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ABSTRACT

Handling characteristics of hypothetical electric vehicle con-
figurations were studied by applyving available analytical methods. Elementary
linearized models were used in addition to a highly sophisticated vehicle dynamics
computer simulation technique. Physical properties of specific EV's were
defined for various battery and powertrain packaging approaches applied to a
subcompact base car. The group of configurations considered gave a wide
range of weight distribution and irertial properties which characterize a
generic class of EV's. Computer simulations of structured maneuvers were
performed for predicting handling qualities in the normal driving range and
during various extreme conditions related to accident avoidance. Results
consistently indicate that an EV with forward weight bias will possess handling
qualities superior to a comparable EV that is rear-heavy or equally balanced;
the handling differences become more pronounced as yvaw moment of inertia is
increased. Rear-heavy EV's were found to be particularly susceptible to
excessive sideslip, long response times and undesirable phase lags. Results
also demonstrate the importance of properly matching tires, suspension
systems and brake system front/rear torque proportioning to a given EV
configuration during the design stage. The methodology employed in this study
can provide valuable guidance for developing electric (and other) vehicles

which have satisfactory handling qualities.
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GLOSSARY

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

ar - Portion of wheelbase from front axle to the longitudinal
location of the total vehicle center of gravity

a_ - Lateral acceleration referenced to sprung mass center of

y gravity

b - Portion of wheelbase from rear axle to the longitudinal

s location of the sprung mass center of gravity

b.r - Portion of wheelbase from rear axle to the longitudinal
location of the total vehicle center of gravity

Cu Cornering stiffness, i.e., lateral force generated by a
tire (or pair of tires) per unit slip angle

g - Gravitational constant (32.2 ft/sec™)

h - Static margin, i.e., longitudinal location of resultant
side force vector with respect to sprung mass c.g.
for vehicle in steadv-state turn

hc s - Vertical height above ground of sprung mass center ~f

g gravity

hch - Vertical height above ground of total vehicle center of
gravity

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

IxT - Roll moment of 1inertia of total vehicle about c.g.

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

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

Note: For rnore complete and rigoroys definitions, consult "Vehicle
Dynamics Terminology,'" SAE J670e, Society of Automotive
Engineers, June 1978.

iv
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Yaw moment of inertia of sprung mass about c.g.
Yaw moment of inertia of total vehicle about c.g.
Roll-yaw product of inertia of the sprung mass about its c.g.
Wheelbase

Radius of path curvature

Yaw Rate (velocity)

Resultant speed of vehicle

Weight of sprung mass

Total weight of vehicle

Longitudinal axis of vehicle sprung mass

Lateral (transverse) axis of vehicle sprung mass
Vertical axis of vehicle sprung mass

Tire slip angle

Vehicle slip angle, i.e., angle between longitudinal axis
and velocity vector

Front wheel reference (input) steer angle, i.e., steering
wheel angle divided by gearbox ratio

Front wheel input steer angle normalized to a 10 ft.
wheelbase (equal Ackermen angles)

Roll angle of sprung mass with respect to ground-fixed axes
Pitch angle of sprung mass with respect to ground-fixed axes

Yaw angle of sprung mass with respect to ground-fixed axes
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1. INTRODUCTION

The objective of this study was to evaluate, through the use of a
computer simulation program, the dyvnamic handling characteristics of a class
of battery-powered passenger cars. Varicus battery packaging and driveline
layout approaches were considered as possible derivatives of a subcompact
base vehicle, which gave a wide range of mass distribution and inertia properties
for analytical investigation. Results of this study are intended to provide
information 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 con handling qualities.

It is important to realize that vehicle handling qualities are largely
subjective and qualitative in nature, and very little information exists which
can be applied to determine whether a given vehicle handles 'good'" or ''bad”,
except in a gross sense. Production passenger cars exhibit a wide range of
dynamic characteristics, and the development of 2 vehicle requires many aesign
compronises 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 properties 1s an art as weil as a

scilence.

With thi. in mind, we have aprroached the study by considering the
predicted dynamic characteristics of hypcthetical electric vehicle configurations
relative to the corresponding characteristics of the selected base car--a 197¢
Chevrolet Chevette. This production car certainly possesses reasonable
handling qualities which are suitable for the general public and consistent
with the control abilities and expectations of the 'average' driver; but, it
would not be expected to possess the ultima*te in handling performance, if
indeed such a vehicle is possible or definable. Nevertheless, tendencies
produced by large changes in vehicle properties (when adding batteries and

alternative drivetruin layouts) can be jdentified as generally helpful or
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Jesrimental in most instances, and these trends are what we have endeavored

tc explore.

Electric vehicle handling has been largely ignored as a subject
of research in the past mainly because other challenging problems must be
overcome before introduction of large numbers of electric cars to the
marketplace becomes a reality. The funcdamental problem, of course, relates to
battery eneréy density and the achievement of reascnable driving range
~ithout excessive onboard battery mass. However, one needs only to experience
the ride and handling characteristics of many EV prototypes in existence
To appreciate the importance cf parallel research directed toward these

engineering aspects of alternative-fueled passenger cars.

We view this study as an initial attempt .u isolate some of the
performance characteristics which can be adversely arfected by the addition
of batteries and correspondingly high moments 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. We will deal
with handling behavior in both the linear range (rnormal driving activity with
lateral acceleration remaining below about 0.3 g) and the range of limit

performance where tire side force capacity can be reached.

Linear range performance deals mainly with directional response
to small steer angle chz-ges chara...rized by iateral acceleration control
gain and yaw velocity control gain and the sensitivities of other parameters
such as sideslip angle and roll angle of the vehicle body to the magnitude
of lateral acceleration. Linear performance theorv will be reviewed in the
Technical DPiscussion. Handling performanca in this regime can be studied and
evaluated somewhat more quanti:.atively than limit performance since guidelines
are gerierally known for “acceptable'" handling qualities in the "normal”

driving regime of production cars.

Limit performance deals with stabiiity and control in drastic

maneuvers mainly related to accident avoidance. Examples are ripid lane

(]



changes, sudden turning to evade an impending collision situation, and hard
braking while negotiating a turn. Criteria for evaluating how well a

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. Although
some quantitative ways of evaluating vehicle handling and stability have b
developed (primarily by the National Highway Traffic Safety Administration),
this aspect of vehicle dynamics remains in an infant state and must be treated

mainly in a subjective manner.

It should also be pointed out that performance in the linear range
is, for the most part, limited to steadyv-state response, and moments of inertia
therefore do not play a direct role in the vehicle's behavior; weight distribution
and how well the suspension systems and tires are matched to physical properties
of the vehicle are of prime importance in this regime. Moments of inertia
become important when considering transient response, for instance in the limit
maneuvers previously mentioned. But, mass distribution and moments of inertia
are inter-related and we are in essence addressing the overall effects of

mass (inertia) throughout this study.

In the following Technical Discussion, the electric vehicle packaging
configurations are described which were sclected for providing a range of
physical properties for ccmputer evaluation. The derivation procedure for
obtaining these properti Jnecessary for input to the computer simulation)
is also discussed and tae resulting parameters are presented. This is followed
by a review of linear handling theory. We then describe the specific
maneuvers which were simulated with the computer model (HVOSM). Simulation
results are then presented and evaluated, and conclusions and recommendations

are summarized.

Appendices contain a brief overview of the Highway-Vehicle-0Object
Simulation Model (HVOSM) computer model, results of actual physical measurenents

made on three vehicles, a detailed list of computer program input paramcters
]

()
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for the base vehicle, and sample output plots for each of the general types
of simulated maneuvers. Since approximately 200 computer simulations were
rerformed within this study, the large amount of resulting information precludes

complete documentation within this report; only the more important information

is presented.
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2. TECHNICAL DISCUSSION

This section presents technic:l results of the overall study. It is
divided into nine sub-sections. The f.rst describes specific electric vehicle
configurations which were selected fo. analysis. This is followed by a
review of how physical properties were developed to mathematically describe
the EV's in a form required for the cuiiputer program input. We then give an
overview of vehicle handling evaiuatior based on a linearized matherzatical model;
this gives an introduction to vehicle ymamics theory before discussing the
computer simulation study (which treat.. significant non-linear vehicle
properties). Next, the handling maneuvers that were simulated by the computer
model are defined, i.e., trapezoical steer, sinusoidal steer and braking-in-a-turn
maneuvers. Results of these three simulated maneuvers are then presented for
the base vehicle and EV configurations. The more significant results related to
effects of weight distribution and :-aw nioment of inertia are then discussed.
Finally, a brief exploratory study s described which was performed to give
some preliminary insight as to how rodification of suspension and tire properties

can affect (and perhaps improve) har.iling performance.

2.1 Electric Vehicle Configuraticns

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. The base vehicle was to be in the subcompact
size class with a curb weight of atout 2000 1lbs. .. 1979 Chevrolet Chevette
2-door model was chosen as the base car bec:z 3¢ it met the size requirement,
contains sufficient space for battery plz - ement in the front and rear body
areas, and informaticn was available f»rr mathematically representing most of
the physical properties needed for .e ccmputer simulation program. Some

published characteristics of the base car are lis-ad below:

Curb Weight - 2029 1bs.
Overall Len~td - 159.7 in.
Overall width - 61.8 in.

(]
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Overall Height - 52.3 in.
Wheelbase - 94.3 in.
Track Width - 51.2 in.

Measurements were made to define area; in the engine compartment and
the lugguge space behind the rear seat which could be used for battery and
powerplant placements without requiring major body and chassis redesiga. The
intent was to indicate general available areas, but not to the extent of
actually designing practical packaging layouts. Several hypothetical packaging
schemes were then selected to provide a proad range of potential mass distribution
and inertial properties for this size car conceptually converted to electric

drive. The resulting configurations are described in the following paragraphs.

Conventional Drive, 50/50 Batiety Split Oven Axfes

A front motor, rear drive configuration was packaged in the base car
with 18 motive batteries equally split between the front and rear of the vehicle
as shown in Figure 1(a), a plan view giving nominal dimensions. The front
group of 9 batteries were centrally located over the front axle. The rear
battery pack was positioned so as not to intrude into the rear seat area but
as close to the rear axle as possible, given the available space. A side view
of this electric drive system packaged in the base car, including the motor

-

location, is given in Figure 2. Note that the individual batteries are 10.3"
long, 7.0" wide and 10.3" high, approaimately the size of the batteries used in
the GE/Chrysler and AiResearch electric vehicle prototypes, which also contain

18 batteries.

Coaventional Drive, 50/50 vattery Split, 10" Qutbeatd

This configurution is the same as above except that the battery
packs are moved 10" outboard, i.e., the front batteries are repositioned 10"
forward and the rear batteries 10" rearward. This results in a larger vaw
moment of inertia for the same battery mass, with the batterics located near

the outermost boundaries of the available packaging areas as shown in Figure 3.

6
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GE Dxrive, 1/3 - 2/3 Battew Split Over Axles

A front motor, front drive confi_ ration was defined based on the
drivetrain designed for the GE/Chrysler electric prototype.* To counterbalance
the weight of the front drive system and due to space limitations in the front
compartment, the batteries were split as shown in Figure 1(b), i.e., 6 were
positioned in the front and 12 were placed in the rear. Figure 4 is a side view
of this layout. Note that the mctor is transversely oriented and placed at the
same location as in the GE/Chrysler EV, with respect to the front axle, based
on drawings provided by JPL. The front batteries were centrally located over
the front axle and elevated to clear the motor and differential.

AiResearch Drive, 2/3 - 1/3 Battery Split Over Axles

In this case, the rear drive system contained in the AiResearch electric
vehicle™™ was located in the rear of the base car in the same location relative
to the rear axle. Figure 5 shows this configuration, which includes two motor/
generators and a flywheel device. Batteries were split into a front package of
12 and a rear package of 6, as illustrated in Figure 1(c). Due to space
limitations in the rear of the vehicle, it was necessaryv to slightly infringe on
the rear seat space, but the resulting orientation is sufficient to provide
approximate physical properties, although some redesign would obviously be
necessary if this drive system was to be actually installed in the particular

base car.

GE Drnive, Tunnel Batteries

This configuration closely resembles the actual GE/Chrysler EV
prototype in terms of battery and drive system layout. Batteries are placed
in a central tunnel as illustrated in Figure 6(a). The motor and driveline
are located in the front of the vehicle (refer again to Figure 4). The

eighteen batteries are referenced to the rear axle equivalent to the

»

Developed urder Contract No. EY-76-C-03-1294

»

»
Developed under Contract No. EY-76-C-03-1213

10
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pachaging approach taken by General Electric. A 10" ground clearance was

assumed for the vertical battery location.
Ai{Reseanch Drive, Tunnel Batterdies

A tunnel battery packaging layout comparable to 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). This approach also utilizes 18 batteries of the size considered
for all the configurations described up to this point. A battery ground

ciear.nce of 10" was assumed.
Maws 11 Congiguration

This configuration was derived from an actual electric velkicle,
named the Mars II, which has been experimentally evaluated and found tc be
unacceptable with respect to handling performance {Ref. 1). It contained
twenty heavy-duty batteries weighing 92 1lbs. each, split equally between the
front and rear, as shown in Figure 6(c) packaged in the base vehicle. The
original Mars Il was derived from a Renault R-10, which is appreoximately .the
same size as the Chevette base car. The electric motor was contaired in the
rear of the vehicle as illustrated by Figure 7. Simulating this configuration
provides a basis for defining effects of high inertia whi. are known to be

excess.ve and clearly unacceptable for a subcompact size car.
Front tieavy, High Inertia Congdgutaticn

The Mars II EV was rear lieavy with approximately 553% 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 vehicle, a ~2rresponding
configuratic: was hypothesized that essentiaily turns the Mars II end-for-end.
This gives a front-heavy configuration with the same inertial prcperties

as the Mars II layout packaged ir. the basé vehicle.

