h i s  would be appropr i3 t e  i n  

ElectTic v e h i c l e  desib.,ers and manufacturers  are i n  need o f -gu ide -  
l i n e s  f o r  proper ly  i n c o q o r n t i n g  handl ing q u a l i t i e 5  i n t o  t h e i r  v e h i c l e s .  

is  p a r t i c u l a r l y  t r u e  f o r  t h e  small bus iness  manufacturer or en t repreneur .  
t h i s  s tudy sugges ts ,  fmdamental  information regard ing  desiTable  weight 
d i s t r i b u t i o n  and t i r e  s e l e c t i o n  would.perhaps he lp  avoid many of t h e  problems 
assoc ia ted  with v e h i c l e s  ;laving r e l a t z v e l y  high nass and moxents of i n e r t i a .  

This  
As 
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It is not necessary or reasonable to provide detailed technical 
reports (such as th i s )  to these individuals and companies. A brief digest, 
written in easily understood language without excessive technical content, 
would piabably be the most effective approach for encouraging implementation 
of handling-related design concepts. 

offered by this approach as well, e.g . ,  battery packaging, powerplant layout, 
crash safety, etc. 

Assistance in other areas could be 

As a minimum, the electric vehicle community should be kept abreast 
of new technology and methodologies that could be applied to prctotype 
and production vehicle design and evalmtion. In addition, sources of 
assistance (either Governmental or commercial) should be made known to 
individuls and companies so that, if sufficient in-house capability is not 
available, outside consultation can be obtained in an expeditious manner. 
in medicine, prevention or early diagnosis and treatment of a vehicle d;.nm.ics 
(or other) problem can be vitally importaat. 

As 
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homents of i n e r t i a  and r e l a t e d  phys ica l  parameters riere meast:rcd 
(under a purchase o r d e r  arrangement) by Dlmamic Science,  Inc. ,  Phoenix, 

.Arizona, for t h e  fol lowing v e h i c l e s :  

0 1979 Chevrolet Chevette,  2-dcor model 
0 1978 A X  Pacer hzsm 

0 EVA Facer Electric Car 
* 

Neasu=enents Here made us ing  t h e  Nobile Parametric Neasurement 

Device (MPbID) developed under c o n t r a c t  t o  t h e  b t i o n a l  Highway T r a f f i c  

Safety A d a i n i s t r a t i o n  by Dynanic Science.  
mounted on t h e  measurement device.  
D,. a Sydraulically-lubricated, hemis?kerical bear ing which allows n e a r l y  

f r i c t i o n l e s s  r o t a t i o n a l  notiex? 3Sout t h z e e  orthogonai axes.  

zeasured is f i x e d  t o  t h e  p l a t fo rm and its suspension systems a r e  constrained 

at stat ic  r i d e  h e i g h t  by r e p l a c i n g  t h e  shock absorbers  with r i g i d  l i n k s .  
Cal ibrated r e a c t i o n  s p r i n g s  a r e  then a t t a c h e d  t o  t h e  p l a t fo rm a t  knom 
loca t ions  and small aTp1itude o s c i l l a t i o n s  are induced about t h e  d e s i r e d  
axes of  r o t a t i o n .  bleasurcnent o f  t h e  per iod of  o s c i l l a t i o n  pe rmi t s  a c c u r a t e  

c a l c u l a t i o n  of t h e  o v e r a l i  nionents of i n e r t i a .  The icnom noments of i R e = t i ;  

of t h e  sxpport ing p l a t z c r n  are  then s u b t r a c t e d  from t h e  t o t a l  i n e r c i a c .  

?ii,aure A-1 shows t h e  EVA Pacer 

The dev ice  c o n t a i a s  a p l a t fo rm supported 

The vehic.!e b2.i::; 

Once t h e  rronenzs of i n e r t i a  a r e  knom for  t h e  t o t a l  v e h i c l e  abaut 

s p e c i f i c  axes of  r o t a t i o n ,  moments of i n e r t i a  about t h e  c e n t e r  of grav i zy  

of t h e  veh ic l e  can be c a l c u l a t e d  using appropr i a t e  t r a n s f o r n a t i o n  re la t icn?hi ;>s 

This procedure has been v a l i d a t e d  by Cyrisinic Science aad foucd t o  be x c c c : - : e  
t o  within 2“. 