14
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The eight electric vehicle configurations defined above are
summarized in Table 1, along with the base car. In the next section, the
physical properties of these configurations are given, e.g., the weight
distributions and moments cf inertia. It should be emphasized that all of

these represent derivatives of the base vehicle and are therefore hypothetical

vehicles. For instance, the suspension system properties of the base vehicle
(except spring rates) were maintained constant for all EV's. It should not be
assumed that these configurations represent their counterparts (GE, AiResearch,
Mars II, etc.) in a strict sense, and can only be considered approximations

of corresponding prototype EV's.
2.2 Physical Properties of Base Vehicle and EV Configurations

Various physical properties are required for input to the vehicle
dynamics computer model to characterize a given configuration. These fall

into the general categories of:

Dimensions
Masses and Moments of Inertia

Suspeasion Characteristics

Tire Properties

Many of the required parameters were availavle for the bzse car from various
sources. It was particularly important to obtain an accurate representation
of the base vehicle's weight distribution and moments of inertia. A 1978
Chevette l-door was therefore obtained and appropriate measurements were

made by Dynamic Science, Inc., Phoenix, Arizona. Their facility and procedures

for measuring the desired parameters are described in Appendix A.

From this testing source, the following data were obtained for
»
the base car at curb weight conditions:

-
See Glossary for definition of symbols.
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W - 2196 lbs.

ay - 4110 in.

by -  53.40 in.

hegr - 19.94 in.

I,y - 3462 Ib-in-sec’
1YT - 13,420 lb-in-sec2
Iy - 13,820 1b-in-sec’

These parameters are for the total vehicle treated as a single rigid
oody. The computer program, however, requires the corresponding parameters
for the sprung mass uncoupled from the unsyrung masses (suspension systems,
wheels, tires, etc.). These parameters are traditionally obtained by analyticall:
subtracting estimated masses and inertias of the unsprung components from the
total vehicle. Based upon regression analyses of proper:zies from a large
number of passenger cars by Basso (Ref. 2), we have assumed the following values
for the base vehicle:

Wf = 134 1lbs. (total front unsprung weight)
Wr = 214 1bs. (total rear unsprung weight)
2
Ir = 185 lb-in-sec” (solid rear axle roll inertia)

Subtracting these weights and associated moments of inertia from
the total vehicle, and accounting for translation of the centur of gravity,

results in the approximate sprung mass properties given below:

Wg = 1848 lbs.

ag = 37.89"

by = S56.61"
cgs = 2.6

18
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5
2975 lb-in-sec”

]

“xS

-
I = 11,124 lb-in-sec”
¥S

-
I’S = 11,206 1b-in-sec”

The roll-yaw product of inertia for the sprung mass was calculated
by assuming that the principal axis of the base vehicle is inclined about the
pitch axis at -3°. This is believed to be 3 reascnabie assumption for front
engine cars, again based on Basso's study. The appropriate traisformation

relétionship then gives a roll-yaw product of:

(1 - I_.. tan 2a 2
s xS ~§) = 433 lb-in-sec”

-

The other pr:ducts of inertia are zero due to symmetry.

Since a two-passenger load was desired for all vehicles to be simu-
lated, two 150 1b. masses were added to the base car at the front seating

positions, which resulted in the followin? adjustments to the base venicle

properties:
Curdb Loaded
Condition Condition
Ws (1bs.) 1848 2148
ag (in.) 37.89 39.20
bs (in.) 56.€1 55.30
hcgs (in.) 21.65 22.33
9
Ixs (1b-in-sec™) 2975 3104
-
—. - - q
Iys (lb-in-sec™) 11,124 11,199
I*S (lb-in-sec™) 11,206 11,376
Ix:S (lb-in-sec™) 433 464

19
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It is pointed out that the mathematical model used in this study
(see Appendix B) requires on the order of fifty parameters to represent a
»iven vehicle configuration. A complete description of these parameters goes
beyond the scope of this report and the interested reader is referred to the
HVOSM Users Manual developed by Segal (Ref. 3) for complete documentation.

A complete set of input parameters for the base car is contained in Appendix C.

Most noteworthy is the very sopnisticated suspension system
representation treated by the computer program, which encompasses all important
suspension properties of the base vehicle. These effects include ride-steer,
lateral force compliance steer, aligning torque compliance steer, lateral
force compliance camber, and aligning torque compliance camber. These
compliance effects occur because suspension systems are intentionally designed
with a certain amount of flexibility by the use of rubber bushings, for vibration
control and other reasons. As will be discussed later in the report, these
compliances play a very important role in the handling properties of a
vehicle, and handling behavior can actually be modified by properly incorporating

a certain amount of suspension system flexibility.

The standard tire for the 1979 Chevette is a P155/R13 metric radial
(for 1978 models it 1s a P155/80D13 diagonal ply). We are not aware of
published mechanical properties for these tire types. It was therefore
decided to use properties for an A78-13 bias ply (load range B) with a
relatively high cornering stiffness based upon tire test data obtained by
Calspan (Ref. 4). Properties for this tire are given in Appendix C as input
to HVOSM, and in Figure 8 in a carpet plot format. These properties are likely
to be reasonably close to those of the standard Chevette tires. We also
performed simulations with radial ply tires (BR78-13) on the base car, for

direct comparison with the EV configurations.

With the above discussed information, the base vehicle is completelv
defined with rTespect to required HVOSM input data. The next step was to alter
the mass distribution to represent the EV configurations considered for the
simulation matrix. '

20
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Refore calculating inertial properties for these hypothetical EV

conversions of the base car, the following components were analytically

renoved:
Component Est. Weight (1bs.)

IC Engine 350
Transmission and Torque Conv. 100
Radiator and Coolant 50
Exhaust Systen 30
Full Fuel Tenk (12.5 gal) 100
Driveshast* 20
Differential* _40

690

Based on approximate c.g. locations of the masses and their
nominal overall dimensions, the appropriate IC engine components were sub-
tracted from the base vehicle (with the two-passenger load maintained) using

a ccmputer program {(INCAL) written for this purpose. Results are given
g i g

below:
Base Minus
Vehicle ICE Components

“s (1bs.) 2143 1518
a (in.) 39.20 45.70
bs (in.) 55.30 48.80
h (in.) 22.35 23.86
cgs

o
Ixs {(ib-in-sec™) 3104 2984
I (1b-in-sec2) 11,199 7659
yS

-in- - 37

Ixs (1b-in-sec™) 11,376 7889

d
Ixzs (1b-in-sec™) 4€4 399

- ,
Subtracted from the rear unsprung mass, .only for the GE/Chrysler and
AiResearch ypowertrzin configurations.

[ 5]
¢
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The final step in the EV inertia definition was to add the
app.sopriate battery packages and powertrain components to the base vehicle
s:ripped of its IC engine components. For this purpose, component weights
fcr the GE/Chrysler and AiResearch electric prototypes were provided by JPL.
Based on this information, the weights ziven below were used to calculate

inertial properties for the EV configurations simulated.

Conventional AiResearch

Component & GE/Chrysler Drives Drive
Motor 217 240
Transmission/Differential 48 90
Misc. Drive Components 20 47
lywheel Assembly -- 173
Power Cond. Unit 97 86
Controller 8 12
On-board Charger 6 29
Misc. Power Comp. 14 33
Batteries (18 x 60#) 1080 1080
TOTAL (LBS.) 1490 1790

The EV design drawings. also served to locate the various components
relative to the drive axles for the GE and AiResearch approaches. Batteries
were configured as previously discussed. Acding these components to the

stripped base vehicle gives the weight distribution and inertial properties in
Table 2.

Table 2 demonstrates that significant ranges of weight distribution
and inertial properties are provided by the EV configurations selected. For
instance, the 10" outboard shift of batteries for the 50/50 split causes
about a 20% variation in yaw moment of inertia, while maintaining the same
front/rear axle loadings. C(Cunversely, the GE Drive and Conventicnal Drive
(10" outboard) configurations have about the <ame yaw inertia, but a

substantial difference in front/rear weight distribution (50/50 vs. 55/45).

23
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Since axle loadings are substantially increased from the base car
by the EV component additions, it 1s necessary to adjust the suspension spring
rates accordingly. To maintain equal ride frequencies and ride heights,
equal K/F ratios were incorporated in all vehicles, where K is the spring
rate 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:

SPRING RATES

Front Rear
Wheels (1b/in) Wheels (1b/in)

Base Vehicle (std. rates) 170 123
Conv. Drive, 50/50 Bat. 230 201
GE Drive, 1/3 - 2/3 Bat. 210 223
AiResearch, 2/3 - 1/3 Bat. 202 281
GE Drive, Tunnel Bat. 204 229
AiResearch Drive, Tunnel Bat. 216 266
Mars II Configuration 237 322
Front Heavy, High Inertia 298 256

Similarly, increased axle loadings necessitate selection of tires .
for the EV's with a hight~r load rating than for the base car tires. It is
our understanding that the GE electric vehicle employs P175/75 Extra Load
tires. No data are available for this type of tire in a form suitable for
HVOSM input. We have therefore selected a BR78-13, which has a cornering
stiffness significantly greater than the A78-13 tire used on the base car, tending
to counteract effects of relatively high inertia in transient r. .aeuvers.
As will be discussed later, we also investigated the effect of using larger
(14 inch) radial tires on the EV's.

These configurations give a spectrum of EV derivatives charactericed

by the weight-inertia relationship shown in Figure 9. The base car sprung

26
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mass has a yaw moment of inertia of about 11,000 lb-in-secz. There is then

a group of EV's with a sprung weight in the 3000-3300 1b. range, with yaw
moments of inertia between arproximately 15,000 and 21,000 lb-in-secz; these
are Lased on the various packaging layouts of 18 batteries (60 lbs. each)

and compatible drivetrain Jdesigns. At the upper end of the spectrum lies the
Mars Il configuration containing 20 heavy-duty batteries (92 lbs. each),
resultingﬂin a sprung woight of 3800 1bs. and a yaw inertia of nearly 25,000

lb-in-sec”.

In the next scveral sections, the handling preperties of these
configurations will be studied using computer simulations and linear theory
for a simplified vehicle model. We will begin with a discussion of linear
vehicle dynamics theory, which gives a foundation for understanding results

of the handling simulations which follow.
2.3 Linear Vehicle Stability and Control Analysis

In order to pruvide a basis for more fully understanding the
results obtained through ¢imulating the various vehicle configurations with
the HVOSM--a complex, nonlinear vehicle dynamics simulation--limited
investigations have been conuucted with simplified, linear automobile mcdels.
Such closed form analyse. result in a better appreciation for the
fundamental relationship. between various physical parameters than can be
obtained through simulation results alcne. Although many independent vehicle
dynamic analyses have bcen conducted through the years, the discussions

contained below draw hecavily on the work reported in References 5 and 6.

Consider the system shovn in Figure 10, which illustrates
geometric and kinematic variables for a two degrese-of-freedom automobile.
This schematic rep.esent:. a vehicle in a steady turn of radius R with boay
slip angle (8), yaw rate (r), and front wheel steer angle (4) held constant.
The longitudinal and latcral components of the resultant velocity (V) in

the body-fixed axes are u and v. Small angle assumptions are made for 8, &, and
[}



X AND Y AXES ARE HORIZONTAL

| _
Q Fe
P to..-'[z]
[7}

a L 4

(= 9..

R
h)]
1]
[ad
o
30
-y,
S
+
[+
——
U
Q,
&

VR

Figure 10 TWC DEGREE OF FREEDOM MODEL OF THE AUTOMOBILE
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the front and rear slip angles (aF and aR), and longitudinal forces are

neglected. The system is thus represented by a lateral force and a yaw

moment egquation:

Y = FF + FR

Z
"

aFF cos § - bFR 2 aFF - bFR
Tire forces are assumed to be functions only of tire slip angle and,
for small angles, can be represented as the product of the cornering stiffness

and the slip angle:

_ _ -1 ;v +ar
FF = caF ag = CaF tan [——:r—— ]
_ _ -1 v - br,
FR = caR ap = CaR tan ~ | T

Applying the assumptions noted abtove we obtain:

= ar _
Fp = Cyp (8 + 35 -s)
- br
FR ccR (8 v )

From these relationships, we can then obtain the side force and

yYaw moment equations as follows:

acaF B bCaR
Y=8[Cp+Cpl+r| v ] - G[CQF]
a-CoF * b-CaR
N=28 [aCaF - bCaR] + rl v ] - 6 [aCaF]
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These equations define the total side ferce and yaw moment acting 1
an automobile subject to the validity of the assumptions made in the derivation.
Note that the small angle and tire force assumptions result in linear equations
in r and 8, the yaw 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 assumption is valid

within the operating range from cero to approximately 0.3 g lateral acceleration.

If we now consider only steady-state turns, the resultant yvaw .
moment (N) is zero and side force (Y) can be equatgd to mVr, the centrifugal
force due to yaw rate r (or lateral acceleration %7). With these further

restrictions, the side force and yaw equations (with additional manipulation)

becone:
c [8 + ar . §] + C (g - br ] = mr
oF v aR v '
ar br
=. . - - =1 =
aco.F [8 + v 51 -k L'-:1'1 (s vV 4 ¢

Solution of these two equations for the front wheel steer angle (§)

results in:

2 aCaF j bLaR
[ 22
aF "aR

The static margin ho’ is a particularly useful descriptor of the
lateral-directicnal properties of the simple two degree of freedom (2df) model

of Figure 10. It is defined (e.g., Ref. 5) as*

*
Later in this section we will discuss an improvement in certain relationships
derived from this model] which reflect an expansion of the physical factors
considered, but maintaining the restriction of linearity.

**

Note that Cc C + C

aF aR

S



and is zero, positive, and regative for the neutral steer, understeer. and
oversteer 2df car, respectively. In terms of the static margin, the steer

angle equation becomes:

m\V- aS

- h -2
R CaF CaR R C0 Rg

which is the generalized steer angle expressed as a function of R, V, and

W

vehicle physical constants where CaS is defined as 1 .

caF CaR co

This equation is often expressed as:

-
(28]

|

ol

Uz

a=s7.3é . K

where K, in units of degrees per g, is referred to as the understeer factor or
understeer gradient. Thus we have front wheel steer angle required for

. L. . . . . ; £
maintaining a given radius, R, (including the Ackerman angle, E—) as a

function of wheel base, £, velocity, V, ani understeer gradient, K.

Physically, Co is always negative since tire cornering stiffness is
always negative (a negative slip angle produces a positive side force}. A
positive static margin therefore requires an increase in steer angle in order
to maintain a given radius as speed is increased. This is the understeering
behavior to which drivers are most accustomed. The reverse is true for an
oversteering car, that is, the steer angle must be reduced to maiantair a constant

radius as speed increases.

To this point, we have dealt only with a simplified automobile model
whose steadyv-state steering characteristics are determined by weight
distribution and tire cornering stiffnesses. In real automobiles there are
many other factors which strongzly influence a car's steering behavior in the
linear realm of oneraticn. These include tire self-aligning torques, tire
camber effects, geometric roll steer, steer effects arising from steering

and suspension compliances, laterai ioad transfer and aerodynamic efrects.

32



Analyscs conducted by Milliken, et al. (Ref. 7) have attempted to
account for some of these additional factors (sometimes called "steer effects’)
in a rather unique fashion. Rather than including them directly into the
equations of motion and dealing with attendant complex coupling terms, efforts
have been made to isolate these "add-on" factors in an approximate manner by
treating them one at a time. This approach ignores interactions (and the
algebraic complexity) of an exact method, focusing on each factor individually

and allowing one to compare the influence of different factors with relative ease.

This approach results in expressions for these factors in a manner
that isolates their effects as an incremental change in the static margin, hi’
or an incremental change in the cornering stiffness parameter, Ci' For all of

the analy:zed effects, the steady-state ste2r equation then becomes:

_ L h
$*R - ¢ 4
where- h=h +ch
o 4
C=C_ + ZC.
o by

and K = = with appropriate factors applied to maintain consisten: units.

S ES

Table 5 gives a list of the incremental changes in algebraic form

for those steer effects that were ccnsidered (from Reference 7).

With regard to this study, it was felt that an understanding of the
steady-state steering characteristics of the base vehicle and the hypothetical
electric vehicle configurations was necessary. While the total vehicle under-
steer factor is available from the HVOSM vutput {as is discussed later),
the linear analyses discussed in this section provide a breakdown cf the

contributions to understeer factor from many different sources.

Table 4 gives a breakdown of the centributions of the varicus steer
effects to the total vehicle understeer factor for five of the vehicle

configurations investigated. Note that static weight distriobution and cornering

(7]}
[#]]



Y]

3350 -

oo g
$$3 1S INIg
$S3IINUISN2IVIQ

SAYVWIY 335 TAAILISOS ATIVOISH] MIVAVY D LINO U I 3004 IYHIZV YT A 41DNIS - i,

PIATLVOIN MO IASOH TI0H AN HINTHIITHINLS »
{IAILVDIN YD TALISOA

:.uow
MU RFTENL P TP c.:.x

(3A1AVDIN UO JAILISO) STI3HM HI0B DJ A TS0 INYLIOWIS 011 1ddV 20004 WU 3LV T N 21aaw 1N 5 3d u33ss = ¥ 93

¢ 10
$83INOISNINIG LIRS0 AT RS B2y B0y (8T
7 Wpn (IMLISO4 ANTVNSNL STIINM HAD0B OL AISNOINVLIOWIS Q3171ddY "INVYOL DNINDIITY G 1Y LINN B3I ¥IDLS » Y .m..a
$$31M0ISNIWIO (3AILISO4 ATIYASAI SSYVE DNNUAS JHL 50 1I0Y 1460 BId UIBWYD 1331m « Y #J
pes gy 12IHM INO 13A111S04 ATIVASN] I1DNY YIOWVD LINN B34 3N0HOL DAINOITY « 8 d4y
SSIINOISNINIG (3ALLYDIN AVIVNSN] NOILYHITIDOV IVHILYT 0IZ1TVIWHON LINN ¥3J 110U AQ0R = Ox
Py gy 1336M N0 ‘(3IA1LISOd ATIVASN) 210NV 4115 LINM B34 INOYOL ONINDIIY » Y Fy
$20m
Lap JHLa Il .

Yl ?ty 0. ¥ 4%5-4 ) :.au_oxwwu- . M ¥38WYd 110
0= (103-HP3, 00 o ¥y ¥3315 1N0Y

20HO4 TWU3LVY

De (3 AL - Y uh 2.5 o Pl 310NV BIUWVD - ¥33LS NOILDT 1430

U3+ 3373421 m Wy, #4325, 212 35404 1Y U31Y7

Pag. Wy. (Y3433 2o- o Py jUl3-313) Py o Py J1ONY ¢115 - ¥3ILS NCILDITSI0
INOHOL ININDITY

0. () #hn Yy 9,0 o PRy 310NV Y3BWYD - ¥I31S NOILD3T43a

4Py (UP U, (), YRy %0y 40 (W U5, )+ W0 (PP dez ey

RTINS TIT e - N T R »e 3N0MOL UNINOITY

(WP U 347, , 4Py 30305, 05, , PPy (9N Y- By 0% W L] FIDNY 6118 - ¥IILS NOLLD 31430

L ’ 319NV HIBWYD 01 INa

0. (B Yiyed g dhyPyz- o LAYy INDHOL ONINOITY AGOB 0191y

22 1m —_— %% 270NV 4195 O1 3nG

4P UDy 7 . YDy, & PLY, 1490 o 30y 2- o DAYy INDHOL ONINOIIY AQOR OIDIY

Yy Y HOLOV4

SHUYWIY

S133443 ¥331S 40 AUVHWAS

€ 31qPL



9950-297

060" b 215°§ GEE "L 190" G 668°5 m\c.nm €15~ =) % Lapow papuedx]
0

$06°0- 060°0 ¥88°0 881°1 (RN | a\o.ﬁmw €46 =) X Jp2 aldulg

y
L0p° L= 9201° 66y 1~ cvblL’ 6vy L= 8S8L° Lg% - Z08L° £06°1- ts6lL° (2°y) (e30L
000°0 tL10° 0°0 (600’ 0'0 (600" 00°0 6900° 0°0 £2£0° d3quey [0y
000°0 8800° 0'0 8800° 0'0 6800° 00°0 8800° 0'0 9800° 49935 | |0y
a|bue 4aqued - 4333S
000°0 9200°- 0°0 8200° - 0’0 ¢2t00°'- 000°0 1200° - 0'0 6800°~  UO0L3d34ap 83404 (eJ37R]
a|bue diis - u4391s
v992°  $9%0° ¢Le’  8¥s0° vlie” 1S90° 12’0  08t0° 192’ LLv0” uoLld94ap 83404 (euadjeq
anbu0}
butubrie ajbue asqued
000°0 £800° 0°'0 0600° 0°'0 6600° 000°0 9L00° 0'0 GgZLo°’ - 43935 uoL1331}3(

anbuoy butuby e w_mcm
veEy:  08V0° Syy*  S890° vi9v° G890° 1L€'0 2ESO° 88¢° oLyo* dpls - 43335 u0(323[JaG

a|bue usques - anbuao
000°0 l000° 0°0 1000° 0°0 1000° 0°0 1000° 0°0 2000° burubLie Apoq pLhty

aibue diis - anbu0y
G510°- 8200° 0°0 9200° £800° 9200° €10° 0200° €0L0°  Stlo0° butubi e Apoyg piLhity

(%2¢%y) ssauyytis
Bfuiruduaod uoLInglay

£60°2- 1€0°- L12°2~ §€00° (61°2- 8££0° £0S°2- 0250° ~ $9%°2- 9(90° -stp 1ybiam-jop 2
R N v R . s Ty EN 4
311ds “jeg 3t 1ds ‘3eg 31 ds 3eg (saat1 €1xgLug) (saa1]l €1¥8LY) 133443 ¥331S
€/1-¢€/2 £/2-¢/1 06/05*3A L4 a|oLyap aseg a[2tyap aseg
‘aALAq H/V ‘aAL4g 39 {euOtJuBAUO)

NOILVYNIIANGD ITIIHIA

S133443 ¥331S Q3AIY3IA ANWILLATYNY
I atqey



9950-297

stiffness provide only about 32% of the base vehicle's effective static
margin.* The total of all deflection steer effects provides about 47% of

the effective static margin. These deflection steer effects arise from
compliances 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 isolatior but, as
is illustrated here, have a substantial influence on a vehicle's steady-state

steering characteristics.

It is particularly interesting to note that, even though the rear
heavy (A/R Drive, 2/3 - 1/2 Bat. Split) electric vehicle listed in the table
is an oversteering vehicle when considering weight distribution and cornering
stiffness 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 venicle configurations shown in Table 5.
Of these four vehicles, three are oversteer based on simple linear vehicle

theory, while the expanded thecry shows them 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 constraints
ie-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. There are a number of
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

L

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.g. and negative if behind.
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ar.celeration. Such times can be .reasured with respect to the first crossover
ot the steady-state value (or 63% or 90% of this value) or to the peak value.
Another response time that is typically used in experimental work is based on
the time difference between the point where the steering input has reached

50% of its steady-state‘value and the point where the respcnse (yaw rate or
luteral acceleration) has reached 90% of its steady state value. This experi-
m:ntal procedure is based on the fact that (unlike analyses) pure step inputs
are physically unrealizable. One additional effective time constant is
determined by finding the frequency at which the yaw velocity lags the steer
angle by 45° for a sinusoidal steer input. Within the simulation study, we
have used the experimentally derived response time (50% of the input steer to
90% of the yaw rate steady state) as a metric. However, wa will now illustrate
the effects of certain vehicle parameters on a number of response times as

determined from linear theory.

It is known that solution of the two degree-of-frcedom linear equations
of motion of an automobile leads to a second order damped system for yaw
response.  In general, this response can be underdamped, overdamped or critically
damped depending on the physical properties of the particular automobile.

Close inspection of the equations leads to the general conclusion that an
understeering car will respond to a step steer input in an underdamped manner
while an oversteering car will be overdamped. The oversteering vehicle will
have a larger steady-state yaw rate gain but the understeer vehicle will reach

a steady state sooner. While judgments as to the goodness or badness of vehicle
handling is subjective and therefore difficult to quantify, it is widely believed
that vehicles with smaller time constants (either in yaw or lateral acceleration
response) are better handling vehicles than theose with large time constants.
This is supported by experimental studies reported in Reference 8, which result
in a domain of acceptability for a vehicle's steady-state yaw rate vs. time
constant response.

Yaw rate time constants were computed from a simplified two-degree-of-

treedom automobile representation for a number of different vehicle configurations

38



that were also studied with the large scale HVOSM simulation. Included

in Table 6 are both the simple and expanded two-degree-of-freedom understeer

factors, the steady-state yaw rate gain, and three different time constants.

These are the times at which the yaw respense reaches the 63% and 90% steady-
state level and the effective time constant determined from the frequency

at which the yaw response lags a sinusoidal stecering input by 45°. Also

included in the table is the yaw moment of inertia for each configuration.

It should be noted that the model from which these time constants
were obtained was based simply on weight distribution and correring stiffness
only. No compliances or roll effects are included as noc known theory 1is
available for a closed form solution to an expanded model. Consequently, the
time censtants listed in the table correspond to the simple two-degree-of-freedom

understeer factors also shown.

A number of observations are apparent from study of Table 6. In
general, the effective response times are close to the 63% response times
(based on a perfect step steer) with the ©0% times being considerably higher.
Vehicles which are less understeer show increasing steady-state vaw velocity
gain (degrees/second/degree of front wheel/steer angle). There is no obvious
trend in response time when the base vehicle tires are changed from a bias
ply construct’on to a larger sited radial tire. This should nct be taken as
a general conclusion since it is due to a pecularity of the particular radial
tires used. The BR78x13 tires exhibited an unusually strong cornering stiff-
ness fall-off with decreasing normal load and hence the total cornering
stiffness did not increase significantly. However, the use of FR70xl1 tires
on the base vehicle did significantly increase cornering stiffness and reduce
respcnse times.