~~ 

Produced by E i e c t r i c  Vehicle  Associate;, Inc . ,  Cle*”-eland, O!iio. X 
L r j p t i o n  of t h i s  v e h i c l e  i s  contained i n  Refercccc 12. 
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Table A - 1  c o n t a i n s  r e s u l t s  of t h e  moment of i n e r t i a  measure2ents 

fo r  t h e  t h r e e  veh ic l e s .  Using t h e s e  p r o p e r t i e s  f o r  t h e  t o t a l  v e h i c l e ,  
i n e r t i a l  p r o p e r t i e s  f o r  t h e  sprung mass - can be a n a l y t i c a l l y  obtained by 
assuning reasonable  va lues  for t h e  unsprung masses and performing t h e  
necessary conputat ions for s u b t r a c t i n g  t h e  unsprung mass i n e r t i a s  and 

t r a n s l a t i n g  t h e  c e n t e r  of g r a v i t y .  

are given i n  Table  4-2. 

Final  parameters for t h e  sprung masses 

A - 3  



Parameter 

k'T ( IbS)  

i ( i n )  

n ( i n )  
cgT 

2 (lb-in-sec ) 'xT 

2 IyT { 1 b-in-sec ) 

2 IZT (lb-in-sec ) 

Table A-1 

PARANETER MEASUREMEfJTS FOR TOTAL VEHICLES 

EVA 
Chevet t e  P.MC Pacer Pacer E l e c t r i c  

21 96 (57/43)* 3369 (55/45) 4488 (48/52) 

41 .I 

53.4 

94.5 

19.94 

3462 

45.3a 

55.06 

100.4 

23.28 

5296 

13,421 

13,817 

22,696 

26,210 

51 -75 

48.44 

100.1 

22.62 

57 58 

34,337 

37,914 

* 
Front/rear weight d i s t r i b u t i o n  a t  the ground 

A- 5 
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Parameter 

w, (1bs) 

as ( in )  

b, ( i n )  

n ( i n )  

I (lb-in-sec ) 

(lb-in-sec ) 
:J 5 

I,, ( lb-in-sec ) 

2 I ( lb-in-sec ) 

cgs 

2 

2 

2 

X i  5 

Table A-2 

CALCULATED PARAFTETERS FOR SPRUNG MASS 

Chevette* 

1848 ( 60/40) *** 

37.89 

56.61 

21.63 

2975 

11,124 

11,206 

433 

** 
ATIC Pacer 

2859 (58/42) 

42.38 

38.05 

25.24 

51 22 

18,942 

22,408 

* 
Calculations perforwed by MGA Research 

Calculations performed by Dynamic Science 

Front/rear d i s t r ibu t ion  of axle  loading by sprung mass 

** 

%** 

Pacer EVA Elec t r i c  ** 

3980 (50/50) 

50.43 

49.76 

23.94 

5681 

29,261 

34,630 

2468 
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HIGHWAY /VEHI CLE INTERACTION S IMULATION 

Highway Vehicle Object Simulation blodel (HVOSN) was developed under 
contract with the Federal Highway Administration by Calspan Corporation and 
other organizations to provide an analytical means of studying the interaction 
between an automobile and its environment. 
available, with each version having a specialized capability. The HVOSM-RDZ 

version was developed for evaluating roadside barriers, either of a rigid or  
deformable nature, and for detailed evaluations of roadway and roadside terrain 
geometrics such as those associated with rsilroad grade crossings, median earth 
berms and cut/fill slopes. The second Frogram version, the HVOSId-VD2, was 
developed for the purpose of studying vehicle dynamics, particularly the effects 
of braking systems and the effects of driver control inputs in emergency and 
pre-collision situations. 