A significant relaticnship can be obtained from this data by pletting
time constant as a function of yvaw moment of inertia as is shown in Figure 11.
Further, if the vehicle configurations are broken down into front heavy,

rear heavy and balanced categories as is indicated in the figure, it becomes
]
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appuar- - that the rate of change ~f time constant for increasing inertia is
sign:' -antly greater for rear heavy vcaicles than for front heavy vehi:les.
fhis : an important observation since an inertia penalty will always be
_assoc..-ed with electric vehicles. However, the response timc penalty
as5soC..:ed with this increase in inertia can be minimized by designing a

front -:3vy vehicle. This conclusion, developed here from linear theory, will

be co:*irmed in Sectior 2.8 from vesults of the HVOSM computer runs.
The handling maneuvers that were simulated are described next.
2.4 Handling lianeuvers Simulated

The main purpose of this study was to evaluate effects that mass
distr. ..:ticn and moments of inertia have on directional control and braking
stabi.: .y, for various electric vehicle packaging configurations applied to
the b:.e car. Inertial properties directly affect vehicle transient respunse
to c¢:.*rol inputs, whereas mass (weight) distribution between the front and
rear -.-les affects steady-state cornering behavior as well. Both steady-state

and t:.nsient maneuvers were thus considered. The specific maneuvers simulated
were:

. Trapezoidal Steer Response (ircluding steady-state

trim condition at a fixed steer angle input)
° Sinusoidal Steer Response
° Braking in a Turn

The trape: .1' and sinuscidal steer simulations were performecd
completely consistent with Vehicle Handling Test Procedures (VHTP's) No. 4
and 5, respectively, developed for the National Highway Traffic Safety
Admini-tration under contract with the University of Michigan (Ref. 9). The

bfaki“g-in-a-turn simulation was consiste?t with VHTP No. 2, except for a

ORIGINAL PAGE s
POOR qQuaLmTy
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modification required because detailed brake system data were not available
for the base vehicle. Each of these maneuvers is described in the remainder

of this section.
Trapezoidal Steer Maneuver

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

"This maneuver results in 2 J-turn trajectory which
does not appear to be representative of any realistic highway
maneuver but which does, nevertheless, provide the conditions
appropriate for examination of the transition from straight-
line motion to limit turning, such as may occur in the initial
phase of an obstacle-avoidance mzneuver. The effectiveness
with which a vehicle perforrms an obstacle-avoidance task in
an emergency, as a result of a steering input, wouid seem to
be determined by the ability of the vehicle to achieve lateral
displacenent in a controllable <mznner. As a consequence of
havin_, nonsteerable rear wheels, the passenger vehicle achieves
lateral displacement only by means of a curvilinear trajectory.
It follows that a characterizaticn of the curvilinear path
produced by a rapid steering input can serve as a measure of
the obstacle avoidance capability of a motor vehicle.

For characteri-ation of the curvilinear path response,
a normalized paia-curvature me..ure, Rs (1/R)aye, 1is obtained
by averaging the time history of rath curvature over a 2 s
period following the initiation of the trapezoidal steer input.
As a result of this averaging process, the measure combines
the dynamic deiay i response together with the achieved quasi-
static level of pa- .urvature. The normalizing term, Rg,
is the value of pat curvature constituting a steady 1l g turn

~at 40 MPH, and is us 1 simply to obtain a convenient scale.
The path-curvature weasure is plotted versus normalized steer
angle to indicate t response trend as a function of the
steer input level.

Sideslip response to trzpezoidal steer input is again
seen as a driver challenge factor. Accordingly, the peak value
of B, as observed within the first 2 s of the maneuver, is
plotted versus steer input level as well as cross-plotted
against the path-curvature measure. The cross plot is seen
as indicating the 'price' (in terms of sideslip angle) that is
"paid" for the level of path curvature that is echieved. It
is hypothesized that obstacle avoidance capability is
maximized in those vehicles which produce a high path-
curvature measure without exhibiting significant sideslip.”
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The sideslippirg vehicle 1n a curved path

This maneuver therefore charactarizes the trans:ieat response of a
vehicle to a suddenly applied steer input. Th magnitude of steer angle is
increased through a series of simulations unti! the limit of lateral adhesion
is reached resulting in either a plowing condition (understeer), lateral
drift (neutral steer), or spin-out (oversteer). Since the steering angle is
held constant after the rapid steer input, this simulation also provides

steady-state (trim condition) information after the transient motions damp out.

An initial velocity of 40 MPH is normally used, and the standard
steering input angle (average angle of front wheels) time histor) is shown

below:

Steady —
- State |

C - --—

et @ W = E e e

= t (sec)

0 0.4 2:0 3.0
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The constant steer angle (GC) is normalized for a given wheelbase (i) and

reference angle (ag) by:

£ = =

¢ 10 °

Simulations were generally performed for the following range of reference

angles:
c=2, 4, 8, 12, 16, 20, 24°
Fcr the base car,
£ = 7.86' (94.3")
This gives the actual front wheel command steering angles that were considered:

8. = 1.57, 3.14, 6.29, 9.43, 12.38, 15.72. 18.86°

For this maneuver, the standard evaluation numerics are:

° Maximum lateral acceleration (ayp)

. Maximum vaw rate (rp)

° Peak sideslip angle (SD)

] Peak rate of change of sideslip angle (ép)

[ ] Average path curvature ratio defined by:
Rs ( %')ave

R
where -
1-.1__[1
( R dave = 3 (g) dt
t 0

and R_ = radius for 1 g lateral ¢ 40 MPH = 106.9"
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The most < gnificant response numeric in the context of this study
is the maximum sideslip angle, which is 3 measure of how closely a car points
in the direction that it is traveling. It is universally agreed that a high
sideslip angle is undesirable to an average driver because it can be dis-
orienting and difficult to recover from in an effective and controlled manner.
Another neasure of vehicle responsiveness that can be determined from this
maneuver is the time constant related to the transition from a steer angle
input to a steady-state cornering (trim) condition. This response time 1is
generally considered to be highly observable to a driver and, if excessively

long, detrimental to vehicle handling.

As previously noted, trapezoidal steer maneuvers with relatively
small steer angle inputs provide valuable information about the linear response
properties of a given vehicle configuraticn, i.e., in the '"normal' driving
regime where lateral accelerations above 0.2 or 0.3 g are rarely experienced.

This subject was discussed in Section 2.35.

Scnusoidal Stee

We again quote from Reference 10 to give an overall understanding of

the intent of this handling maneuver:

"The sinusoidal-steer test is designed to examine
the effectiveness with which steering control can produce a
lane change, in a limit sense. Whereas, in actual driving,
the trajectories required during emergencies result fron
closure of the control loop by the driver, in this test the
intent is to evaluate the resulting loop-closure challenge
on the basis of findings obtained in an open-loop testing
procedure. Implicit in the use of the sinusoidal steer
input is the proposition that, in normal driving, symmetric
steering inputs are found to be appropriate for producing a
lane change. In an emergency it is hypothesized that the
driver loop-closure burden is least when a lane change can
be achieved in response to control inputs which are directly
extrapolated from those emploved in normal driving.

The extent to which the vehicle's response trajectory
approxinates a lane change is assessed bv way of the '"lane-
change-deviation'" measure, 4. This measure is defined as an

46



9950-297

integral error term cperating on the time history of
lateral displacement, y(t), and is expressed by the
following relaticenship:

3.4
112-y} dt
A=

34

Note that the measure as defined has units of feet, rep-
resenting an average deviation from a desired lateral dis-
placement of 12 ft as deteruined over the computation time,
3.4 s. This measure is plotted as a function of the
anplitude of the sinusoidal si-:er input to demonstrate the
trend of trajectory responses over the range of input levels.
Peak sideslip angle is z2lso computed in this test,
and plotted versus steer input amplitude, as well as cross-
plotted with the lane-change-deviation measure, 4. It is
hypothesized that driver loop-closure burden is monotonic
with both of the variables on the cross-plot such that
desirable performance is constituted by data points clustered
near the origin."

Lonw Chonge Devarn &
MeRives Bn Ove 000 bowed
on ths chded aree /

S W W/,
, !'/’I / /7//_{(,&/’"

Tane ———e

Open loop y(t) ume nistory to sine sieer 1nput

This nmaneuver thus relates to the respcnse of a vehicie tc a rapid
lane change type of steer input. An ideal response is cne in which the steer
input produces a lateral displaccment of approximately 12 feet and a final
heading direction parallel to the original direction. However, real vehicles
tend to either "undercorrect' or '"overcorrect' resulting in a heading angle
deviation from the intended direction; the magnitude of this deviation is

arother measure of the vehicle's stability and controllzbility.
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The initial speed is 45 MPH and the command steering input (at the

front wheels) is defined as a sine wave with a period of 2 seconds and various

arplitudes. As normally applied, the maneuver is terminated at 3.4 seconds.

The general steer angle time history is illustrated below:

3.4

> t (sec.)

The amplitude of the sine wave (Sc) is normalized with respect to

wheelbase (£) and a reference steer angle (¢) by:

s = i

c 10 o

The following reference angles were used in the simulations:

g =4, 8, 16°

Thus, since wheelbase is equal to 7.86 feet, the actual peak steer angles

were:

§ = 3.14, 6.29, 12.58°
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For this ma2neuver, the conventional evaluation numerics are as

follows:

° Lane change deviation defined by
1 3.4
8= =g f ly - 12] et
t=0

where y is the lateral displacement of the vehicle c.g.

° Maximum sideslip angle (Bp)
° Heading angle at t = 3.4 <ec (AY)
Braking-in-a-Turn

This maneuver measures the ability of a vehicle to maintain a
constant path curva“‘ure and a controlled sideslip angle when brahes are applied
during a steady-state turn. In an actual test, brake line pressure is monitored
and pressures are applied in increments of 100 psi in successive runs uatil
both wheels lock up on either the front or rear axle. However, since brake
line pressure/wheel torque data were not avzilable for the base vehicle, a
modification to this procedure was employed for the computer siruliations;

this will be described later.

Reference 10 also provides a summary of this general kind of maneuver,

from which we have excerpted the following:

[ J
"The subject maneuver invelves an initially curved
path whose curvature can change as a result of braking. It
is argued that drivers dec not apply braking with the intenticn
of affecting a change in directional respense. Consequently,
an interpretation scheme is needed which conprehensively
describes the properties of a turn such that deviations from
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the initial turn can be recogniced and evaluated. Thus,
the data presentation is structured to detect such changes
from the initial turning state, which change drivers, in
real life, would have to recognice and accompany with a
steering coerrection.

An '""ideal" directional response is defined for this
maneuver to be a constant path radius (or curvature)
trajectory, over which the vehicle maintains a zero or
small value of sideslip angle. It is postulated that the
"ideal turn," expressed in these terms, represents a com-
prehensive manner of viewing directional response in this
or any turning maneuver.

The sideslip response, 8, is felt to be of major
safety significance. It seems likely that large sideslip
angles, as often occurs under limit-maneuvering conditions,
will disorient the driver with respect to the normal view
of his vehicle's path, and, further, cause the vehicle to
project a larger target for collision in the roadway. The
rarity of emergency maneuvering events suggests that driver
adaptability under such circumstances must derive from
talents other than those attainable from learning (trial
and error) experience. Thus, the analog or continuous
measurement of sideslip angle and sideslip rate is viewed
as representing an error quantity which imposes a
monotonically increasing challenge to the human controller
as he proceeds to close the loop. Note that the path-
curvature measure provides a single quantity characterizing
the curvilinear trajectory without introducing any ambiguities
in the measure due co a simultaneous sideslip response.

Although the peak value of sideslip angle wouid be
of interest in assessing oraking-in-a-turn response, this
variable was not computed in view of the poor accuracy that
prevails as velocity goes to zero. Nevertheless, in this
short-lived maneuver, it is felt .hat 8 and B each reflect
the same phenomenon, with 8 being a substantially more
sensitive measure. Fcr example, the B measure will readily
characterize the limit performance of vehicles which
exhibit lockup of rear wheels prior to lockup of front
wheels. Conversely, locking of front wheels prior to
rear wheels is characterized by a loss of path curvature
as indicated by a sharp decrease in 1/R. The '"ideal" value
of normalized path-curvature response, defined as the
average value of path curvature ratioed to the initial steady
turn value, would be 1.0 indicating that no directional
adjustment would be required due to braking."

The initial vehicle condition for this maneuver is defined as a

0.5 g lateral acceleration steady-state turn at 40 MPH. For a given vehicle
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configuration, the front wheel steer angle corresponding to this cornering
condition was determined from results of the trapezoidal (steady state} steering
sinulations performed previously. We also obtained the body roll angle and

slip angle for a 0.3 g turn at 40 MPH, from the previous simulations.

The general braking torque input time history is illustrated below:

fw - —————-

- cms e M Wm wm s e

~ t (sec)

0 1.0 1.05

e d
—“

where a stabilizing interval from zero to 1.0 second is proviced tc insure that

the vehicle is 1in equilibrium before the brakes are applied and:

wa = torque applied to the front whe>ls

time when the vehi.le comes to a halt

te

To determine the magnitude of fiont vwhcel braking torque applied, we
first assumed that the rear wheel torques vere proportional to the front wheel
torques as follows:

=y T
Trw Y it
where y is the proportioning constant of the base car braking system (0.67).

From the steady-state steering simulations, the normal force was known for

each wheel under the C.3 g turn condition at 40 MPH. Also known were the
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deflected tire radii. This allowed calculation (forward weight transfer was
also considered) of the minimum wheel torque that causes lockup of the front

and/or rear wheels, i.e.,

wF.R

. 2
wa = min uFlRl. Y
where
vy = coefficient of friction (0.75 was used)
Fi = normal forces of each wheel
Ri = deflected tire radii
1 refers to the left front wheel*
i =

2 refers to the left rear wheel

These simulation runs were made for each configuration. The first
run was performed with the braking torques corresponding to the lockup con-
dition at either the front or rear axle as discussed above. Subsequent runs

were made at 75% of lockup torque and 50% of lockup torque.

The standard evaluation numerics for this maneuver are as foilows:

0 Average deceleration as defined by:
10
aave = 1
x’ave tlo-l a dt
t=1
where

to is the time when forward speed reaches 10 MPH.

*
Assuming a turn to the right, which increases loads on the left side

wheels. Both wheels on an axle will generally lock if the outside wheeal
locks, dus to the weight transter.

\n
19
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° Average path curvature ratio as defined by:

1
Ry (R Jave
where
2
1 - 1
(Rlave ~ f (g) d

t=1

R° = path curvature at t = 1 second

) Maximum absolute value of sideslip angle (Sp)

° Maximum absolute value of tate of change of

sideslip angle (ép)

2.5 Results of Trapezoidal Steer Simulaticns

This maneuver was described in the previous section. Briefly, a
steer angle is rapidly applied and held at a constant angle thereafter.
This results in a sudden change frcm a stable forward motion to a cornering
condition at varying degrees of severity. Normalized steer inputs ranging
from 2° to 24° were applied to the front wheels at a speed of 40 MPH. The
normalization approach relates the steer angle to a standardized vehicle with
a 10' wheelbase; actual front wheel input steer angles ranged from 1.57°
(o = 2°) to 18.86° (0 = 24°). Figure 12 typifies trajectories that result
from such control inputs for several representative steer angles, where
sequential positions of the subject vehicle (at 0.5 sec. intervals) are
shown in true perspective from an overhead 'camera' in these computer-generated

graphics.
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Figures 13 through 20 show trajectory graphics for each of the electric
vehicle configurations compared with the base vehicle responses for two
normalized steer angle inputs, 4° and 16°. For these comparisons, the base
car was equipped with the same radial tires as the EV's (BR78-13) for direct

comparisons without potential difrerences due to tire property vuriations.

For the smaller steer angle (o = 4°), the trajectories are very
similar except, in some cases, where the EV's take a wider path. This 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 for the larger steer angle (¢ = 16°)
trajectories for several of the EV configurations. Note tne extremely high
sideslip angles corresponding to the AiResearch Drive, 2/3 - 1/3 Battery Split
configuraticn (Figure 16), the GE Drive, Tunnel Battery configuration
(Figure 17), the AiResearch Drive, Tunnel Battery configuration (Figure 18),

and the Mars II configuration (Figure 19).

Maximum values of sideslip angle for each of the vehicle configurations
are quantitatively given in Figures 21 and 22 as a function of the normali:zed
steer angle. An interesting observatior is that those configurations
exhibiting the higher sideslip angles are all rear-heavy (refer back to Table ).
It is believed that sideslip angles for the vehicles noted above (in the 30°

to 50° peak magnitude range) arve excessive and clearly undesirable.

Figures 23 and 24 ar:z plots of peak sideslip rate (8) versus
normalized path curvature ratio. The baseline performance boundary shown in
the figure was defined from actual tests of a group of twelve real passenger
cars with widelv varying properties (Ref. 10). 1In view of this comparison,
the EV configurations may not be particularly unusual, but nevertheless
_demonstrate undesirable behavior in the instances discussed above. Recall
from Section 2.4 that this plot indicates the 'price' (in terms of side

slip angle) that is '"paid" to achieve a given magnitude of path curvature.
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A relatively high path curvature ratio (small radius) without excessive sideslip
is clearly preferable. Vehicle configurations exhibiting curves in Figures 23 and
24 which approach (or cross) the upper boundary line therefore are likely to
perform poorly in this maneuver. Again, these suspect configurations are all

rear-heavy.

Another aspect of the trapezoidal steer maneuver that is particularly
important relates to response time constants, i.e., yaw rate (velocity)
response time (Tr) and lateral acceleration response time (Ta). These
response measures were discussed in the section dealing with linear response
theory of simplified vehicle models (Sectioi 2.3). Yaw rate time constant is
defined (as used in this study) in Figure 25, and pertains to the time duration
between the mid-point of steer input and the point in time when 90% of the
steady-state value of the response variable is reached. Lateral acceleration

time constant is defined in the same nanner.

Figures 26 and 27 are plots of vaw velocity time constants for ail
configurations as functions of steadv-state lateral acceleraticn. Note that
the base car exhibits the shortest vaw velocity response time (on the order
of 0.2 sec). With a few exceptions in the high lateral acceleration range,
the EV configurations generally produce longef duruation response times. This
is particularly true for the AiResearch Drive, 2/3 - 1/3 Battery Split and

Mars II configurations, which are in the 0.3° sec. range.

Similar trends are evident for the EV's when lateral acceleration
response time is considered in Figures 28 and 29. Note that these time constants
are generally double the corresponding yaw response times. The Mars II
configuration has a response time exceeding 0.8 sec; thi, is consistent
with lateral acceleration response duration actually measured with this
vehicle and found to be clearly excessive, resulting in sluggish response to
steer inputs (Ref. 1). Although there is no known published information
regarding subjective determination of the maximum acceptable values, it is
doubtful that lateral acceleration response times longer than about 0.5 sec.

would be found acceptable by most drivers. Thus, many of the EV's are likely
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to be poor responding configurations, particularly the two AiResearch Drive
configurations, the GE Drive, 1/3 - 2/3 Battery Split configuration, and the

Mars II. 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 below
about 0.3 g provide information relating to linear performance characteristics.
Linear response theory was explored from ¢ theoretical viewpoint (using
rather simple mathematical models) in Section 2.3. Several numerics are of

particular interest as listed belo:

° K - Understeer gradient
aav
] 55 - Lateral acceleration gain
] 25 - Yaw rate gain
36
° if - Body r;ll angle sensitivity
v
38 et s
. 33 - Body slip angle sensitivity
v
] Tr - Yaw rate time constant
[ Ta - Lateral acceleration time constant

Table 7 ¢.n~tains values obtained for each of these linear propert:es
for the vehicle configurations examined by computer simulation (HVOSM results).
The understeer factor, lateral acceleration gain and yaw rate gain, as li::.!
-n the table, were calculated from the HYOSM-output bas:d on a reference
steer angle. In this program, reference steer angle was defined as the

steering wheel angle divided by the overail steering gear ratio.” ‘inis

*

This definition 1s consistent witn the SAE Reference Steer Angle.
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reference steer angle would equal the front wheel steer angles if no

Ackerman geometry, ride steer or compliance steers were considered.

Note that the two Conventional DPrive configurations, which have
different yaw moments of inertia due to longitudinal battery location
differences, have identical control gains and sensitivities. This points
that inertial properties do not have a direct influence or these particular
properties because they are based cn steady-state behavior (nc transient
effeccs avre considered). Response times are exceptions because these are
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 two or three simulations of the trape:zoidal steer maneuver in the linear
response range (refer back to Figures 26 through 29 and note time constaats

for lateral acceleration below 0.3 g).

From the table, the understeer gradient (K) is seen to vary between
5.5 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 €
are generally considered to be somewhat high. Of primary importance, however,
is that vehicles indeed be understeer (K > 0), as is the case for all the
conrigurations considered. In addition, the amount of understeer can be
tailored by making suspension and steering system adjustments. This will be

explored further in Section 2.8.

Lateral acceleration gains (aay/aa) are about the same for all the
vehicle considered. Similarly, vaw rate gains (3r/38) are generally quite
close for all configurations. Again, these properties can be adjusted by
suspension and/or tire changes. Or they can be compensated fcr by selecting
an appropriate steering ratio so that acceptabie gains related to steering

wheel input angle are obtained.

Roll angle sensitivity (a:/aav) is found to be essentially constant

for all configuretions. This is not surprising since c.g. heights do not
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vary dramatically for the configurations defined. and spring rates were
selected based upon axle ioadings to give equivalent ride heights. In any
event, these values are probably quite reascnable and comparable to many
production passenger cars. High performance cars have somewhat higher roll

stiffness and associated roll angle sensitivities in the 3 to 6 deg/g range.

Sideslip angle sensitivity is seen to vary widely between the
various configuraticns, ranging from 4.1 deg/g for the base car (with radial
tires) to 9.3 deg/g for the Mars II configuration. It is desirazble to maintain
sideslip angle sensitivity as low as rossible; a value of about 2 deg/g is
considered to be excellent by some handling experts. Magnitudes above 5 or 6
deg/g are probably quite excessive. Note that several of the EV cunfigurations

exceed this range.

Lateral acceleration responsc :imes range from (.44 sec. to 0.73 sec.
Values exceeling 0.5 sec. are believed to indicate particularly poor performance:
a very responsive car would have a lateral accelerat’~~ response time on the order
of 0.25 sec. It is therefore conclilied that several of the EV configuraticns have

excessive resporse times related to lateral acceleration as is apparent from Table

Yaw velocity response times range from 0.20 sec. for the base car to
0.35 sec. for the Mars II. A crisp handling car is believed to generally have
a yaw velocity response time in the neighborhend cf about C€.10 to 0.20C sec.
Response ;imes .n excess of 0.25 sec. are believed to be undesirable. The
Mars II was found to possess highly excessive respcnse time based on e:peri-
mental testing, and the value Obtained from the simulatien study is gencrally
consistent with the experimental results. Note that the AiResearch Drive,
2/3 - 1/3 Battery Split configuration has a yaw velocity response time nearly
as high as the Mars II (0.34 sec.) and must thus be considered to be egually

unacceptable.

Some theoreticai a’ srimental work nas been done in am attompt’

to relate yaw velocit: v ~1se time to subjective evaluation
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of a vehicle's handling qualities (Ref. 8). 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 1l. However, it mus~ be pointed out that this domain of
acceptability is not strictly nor sharply defined -- the bounds represent gray
areas where there is no clear consensus as to whether a vehicle handles
acceptably or not. In fact, studies have shown that these bounds change with
driver skill. Furthermore, there is some question as to the appropriate time
constant to be used in this evaluation. Time constants that have been 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.
P g P P P

We have chosen to 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

comparison 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
to each other and the bounds of acceptability. On this figure, the upper
boundary has been adjusted to reflect a neutral steer vaw rate gain at 40 MPH
for the base car wheelbase. Since all of the vehicle configurations
investigated were understeer, they are well below this neutral steer condition.
However, only four of the ten configurations are clearly within the right

side boundary. These are:

o Two base car configurations
. Conventional drive EV
° GE drive, tunnel battery location

Two configurations are well beyend the right side boundary--the Mars II
configuration and the Air Drive 2/3 - 1/3 battery configuration. Experience

with the actual Mars II vehicle clearly proved that time constants of the
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order 1ndicated were unacceptable. The other four configurations are very
close to the boundary, and cwing to the vague nature of the boundary, would

probably be marginally acceptable (but not necessarily desirable).

It is interesting to compare these results obtained from HVOSM
simulation runs to similar results from simplified linear theory. As shown
in Figure 31, linear theory predictions of yaw rate gain are considerably
higher (that is, less understeer or even oversteer) than those from the HVOSM.
This results from additional understeer effects (compliances, roll effects,
etc.) included in the HVOSM vehicle representation which are not considered in
simple linear theory. Also note that an effective time constant is used
in the figure. This effective time constant was determined by finding the
frequency at which the yaw response lags a sinusoidal steer response by 45°
in a linear model. This time constant appears to be, in general, somewhat

less than the 90% time constant Jdetermined from HVOSM results.

Results of the trapezoidal steer simulations will be evaluated further
in Section 2.8, which deals with mcre general effects of weight distribution and

moment of inertii instead of concentrating on specific design configurations.
2.6 Results of Sinusoidal Steer Simulations

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 (normalized to a 10' wheelbase) of 4, 8§ and 1¢°
were selected for the simulations. The "ideal" response to this control
input is a lateral displacement (lane change) of 12' with final heading

parallel with the initial travel direction.

Figures 32 through 36 .re computer-generated graphics which show
trajectories predicted by the computer simulations for the two extremes
(0 = 4° and 16°). 1In all instances, a well-controlled lane change takes
piace at the smaller steer input. However, considerable variation in

directional response is noted for the more drastic condition
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Base vehicle responses are compared in Figure 32 for the two tires
simulated, i.e., bias-ply (A78-13) and radials (BR78-13). The difference
between these specific tires is seen to have a small effect on the response.