Two separate program versions are 

The analytical representation of the vehicle (Figure 1) is an assembly 
of three, four, or five rigid bodies (decending on suspensior, options in use) 

consisting of the sprung mass (chassis and body) and unsprung masses (the 
wheels and/or axles) which move relative to the sprung mass. 
mass (M in the figure) is assumed to behave as a rigid body, six degrees of 

Since the sprung 

S 
freedom ( X i ,  Y;, ti, 0 ,  a, $) are required for its specification. If the 
independent front suspension is in use, the two front wheels (PI bl,) are 
assumed to move vertically with respect to the vehicle body and thus require 
one degree of freedom each ( a l ,  d 2 ) .  

degree of freedom ( d r )  and a rotational degree of freedom (aF) are required 
t o  describe its position and orientation. 

1’ c 

For a solid front axle (bll), a vertical 

Similarly, for an independent rear 
suspension the wheels (SI3, $1 ) have a dezree of freedom 
solid rear axle (hl ) has a vertical (6,) and rotational 
The steer angle of the front wheels ($f) is an optional 
which may be specified. 

4 
3 3 

each ( ~ 5 ~ , 6 ~ )  and the 
( 0  ) degree of freedon. 
degree of freedom 

R 

The Vehicle Dynamics Version includes rotational degrees of freedom 
for the four wheels. 
freedom are assumed to be isolated from the coupled differential equaticns cf  t:Ic 

Thus, the effects on t i r e  forces of rotational degrees of 
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la) INDEPENDENT FRONT - SOLID AXLE REAR SUSPENSION 

(b) INDEPENDENT FRONT AND REAR SUSPENSION 

SPACE-FIXED 3;s 
k) SOLID AXLE FRONT AND REAR SUSPENSIONS 

Figure 1 ANALYTICAL REFRESENTATION OF VEHICLES 
8-3 
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sprung and unsprung masses but i ne r t ' a l  coupl ing between t h e  pair  of d r i v e  

uheels is included.  

A d e s c r i p t i o n  of f e a t u r e s  of t h e  mathematical model appropr i a t e  f o r  

s imula t ion  of  v e h i c l e  s t a b i l i t y  and performance fol lows.  

Inertial Properties 

Plane OX2 i n  Figure 1 is assumed t o  be a p l ane  of mi r ro r  symmetry f o r  
t h e  sprung mass. 

The c e n t e r s  of g r a v i t y  of  independently suspended unsprung masses a r e  

assumed t o  co inc ide  wi th  t h e  wheel c e n t e r s .  

masses, i . e . ,  t h e  f r a c t i o n a l  con t r ibu t ion  of  t h e  suspension p a r t s  is approxiza tez  

by a simple a d d i t i o n  t o  t h e  wheel mass. 

The wheels are t r e a t e d  as p o i n t  

The c e n t e r s  of g r a v i t y  of  s o l i d  a x l e  unsprung masses are assumed t 3  

coincide with t h e  geometric c e n t e r  of the ax le .  
coupling between t h e  sprung mass and s o l i d  a x l e  unspruna masses t h e  axle is  
approximated by a t h i n  rod. 

In  t h e  t r ea tmen t  of i n e r t i a l  

Suspension Properties 

Camber ang le s  and h a l f  tra:k change of independent ly  suspended wheels 
r e l a t i v e  t o  t h e  v e h i c l e  a r e  determined by i n t e r p o l a t i o n  of a t a b u l a r  input  of 

canber angle  and t r a c k  change as a func t ion  of  suspension d e f l e c t i o n .  Camber 
angles  a r e  f u r t h e r  modified t o  r e f l e c z  suFpension complimces.  

S t e e r  angles  o f  t h e  f r o n t  wheels i nc lude  a number of  e f f e c t s  t h a t  a r e  
comon i n  a c t u a l  au tono5 i l e s .  
i n . t i m e  from e i t h e r  t h e  sgeer  equat ion of  motion o r  a t a b u l a r  i n t e r p o l a t i o n  
procedure. 