In both cases, the car achieves very high sideslip angles after abcut 2 sec
into the maneuver. The resultant speed is still approximately 40 MPH at the
last position shown in the figure (t = 3.5 sec ). The base car therefore
exhibitz unstable yaw response for the high sinusoidal steer input and may thus

be difficult to control in similar, high level, maneuvers.

The Conventional Drive EV configurations (50/50 battery splits over
the axles, and 10" outboard) also tend to generate high sideslip angles and
an "overcorrecting'" response for the higher steer input (Figure 33), but
not to the extent predicted for the base car. Responses for the two battery
placements (different yaw moments of inertia) are seen to be very similar.
Recovery to a parallel heading directicn would perhaps be possible if proper
corrective action was taken by a driver, but this is speculative and

dependent upon driver skill.

Figure 34 shows traiectories for the two GE Drive configurations
(1/5 - 2/3 battery split and tunnel batteries). In this case, sideslip is
much less severe for the configuration with lower moment of inerfia {tunnel
batteries). Lateral displacement is high for this configuration, however,

which can also be undesirable.

The two configurations based upon the AiResearch Drive packaging
approach, with either a 2/3 - 1/3 battery split or tunnel located batteries,
are shown in Figure 35. A similar ''undercorrecting" response is predicted

by the computer simulation for these cases.

The two EV's with the highest moment of inertia exhibit very
different responses (see Figure 36) depending on whether the weight distributacn
is front-heavy or rear-heavy (Mars II). This efrfect will be explored further

in Section 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. As pointed out in Section 2.4, excessive magnitudes of each of
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. Also shown in these figures is a boundary
of baseline performance generated from experimental testing of 12 actual passenger
cars (Ref. 10). The base car is seen to exceed the boundary limit (in the
direction of high sideslip angle) and may thus behave somewhat differently than
the group of cars experimentally tested, at least for the more drastic (high
steer input) conditions. Since all EV's fall within the boundary, these may not
substantially depart from "real" vehicle behavior. but, in a relative sense,
some of the configurations are clearly better performers than others. We will

return to this subject in Section 2.8.

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 trape:zoidal steer
maneuvers, a time constant (phase lag) was defined as given in Figure 39
for lateral acceleration response (yaw rate response time lag is defined in
the same manner). This gives an indication of how much lag time exists at the
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.

Figures 40 and 41 are plots of the yaw velocity (rate) response time
lag as a function of the peak input steer angle (normalized), for all the
vehicle configurations. As is clear from the figure, response time varies
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 Mars Il
configuration exhibit the longest time lags, which approach 0.5 sec.

(90° out of phase) at the higher steer angle input.
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Lateral acceleration time lags are given in Figures 42 and 43.
These response measures show trends which are similar to the yaw velocity
response, but at extreme lag times 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. This was found to be the
case for the Mars II EV when evaluated experimentally (Ref. 1)}. Excessive
phase lags are very apparant to a driver and result in reduced ability to

control the direction of a vehicle in a precise and consistent manner.

It 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. The braking-in-a-turn

maneuver will be considered next.
2.7 Results of Braking-in-a-Turn Simulations

The braking-in-a-turn test procedure is intended to provide a measure
of the interaction between tire side and braking forces and their ultimate
influence on safety. The interaction is a function of many variables--test
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 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 MPH.
Once in the steady-state turn, brakes are applied at increments of 100 psi
brake line pressure in successive runs until two wheels on cne 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 the
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vehicle maintains a zero or small value of sideslip angle. Deviations

from this ideal response occur primarily due to the sequence of axle locxup.

That is, lockup of the tires on the reir axle is characterized by a sudden

and large increase in 8, the sideslip angie, and its time derivative. Conversely,
lockup of the front axle tires is characterized by a sharp decrease in path

curvature due to the loss of cornering power associated with the locked wheels.

This procedure, as applied to tvhe simulation study, was modified
somewhat in order to minimize the number of non-essential computer runs.
The modified procedure consisted of analytically determining the brake torque.
required for lockup of one axle subject to the braking distribution constraint,
then running the simulated maneuver with these torques, and subsequently 75%

and 50% of their values.

Results obtained for the various vehicle configuraticns run with
this maneuver are summariczed in Figures 44 - 47, which illustrate peak side-
slip rate achieved and the average path curvature ratio attained over a one
second interval after brake application, both as functions of the average
longi* -~ :al deceleration. Also included on th¢ rig.res are bounds obtained
in . 1g 12 vehicles during development of these procedures. Note that the
bounding conditions illustrated reflect the conditicns of a specific skid pad
on which the tests were made, which had a substantially higher skid number
(or friction coefficient) than was simulated. The bounds are ae: then
directly applicable to the simulated configur..ion but are presented for

iilustr itive purposes.

Two opposite types of limit responses are illustrated in Figure 44,
The peak sideslip rate attained by the A/R Drive configuration saturates
at about 10°/sec. indicating front wheel lockup and subsequent driftout
or piowing limit response with a loss of directional control capability. The
other four configurations all exhibit limit spin-out response caused by
rear wheel locking. Figure 46 illustraies loss of path curvature at the
limit for both types of response (both limit responses produce a center of
gravity trajectory that runs outside the inrtended path). The loss of path

curvature is, however, greater with the limit plow response.
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Figures 45 and 47 illustrate similar sum~~ries for five additional
vehicle configurations. In this case, however, only the base vehicle with
radial tires and the front heavy, high inertia configurations exhibit limit
spin response--the others plow at the linit. These two types of limit response

are graphically illustrated in Figure 4%.

The results shown above require some explanation as to the apparently
better performance (assuming limi% plew:ng is more desirable than limit
spinning) of some of the EV configuraticns than is seen with the base car.

The brake system proportioning for the "ase car is fixed at 60/40 according

to available information. That is, 60(% of the total braking torque is

applied to the front wheels, while 40% .s aprlied to the rear wheels. This

is a typical braking effort distrituticn for automobiles. The reason for

the front bias in braking effort derives from the forward weight transfer
>xperienced 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. This implies that the front tires can

support more torque under braking than is indicated by the static weight
distribution, rolling radius and tire’ground sliding friction coefficient

without locking.

The specific cornfiguration of the base vehicle, 1s simulated,
resulted in a 59/41 front to rear weight distribution under static conditions.
Consequently, any significant amount of weight transfer occurring as a result
of braking results in a situation where rore than 60% of the steady-state
vehicle weight is at the front and less thaa 40% at che rear. As a result
of this conditicn, the fixed 40% brake <orque -p it to the rear axie causes
the rear tires to lock before the frcnts, «'timately resulting in the observed
limit spin behavior. Conversely, vehiclc configurations which are statically
rear-heavy exhibit steady-state front to rear axle load conditions under
braking which are less than the 6C/30 brake torque cplit and therefore tend

to lock the front tires first.
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We do not know why the fixed propertioning of 60/40 was (according
to our information) designed into the brake system of the base vehicle, but
a brief discussion of some of the potential trade-olffs 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/surface
sliding friction (as are commonly encountered due to road construction,
tire characteristics or weather conditions) and variations in vehicle load
conditions beth affect brake system performance. Under low coefficient
surface conditions, front brakes commonly lock before the rears due to
decreased weig . transfer resulting from the lower deceleration capability
of the surface. The opposite is true for fixed proportioning under very hign

coefficient surface conditions.

Variations in vehicle load conditions also affect optimum brake
distribution. This is particularly true in small cars (as the subcompact
base vehicle) since the load changes resulting from passengers and/or baggage
can be a larger percentage of the total weight than with large cars. With
this small car, any increase in load conditions would bias the static weight
distribution toward the rear, thus resulting in improved braking perfornmance

(i.e., less of a tendency to lock the rear tires before the frents).

With regard to electric vehicle design, it is important that due
consideration be given to brake system performance. Whether a given EV
results from a conventional vehicle modification or a "ground-up'" vehicle,
suspension and braking system components from existing preduction vehicles
would likely be employed in the car. These components must be chosen or
modified to consider the appropriate balance between braking-induced weight

transfer, static weight distribution and braking torque distribution.
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2.8 Evaluation of Weight Distribution and [nertia Effects

The preceding discussion of technical results has dealt with specific
electric vehicle configurations and their response to various control inputs.
We now wish to generalize the evaluation and consider overall effects of two
primary parameters--weight distributicn and yaw mcment of inertia. The
results obtained through computer simulation will thus be treated as rep-
resentative of a generic group of vehicles having a wheelbase on the order

of 95 inches.

Three categories of weight distribution will be addressed, i.e.,
front-heavy, balanced and rear-heavy. Referring back to Table 2, the
front-heavy EV's all have front axle loadings of $5% of the sprung weight, and
the rear-heavy configurations range between 44% and 4S% front axle loading.
The balanced configuration is split exactly 50/50 between the front and rear
axles. The base car is front-heavy with sprung weight distribution of 53/41
front/rear. All of these distributions are for two-passenger load

¢onditions.

Yaw moment of inertia varies between approximately 16,100 and 74,700
lb-in-sec for the front-heavy EV's, and between 15,200 and 24,700 1b-in- sec
for the rear-heavy EV's. The ranges are thus very similar for these venhicls
groups. The yaw moment of inertia for the single balanced configuraticn is
18,500 lb-in-secz. These values are for the sprung mass only. The corresponding

-
value for the base car ~ . 11,400 lb-in-sec”

We will now evaluate findings discussed previously in the context of
these basic physical parameters. The evaluation will be divided into
steady-state steering prorerties in the linear range, trapezoidal steer
response, and sinusoidal steer behavior. Braking-in-a-turn will not be
addressed here because we believe that achievement of effective braking per-
formance is largely related to prudent design of the rront/rear braking

torque proportioning system, a topic which is beyond the scope of this study.
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Steady-state Steering Perfoumance (Linear Range)

For consistency with the remaining grarhical presentations,
steady-state properties will be evaluated as a function of yaw moment of
inertia. This is not rigorously correct since moments of inertia will not
directly affect steady-state behavior. Buf, moment of inertia essentially
increases monotonically with mass (weight), so we are in essence considering

the effect of vehicle mass throughout this section.

The most important numeric characterizing steady-state steering
behavior is the understeer gradient (K). Figure 49 shows that the base car
has an understeer gradient of about S or 6 deg/g, depending on whether
bias-ply (A78-13) or radial (BR78-13) tires are used in the simulation.*
Understeer gradient increases with mass for the front-heavy configurations
and, conversely, decreases slightly with mass for the rear-heavy EV's. Since
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 to 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.

Lateral acceleration gain and vaw rate gain are shown in Figures 5C
ar' 51, respectively. These results.show that, for a given command (input)
steer angle, the front-heavy configurations produce somewhat less path
curvature (lower lateral acceleration and yaw rate) than the rear-heavy
vehicles. The differences in directional control capability indicated by
these numerics is not believed to be of great significance, since it

essentially means only that more steer angle'is required by the front-heavy

w
Note that all figures in thir section show simulation 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. This can easily be compensated for by
adjustments in steering gearbox ratio or by othe. changes in suspension

and/or tire properties.

Figuré 52 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 (moment of inertia) becomes larger. For the front-heavy
configurations, sideslip sensitivity is higher than for the base car but
remains relatively constant as mass increases. Excessive sideslip sensitivity
is clearly undesirable and disconcerting to an average driver. Although
acceptable limits for this parameter are not precisely quantifiable, it is
our understanding that magnitudes much above 5 or 6 deg/g are considered excessive
by some handling experts. Therefore, the front-heavy EV configurations con-
sidered in this study are likely to be marginally acceptable, whereas the
rear-heavy configurations having moments of inertia above approximately 20,000

5
lb-in-sec”™ probably exceed a reasonable range of sideslip sensitivity.

Similar trends are apparent when considering the vaw velocity (rate)
and lateral acceleraticn time constants in Figures 53 and 54. Again,
quantitative uprer bounds of acceptability are not pre.isely krnown for these
response measures. However, basea on the work of Systems Technology, Inc.
(Ref. 8) and from sources within the automotive industry, a conservative
estimate is that yaw response time constants in excess of about J.25 sec.
would be highly objectionable, us would lateral acceleraticn time constants above
approximately 0.5 second. Results in Figures 53 and 54 therefore suggest
that front-heavy configurations can accommodate a high moment of inertia
without radically affecting time constants. This is not the case for the
rear-heavy configurations, which exhibit time constants which would likely be
troublesome particularly when yaw moments of inertia on the order of 20,000

-
1b-in-sec”™ are approached or exceeded.

Figure 55 shows the region of acceptability defined by STI related to

73w rate gain plotted versus 90% time constant (adapted from Ref. 8j.
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Although the boundaries are nrnot considered 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 a vrelatively high inertia vehicle so that the weigh:
distribution is front-heavy. Since front/rear distributions bevond 55/45
in the front-heavy direction have not been explored, this conclusion is
restricted to front axle loadings not exceeding 55% of the sprung weight.
Balanced (50/50) distribution or even mildly rear-heavy weight distributions
do not offer the advantages ot a front-heavy distribution; 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 pacticularly prone to severe

handling problems.
Trapezodidal Siteetr Maneuves

This maneuver characterizes the directional response of a vehicle
to a transient steer input, and is a standard handling test that is easy to
perform and commonly used by the automotive industry ard research organizations
involved in handling studies. Results of the computer simulations of this
maneuver for the case of a moderately severe steer input (normalized steer
angle of 8°) 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 0.5 to 0.6 g for the 95" wheelbase

configuraticns, and is thus beyond the linear range orf vehicl:z cperation.