S t ee r  angle  tha t  would e s i s t  given a p e r f e c t l y  r igid.  s t e e r i n g  system and no 
veh ic l e  r o l l .  

s t e e r i n g  geometry, r i d e - s t e e r ,  camber-s teer  a d  suspension compliances. 

A r e f e r e n c e  s t e e r  ang le  is determined a t  any p o i n t  

0 

This  r e f e r e n c e  s t e e r  angle  is de i ined  as t h e  average f r o n t  wheel 

Th i s  s t e e r  angle  i s  then modified t o  inc lude  e f f e c t s  of Xckermn 

8-4 
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Rear axle roll steer is treated as a linear function of the angular 
Inertial effects are asgree of freedom of the rear :>.Ale, 0, (see Figure 1). 

neglected in the steer mode of rear axle motion. Independent rear suspension 
ride-steer is treated as a third order polynomial function of suspension position, 
and further modified to reflect effects of suspension compliances. 

Anti-pitch effects of suspension geometry are simulated with tabular co- 
efficients as a function of suspension deflection for the front and rear suspensions. 
Anti-roll effects (roll cmter height) nay be included as a function of suspensior: 
ride position znd tire lateral force. 

The simulated suspensions bumper properties include progressively 
c-iffening load-deflection rates and an adjustable amount of energy diPsipation. 
Provision has also been incorporated for unsynmetrical placement of the jounce 
(compression) and rebound (extension) bunpers with respect to the design p0sitior.s 

of the wheels. The combined spring and bunper forces are calcu1ate.i in the manner 
dc; : cted in Figure 2. 

. .  

SUSPENSION DEFLECTION 

- 

C 

Figure 2 GENERAL FORM OF SIF!ULATED SUSPENSION BUI?PER CHARACTERIST?CS 

B- 5 
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The assumed form of damping is depicted in Figure 3. Velocity 

-endent damping is provided by a piecewise linear fit to known shock absorkr 
:a transformed to be effxtive at the wheel. 

Damping 
Force 

r 

REBOUND 

Figure 3 ASSUMED FORM OF DAMPING 

Provision is Eade for the entry of auxiliary roll stiffness at both 
:3e  froct and tire rear suspensions (i.e., roll stiffness in excess of that 
.‘arresponding to the front suspension rates in ride qnd to the rear spring 
“ . t e s  and spacing). 
Yncluded in the independent fr0r.t suspensions of conventional automobile designs 
=onstitUtes an obvious form of auxiliary r o l l  stiffness, it should be noted that 
-6rsional effects in the leaf springs of a conventional Hotchkiss rear sv.=?ension 
 SO produce a significant arr,ount of auxiliary rqll stiffness, as do IY. . ;ingly 
...:xon rear anti-roll torsion bars. 

While the anti-roll torsion bar which is frequently 

B-6 
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Tire Forces 

The tire model is designed to handle the complete range of loading, 
from a loss of ground contact ' 0  extreme overload. Provision is made for up 
to four di'ferent sets of tire data, therefore, each tire on the vehicle may 
have different characteristics. 

As a starting point in the tire force calculations, the radial 
loading of each tire, F R ~ ,  is first calculated from the posi'ion and orientation 
of theindividualwheel in relation to the local terrain. 
the terrain elevations and slopes, at points directly under each wheel center, 
are obtained by interpolation of tabular input data for the terrain profile. 
Determination of the *'ground contact poinr" is accomplished by passing a plane 
through the wheel center perpendicular to both the wheel and the local ground 
planes at the individual wheels. 
plane, and the ground plane is des'Aaated the "ground contact point". 
distances between the individual wheel centers 2nd the corresponding "grocnd 
contact points" are then calculated to determine the existence and the exte3t 
of radial tire deflections. 
generate corresponding radial loading for the individual tires. 