Peak body sideslip angles predicted for this maneuver are given in
Figure 56 for the base vehicle (with bias-ply and radial tires) and the three
categories of front/rear weight distribution. This.figure indicates that the
front-heavy EV's do not generate sideslip angles significantly above the base
car, and are relatively invarient with respect to moment of inertia for the

wide range considered. However, the peak sideslip angles for the rear-heavy
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configurations are strong functions of rotational inertia and greatly exceed
the base car sideslip response throughout the inertia range. The balanced
configuration is seen to produce sideslip between that for the front and rear
heavy distributions for the specific moment of inertia of this single balanced

configuration.

Figure 57 presents yaw velocity response time as a function of moment
of inc¢ “ia for the same group of configurations. It is seen that response
time constants tend to diverge when yaw moment of inertia reaches about
20,000 lb-in-secz. For the front-heavy EV's, the time constants remain relatively
constant and of the same general magnitude as for the base car. But, the

rear-heavy time constants increase dramatically for the higher range of inertia.

This trend is even more pronounced when considering the lateral
acceleration time constants in Figure 58. Response times related to this
variable (lateral responsiveness) are clearly excessive for the rear-heavy
configurations with moment of inertia approaching (and exc-eding) 20,000
lb-in-sec:. The balanced and front-heavy EV's are, however, not sirong
functions of inertia and are in fact not substantially different than the base

car with respect to this response neasure.

Findings related to the trapecoidal steer maneuver in the non-linear
performance regime are supportive 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 EV's being considered.
Sinuscdidal Steen Maneuver

This is a transient response maneuver which involves a reversal of
steer input necessary to produce a lateral dispiacement, such as required
for a rapid lane change. As was the case for the above evaluation of
trapezoidal steer, we will select a moderately severe condition, i.e., a

peak normalized front wheel steer angle of I 8° for analysis.
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Peak sideslip angles predicted by the simulation model are shown in
Figuie 59 for this transient condition. Although not strong functiens of yaw
~-c~ent ¢f inertia, the rear-heavy configurations consistently produce higher
des'.p than the front-heavy EV's. As has generally been the case, the
balanced configuration gives a result between that of the two unbalanced
weight distribution groups. The instabilities noted for the extreme limit
condition are not apparent for this intermediate steer angie condition (refer

Sack to Section 2.5 for limit performance results).

One important measure of the effectiveness of this maneuver is the
lane change deviation from the "ideal" curvilinear path. Figure 60 shows
lane change deviation (defined in Section 2.4) as a function of vaw moment of
inrertia. Since high deviations are undesirable, the front-heavy configurations
again perform better than the rear-heavy configurations, at least in a relative

s¢nse.

The same érend is apparent when considering the magnitude of lateral
displacement present at the end of the defined maneuver (at 3.4 sec.).
Figure 61 illustrates that the front-heavy EV's are better behaved than the
rear-heavies; recall that a lateral displacement of 12' represents the
preferred response, and the front-heavy configurations respond very close to

this desired magnitude of displacement.

Heading angle deviations (departure from a parallel path at the end
of the maneuver) also favor the front-heavy approach. But, as shown in
Figure 62, the two groups of unequal weight distribution EV's tend to show
sinilar deviations at the higher levels of moment of inertia. Moment of
inertia thus appears to have a stabili:ting influence with respect to
directional heading.

Yaw velocity response time l1.g and lateral acceleration respcnse
time lag is illustrated in Figures 63 and %4, respectively. Since hign
response times are known to be undesirable, the frcnt-heavy configurations

once again exhibit superiority over the rear-heavy and balanced weight distributions
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It is not possible to indicate limits of performance acceptabhility
for the sinusoidal steer maneuver, since evaluation criteria are not well
defined. Nevertheless, simulation results consistently indicate response
trends which are in agreement with results of the steady-state steering

analyses and the trapezoidal steer maneuver.

We will now evaluate a brief study of how tire and suspension

prope- .ies can affect nandling behavior.
2.9 Exploratory Study of Handling Performance Imprcvement

A limited study was conducted to give some insight into possible
ways that electric vehicle handling might possibly be improved. The study
focused on two important design areas--tire selection and suspensicn

compliance adjustnment.

It is recalled that properties of two different tires were used in
the main part of the study. These were A78-13 bias-ply tires for the base
car, and BRTS-13 radial tires used on all EV configurations as well as the
base car. From a design load standpoint, the A78-13 tires would be uncer-
rated for the EV's and the BR7S-13 tires would be marginally acceptable. but
a reasonable choice for the EV's with the possible exception of the heaviest
vehicles. We have thus investigated the effect that larger (FR70-14) tires
would have cn handling performance. It is well hnown thet larger (14 inch)
tires would offer the advantage of improved boulevard ride characteristics
and these tires also have higher cornering stifrness than the 13 inch tires

considered previously.

Adjustment of suspension compliances is .n important aspect of
achieving acceptabl.. handling qualities of an automobile in the design stage,
and is widely practiced by manufacturers. It is again pointed out that
compliance properties known for the base car were naintained constant for

all of the EV derivatives. These compliances describe, in a quantitative
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marner, the amount of flexibility existing in a given suspension system.

Refer back to Section 2.3 for more details concerning compliance effects.

For the illustrative purposes of this study, we have selected three

bounding conditions related to compliance adjustment:

° Zero front compliance and 'standard'" rear compliance
° "Standard" front compliance and zero rear compliance
) No front or rear compliance

During the remainder of this section, the "standard" suspension compliances
denote those for the selected base car (Chevette) and the 'standard" tires

are BR78-13 radials.

Two electric vehicle configurations were chosen for this investigaticn,
one a front-heavy design and the other a rear-heavy, both with moderately

high yaw moments of inertia. These are (refer back to Table 2):

° Conv. Drive, S0/50 Batteries, 10" Outboard
Front/rear weight distribution = 55/45
"
Yaw moment of inertia = 19,140 lb-in-sec”

o AiResearch Drive, 2/3-1/3 Battery Split Over Axles

(=)}

Front/rear weight distribution = 44/5

Yaw moment of inertia = 20,906 lb-in-secZ

Base car properties were varied in the same manner as the EV's Jor comparative

purposes.

Because of the 1 mited scope of this evaluation, only the steady-state
properties (linear range) and trape:zoidal steer properties (rormaiized steer

angle = 8°) were obtained. Simulations results are discussed in the following.
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Steady-State Steeuring Characteristics

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.

UNDERSTEER GRADIENT {deg/g)
Standard* 14" Tires No Frt. Comp. No Rear Comp. No Comp.

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 EV 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 EV, but not to the extent of producing undesirable
characteristics (these reductions may actually represent slight improvements).
On the other hand, removing either the front compliances or all compliances
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, but not to an excessive

ragnitude.

Sideslip sensitivity (38/3ay), an undesirable phenomenon if excessive,

is dramatically reduced by the use of 14'" tires as shown below:

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

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-heavy EV 8.2 3.9 11.0 6.2 7.7

~4

®*
Values for "standard" vehicle configurations taken from Table
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Note also that reducing the rear suspension compliances (or all compliances)
can have a beneficial effect on sideslip sensitivity. But, eliminating front
compliances 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 Time 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 EV. The most interesting
finding is that reduction in front suspension compliances can have a very
deliterious effect on the response time. For instance, as indicated in the
table that follows, the time constant is increased from 0.34 sec. to 1.42 sec.

for the rear-heavy EV.*

YAW VELOCITY TIME CONSTANT (SEC)

Standard 14" Tires No Frt. Comp. No Rear Comp. No Comp.

Base Car 0.23 .23 €.30 0.21 0.28
Front-heavy EV 0.25 0.25 0.42 0.24 0.34
Rear-heavy EV 0.34 0.2 1.42 0.28 0.67

Response time reductions are apparently achievable by compliance adiustment
only for the condition where the rear compliances are reduced with the front

compliances kept the same (or perhaps increased).

Lateral acceleration Time Constant (Ta) is affected by these changes

in the same general trends:

*

Highly excessive response t:me constants are characteristic of an oversteering
car, which the rear-heavy configuration was previously shown to become with
the front compliances removed.

130



LATERAL ACCELERATION TIME CONSTANT (SEC)
Standard 14" Tires No Frt. Comp. No Rear Comp. No Comp.

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. Reducing rear compliances has a somewhat less dramatic
effect, but nontheless, is beneficial. As with the yaw velocity t.me constant,
reducing front compliances has a negative influence, as does reduction of all

compliances.

In summary, linear response behavior can benefit By increasing tire
size (increased cornering stiffness) and/or reducing the compliance (flexibility)
of the rear suspension. A compliant front suspension appears to enhance linear
performance, since this provides desirable understeer behavior and shorter response

times.
Trapezoidal Steer Mareuver lo = §°)

As previously discussed in Sections 2.5 and 2.8, the numerics of
pavticular concern for this maneuver are the peak sideslip angle, yaw velocity
(rate) response time and laterzl acceleration response time. Changes in these
response variables resuiting from the tire and compliance 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 ANGLE (DEG)
Standard 14" Tires No Frt. Comp. No Rear Comp. No Comp.

Base Car 4.9 3.3 10.0 4.2 8.4
Front-heavy EV 5.2 3.5 11.0 4.2 .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. Reduction of rear compliance (without changing front
compliance) also appears to have a positive influence. But, reducing front
compliances (or all compliances) can severely degrade performance. Particularly
note the extremely high sideslip angle associated with the rear-heavy EV when

front compliances are eliminated.

Yaw velocity and lateral acceleration response times are given in the

following table (lateral acceleration time constants in parentheses);

YAW VELOCITY RESPONSE TIMES (sec)
[LATERAL ACCELERATION RESPONSE TIMES (sec)]
Standard 14" Tires No Frt. Comp. No Rear Comp. No Comp.

Base Car 0.20 0.19 0.15 0.20 0.16
(0.45) (0.37) {0.50) (0.44> (0.40)
Front-heavy EV 0.23 0.21 0.19 0.22 0..9
{0.52) (0.30) (0.63) (0.48) (G.16)
Rear-heavy EV  0.27 0.24 0.35 0.22 0.32
(0.93) (0.75) (0.82) (0.60G) (0.82)

Response time reductions are realized by increasing tire size. Decreasing
rear compliance also gives beneficial reductions, but similar reductions in
front compliance do not consistently provide reduced response times. The

rear-heavy EV is seen to be most sensitive to the tire and compliance variations.

Results of the trapezoidal steer simulations are consistent with
behavier in the linear range with respect to sideslip response and time constarts.
It is clear that increasing tire cornering stiffness (for instance by gcing
to a high cornering stiffness 14" tire) has distinct advantages. Likewise,
by prudent design of suspension compliances, i.e., minimizing rear suspension
flexibility and properly selecting front suspension compliances, handling
qualities can perhaps be improved. Thus, it may be possible to counteract
some of the undesirable effects of high mass and yaw moment of inertia by

tire and/or suspension modifications.
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It is noted that using differential tire pressures (different
pressures in the front and rear tires) can affect handling response since
this, in effect, provides different cornering stiffnesses between the front
and rear. Using different sizes or types of tires front and rear can also
affect handling. However, handling "fixes" of this nature are believed teo
be poor practice. Proper handling qualities should be designed into the

vehicle so that dependence on proper maintenance by the consumer is minimized.

This study is by no means a thorough treatment of the subject of
effective suspension design, etc. There are many other vehicle parameters
that can conceivably be investigated with respect to achieving handling
performance improvements of electric vehicles (or any vehicle). Since a
thorough study was beyond the scope of the present effort, our intent was
only to point out the importance of addressing handling performance during
the design stage of a vehicle. In addition, since many electric vehicle
prototypes or production EV's are conversions of ICE cars, it is important
to consider ramifications of maintaining original equipment suspension
components and/or tires. Proper modification of these components can provide

important handling improvements.
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3. CONCLUSIONS

Main conclusions of the electric vehicle dynamics study are
summarized here. It is recalled that the study focused on handling performance
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. Nevertl:uless,
we believe that generalization to larger or smaller cars is reasonable on a

gqualitative basis.
A Front-Heavy Weight Distribution L8 Advantageous

A most significant finding resvlting from this study concerns the
importance of maintaining a front heavy weight distributicn on electric
vehicles--whether they be conversions of conventional vehicles or totallv new
designs. We have examined EV configurations ranging from a 55/45 front/rear
weight distribution to a 44/56 front/rear split ard have characterized front
heavy vehicles, balanced vehicles and rear heavy vehicles as having 55/45,

50/50, and 45/55 front/rear distributions, respectively.

Results presented in the previous sections consistently indicate that
vehicles with a front-heavy weight distribution can tolerate a wide latitude
of mass and yaw moment of inertia increases without severely compromising
handling qualities. Rear-heavy configurations (and balanced configurations
to a lesser extent), are much more susceptible to undesirable degradations in
response metrics 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. These trends were uniformly evident
for the linear range of performance as well as for the maneuvers simulated
in the non-linear performance regime, i.e., trapezoidal steer inputs (severe

cornering conditions) and sinusoidal steer inputs (quick lane change behavior).