At each point in time, 

The point that lies in this plane, the wheel 
m e  

A "hardeningg1 spring charzcteristic is applied to 

The side, braking and traction forces are, of course, related to the 
tire load normal to the plane of the tire-terrain contact patch, F'R~, rather 
than the radial tire load, F R ~ .  
F ' R ~  corresponding to the radial load, i ~ ~ ,  and the side force, Fs. 
of the external applied forces, F' 
radial tire force, F R ~ ,  are depicted in Figure 4 .  

be in equilibrium with FR 

Therefore it is necessary t o  find the value of 
The componcrxs 

and F, Ri i' along the line of action of the 
These force components must 

such that i' 

F' cos O,, + F ' sin O,, = F' . 
Ri i 'i i Ri 

B- 7 
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Solution for FA yields 
i 

FA = F sec 'Bee - F tan a,, 
i Ri i i i S 

Since F;C 

of FS 

is required fQr the determination of F 
i 'i 

, an initial approximation 

is obtained by extrapolation from the previous tine increment within 

the program. Following the calculation of F in the current time increment, 
'i 

an iterative procedure is employed to ccrrect both F' and Fs . 
Ri i 

- CAMBER ANGLE "'; RELATIVE TO 
TERRAIN (SHOWN 
NEGATIVE) 

i - SIDE FORCE 
PRODUCED BY 
COhlBINATION OF 
SLIP ANGLE AND 
CAMBER ANGLE 

"i 

Figure 4 VECTOR S U P l M T I O N  O F  FORCES WITH COMPONENTS A L O X  THE L I N E  
OF A C T I O N  OF THE RADIAL T I R E  FORCE (VIEWED FROM REAR) 

The side force calculations are based on tSe small angle (slip and 
camber) properties of the tires which are saturated.at large anples. 
in the small-angle cornering and camber stiffne 
loading are approximated by parabolic curves fitted to experimental data. 
sn311-angle cornering stiffness is assded to vary with load as: 

Variations 

.s produced by changes in tire 
The 

B- 8 
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Cso = A,, + A1 F' - A1 2 Ri - A, (F' R: 
L 1 

and the camber stiffness is assumed to vary as: 

- A3 2 -- PR 1 'c0 = A3F'Ri 
A* i 

To permit the use of the nondinensional slip angle concept which 
saturates the side force at large slip angles, an "equivalent" slip angle 
(i.e., a slip angle which will produce the sa.e value of side force as 
resulting from the camber angle) is defined to approximate camber effects. 

With the above assumption, the resultant side force for small angles 
and the entire range of camber angles can be expressed as 

where A*' is the llequivalent" slip angle for camber effects. 
this equation to the nondimensional side force relationship (see Figure 5) 
yields 

Application of 

where F, 
and 

= resultant side force for entire range of slip and camber angles, 
i 

B- 9 
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The tire model emp1o)ed makes use of either the "friction circle" 
or the "friction ellipse" concept in establishing the relationship between 
side and circumferential forces. 
aost cost-effective tire representation consistent with the degree-of-detail 
required for any given application. 

This choice allows the user to employ the 

NONOWlENSlONAL 

I 
I 
I 

RING STIFFNESS fOR 
SMALL SLIP ANGLES 

I 
I 

4 
3 4 

P SLIP ANGLE VARIABLE. 

I 
I 
I 
I 
I 
1 
I 
I 
I r-BouNos FOR euelc FORM OF f'/d) 7 

Figure 5 NONDIMENSIONAL TIRE SIDE-FORCE CURVE 
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BASE VEHICLE SUSPENSION GEOMETRIC AND COMPLIANCE PROPERTIES (HVOSM INPUT) 

CPSISTl  = 0.0 
STEER-STEER COEFFfClFNfS cpsrstz = 0.0 

C P C I S T 3  = 0.0 

Q.0 
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0.Q 

CPST~lX l  = 0 . 0  
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0.P 
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0.0 
0.0 

f 1 1 :  

0.0 
0.0 
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APPENDIX 0 

SAMPLE RESULTS OF TRAPEZOIDAL STEER 
COMPUTER S 114ULATIOrlS 
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APPEfJDIX E 

SAEIPLE RESULTS OF SINUSOIDAL STEER 
CONPUTER S Il4JLATIONS 
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APPEiJDIX F 

SAMPLE RESULTS OF BRAKING-IN-A-TURN 
COMPUTER SIMULATIONS 
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