It should be pcinted out that front-heavy vehicles exhibited a

trend that could be somewhat troublesore for extreme forward weight biases, i.e.,
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lower yaw velocity and lateral acceleration response gains than were seen with
the balanced or rear heavy vehicles. High steering torque requirements can
also result from these configurations. But, these potential problems are

more easily corrected (by steering system design or modificatior) than are

the more fundamental lateral response problems associated with rear-heavy

vehicles.

I* is universally agreed that all passenger cars to be used by the
general puhlic should be '"understeering'". That is, steer angles must be
increased to maintain a given radius of curvature as forward speed is increased.
A basic attribute of a front-heavy car is that it will be intrinsically
understeer. Rear-heavy vehicles can bte made to understeer (even though thev
will possess intrinsic oversteering tendencies) by appropriate suspension
design to piovide counteracting compliance-steer and roll-steer properties,
or by practices such as employing different 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 tec 'inderstecr, it will still
be prone to excessive time constants and response lags when relatively hich

yaw moments of inertia are present.

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

weight bias under all intended load conditions.
Moment og Inentia Limitations

This study has considered battery weight additions to a subcompact
base car ranging between 1080 lbs. (18 sixty pound batteries) and 1840 1bs.
(20 ninety-two pound batteries). Various packaging layouts of these batteries
together with associated electric powertrain concepts resulted in sprung mass
yaw inertias between about 15,000 and 25,000 lb-in-secz. The base car has a
yaw moment of inertia of approximately 11,000 lb-in-secz. These magnitudes

are for a two passenger loading conditior,
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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 course, some degradation
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 AMC Pacer has a wheelbase of approximately 1C€0",
weighs 3370 1lbs., and has a yaw mement of inertia of about 22,400 1b-in-sec2
(see Appendix A). Of course, as is the case for all recent model U.S. production
cars, the AMC Pacer is front-heavy.

Conversely, the rear-heavv configurations possess fundamentally
different handling qualities as yaw inertia is increased. The general tendency
is for handling performance to severely degrade as yaw moment of inertia is
increased beyond a magnitude on the order of 18,000 to 20,000 lb-in-secz.
Although we cannot emphatically state that this is an absolute limit of
acceptability, it is abundantly clear that 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.

Propern Attenticn Musz be Given ty Tire Selection and
Suspension System Design

Particularly when converting a conventional car to electric power,
an analysis of proper tire selection may be ignored. The increase in weight
associated with battery addition can obviously result in loadings beyond the
OEM tire rated capacity. Proper load range tires must therefore be chosen
for all electric vehicles. In addition, emphasis on selecting tires with
proper cornering stiffness is equally important. Results discussed in
Section 2.9 indicate that proper choice of tires can substantially improve
handling qualities.
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Another important aspect of EV design that is commonly overlooked
relates to suspension characteristics. Adjustment of spring rates consistent
with suspension loadings is obviously necessary, and generally practiced because
the need is so evident. However, proper design of other (not obvious) suspension
characteristics can be of great benefit to EV handling performance. For
instance, this study has shown that suspension compiiances (flexibility}--which
are necessary for vibration and noise isclation--can have a critical (and
sometimes dominant) effect on steering behavior, e.g., the understeering
properties. Attention to overall suspension design can thus be very beneficial
and, if properly implemented, can tend to counteract undesiraple effects of

relatively high mass and inertia.

Braking Susiems Must be Desdgred Consistent with
Weight Distribuition

As illustrated in this study, the most important aspect of achieving
reasonable braking performance is proper proportioning of braking toraues
between the front and rear wheels. Because of static front/rear weight
distribution and forward weight transfer during braking, the torque must be
applied so as to avoid undesirable behavior such as rear wheel lock-up tefore
the front wneels lock, thereby causing vaw instability resulting from the

loss of rear tire cornering power.

If braking systems are not properly designed (or mcdified) fir a
given EV configuration, which we believe is often the case when the conventional
passengcr car is converted to electric operation, performance problems can
result which have severe safety impiications. This is particularly true :f
the base vehiclie weight distribution is substantially altered by the

electric conversion, which is normally the case.
A Methodology %o Support EV Handlirg Design Exists

Perhaps the most important result of this study is the demonstration

that an analytical methodology presently exists which can be applied to the
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design and development of electric vehicles having satisfactory handling
qualities. Such a methodology can help avoid handling problems when an EV
is designed from the ground up, or can indicate potential problems which

may result from retrofitting an existing vehicle. If properly employed,
handling performance analysis can also provide guidelines for EV design
wnich can potentially offer handling improvements without unreasonable
compromise of other design constraints. The prime example resulting from
this study relates to front/rear weight distribution; it has been shown that
psckaging adjustments, which change a vehicle from a rear-heavy (or balanced)
weight split to a moderately front-heavy configuration can offer distinct
handling advantages.

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. Nevertheless, a strong technical

foundation exists which can be of benefit to electric vehicle dynamics technoiogy
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4. RECOMMENDATIONS

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

Exaeuimental Program

We recommend that a testing program 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 ic generating handliny data for validation, a limited
program would suffice utilizing a Chevette as the test vehicle; pro.ision
for altering weight distribution and noments of inertia would be required

(controlled ballasting), as well as changing suspension spring rates.

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 prototype vehicles
could be included in the sample) along with a suitable conventional car for
comparison. The goal should be to establish ranges of handling response
numerics (steady-state steering properties, time constants, limit maneuver
response measures, etc) consistent with the intended mission of the electric
vehicle. To our knowledge, no such project has ever been conducted, except

for passenger cars whr - igh speed performance has been stressead.
Vehicle Parameter Measurement Facility

In order to make maximum use of analytical methods for future

research and investigating (predicting) handling performance of prototype
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electric vehicles, a source for obtaining the necessary physical properties
is required. Many of these properties can be measured with the Mobile
pParametric Measuring Device (MPMD) under development by NHTSA. However,

we know of no present plans to include suspension compliance measurement
capability in this facility and no such capability currently exists outside
of the automobile industry. In view of the importance of compliance effects,
the treatment of these parameters in computer simui=tions is essential. As
shown in S-::tion 2.9, ignoring these effects can givc a totally distorted

evaluaticn (prediction) of handling performance.
Additional Basic Analytical Resaarch

The present project represents the first investigation of electric
vehicle handling performance using avzilable analytical methods. It was
necessarily limited in scope and therefcre treated the subject in a relatively
elementary manner. For instance, the project was concerned only with vehicles
of a given size class (no wheelbase variation). Parameter variations were
essentially limited to weight distribution, mcments of inertia, tire character-
istics, and suspension compliances. There are numerous other physical properties
which affect handling qualities such as c.g. height, roll stiffness, suspension
geometries, brake torque proportioning, shock absorber characteristics, and
the like. Consequently, we recormmend that an extended analytical investigation
of EV handling be undertaken. We feel that this would be appropriate in

parallel with an experimental -~rogram as recommended above.
Dissemination of Desd. v Guidelines and Technical Assisiance

Electric vehicle desiy.ers and manufacturers are in need of ,guide-
lines for properly incospecrating handling qualities into their vehicles. This
is particularly true for the small business manufacturer or entrepreneur. As
this study suggests, fundamental information regarding desirable weight
distribution and tire selection would perhaps help avoid many of the problems

associated with vehicles lLaving relatively high mass and moments of inertia.
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It is not recessary or reascnable to provide detailed technical
reports (such as this) to these individuals and companies. A brief digest,
written in easily understood language without excessive technical content,
would piobably be the most effective approach for encouraging implementation
of handling-related design concepts. Assistance in other areas could be
offered by this approach as well, e.g., battery packaging, powerplant layout,

crash safety, etc.

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 evaluation. In addition, sources of
assistance (either Governmental or commercial) should be made known to
individuals and companies so that, if sufficient in-house capatility is not
available, outside consultation can be obtained in an expeditious manner. As
in medicine, prevention or early diagnosis and treatment of a vehicle drmamics

(or other) problem can be vitally importan:.
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Moments of inertia and related physical parameters were measured
(under a purchase order arrangement) by Dynamic Science, Inc., Phoenix,

Arizona, for the following vehicles:

° 1979 Chevrolet Chevette, 2-dcor model
] 1978 AMC Pacer wazen

*
™ EVA Pacer Electric Car

Measurements were made using the Mobile Parametric Measurement
Device (MPMD) develeped under contract to the National Highway Traffic
Safety Administration by Dynanic Science. ~Figure A-1 shows the EVA Pacer
mounted on the measurement device. The cdevice contains a platform supported
by a hydraulically-lubricated, hemisnherical bearing which allows nearly
frictionless rotaticnal motion about thres= orthogonal axes. The vehicle being
measured is fixed to the platform and its suspension systems arg constrained
at static ride height by replacing the shock absorbers with rigid links.
Calibrated reaction springs are then attached to the platform at known
locations and small amplitude oscillations are induced about the desired
axes of rotation. Measurement of the period of oscillation permits accurate
calculation of the overalli moments of inertia. The known moments of irertia

of the supporting platforn are then subtracted from the total inertias.

Once the moments of inertia are known for the total vehicle abcut
specific axes of rotation, moments of inertia abouz the center of gravity
of the vehicle can be calculated using appropriate transtformation relationships
This procedure has been validated by Dynamic Science and found to be accurilz

to within 25.

- hy . 3 . J I3
Produced by Electric Vehicle Associates, Inc., Cleveland, Chio. A
¢ ription of this vehicle is contained in Refercnce 12.
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Table A-1 contains results of the moment of inertia measurements
for the three vehicles. Using these properties for the total vehicle,
inertial properties for the sprung mass can be analytically obtained by
assuning reasonable values for the unsprung masses and performing the
necessary computations for subtracting the unsprung mass inertias and
translating the center of gravity. Final parameters for the sprung masses

are given in Table A-2.
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Table A-1
PARAMETER MEASUREMENTS FOR TOTAL VEHICLES

Parameter Chevette AMC Pacer PacerEg?ectric
Wy (1bs) 2196 (57/43)" 3369 (55/45) 4488 (48/52)
ar (in) 41.1 45.33 51.75

by (in) 53.4 55.06 48.44

: (in) 94.5 100.44 100.19

Yegr (i) 19.94 23.28 22.62

L p (b-in-sec?) 3462 5296 5758

Ly (1b-in-sec?) 13,421 22,696 34,337

I (b-in-sec?) 13,817 26,210 37,914

]
Front/rear weight distribution at the ground
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Table A-2
CALCULATED PARAMETERS FOR SPRUNG MASS

Parameter Chevette* AMC Pacer** PacerEgﬁectric**
W, (1bs) 1848 (60/40)" 2859 (58/42) 3980 (50/50)

a, (in) 37.89 42.38 50.43

b (in) 56.61 58.05 - 49.76

fegs (i) 21.63 25.24 23.9

I (1b-in-sec?) 2975 5122 5681

g (brin-sec?) 11,124 18,942 29,261

I (1b-in-sec?) 11,206 22,408 34,630

I (1b-in-sec®) 433 75 2468

XZS

Calculations performed by MGA Research

* %
Calculations performed by Dynamic Science

x%

*
Front/rear distribution of axle loading by sprung mass
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APPENDIX B

SYNOPSIS OF CCMPUTER MODEL
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HIGHWAY/VEHICLE INTERACTION SIMULATION

Highway Vehicle Object Simulation Model (HVOSM) 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. Two separate program versions are
available, with each version having a specialized capability. The HVOSM-RD2
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 railroad grade crossings, median earth
berms and cut/fill slopes. The second program version, the HVOSM-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 situationms.

The analytical representation of the vehicle (Figure 1) is an assembly
of three, four, or five rigid bodies (devending on suspension 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. Since the sprung
mass (Ms in the figure) is assumed to behave as a rigid body, six degrees of
freedom (Xé, Yé, Zé, P, 8, y) are required for its specification. If the
independent front suspension is in use, the two front wheels (Ml’ MZ) are
assumed to move vertically with respect to the vehicle body and thus require
one degree of freedom each (61, 62). For a solid front axle (Ml), a vertical
degree of freedom (51) and a rotational degree of freedom (DF) are requirad
to describe its position and orientation. Similarly, for an independent rear
suspension the wheels (MS, M4) have a degree of freedom each (63,64) and the
solid rear axle (M3) has a vertical (63) and rotational (ﬂR) degree of freedonm.
The steer angle of the front wheels (wf) is an optional degree of freedom

which may be specified.

The Vehicle Dynamics Version includes rotational degrees of freedom
for the four wheels. Thus, the effects on tire forces of rotational degrees of

freedom are assumed to be isolated from the coupled differential equaticns cof the

B-2
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Figure 1  ANALYTICAL REPRESENTATION OF VEHICLES
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sprung and unsprung masses but inert‘al coupling between the pair of drive

wheels is included.

A description of features of the mathematical model appropriate for

simulation of vehicle stability and performance follows.

Inertial Properties

Plane OXZ in Figure 1 is assumed to be a plane of mirror symmetry for
the sprung mass.

The centers of gravity of independently suspended unsprung masses are
assumed to coincide with the wheel centers. The wheels are treated as point
masses, i.e., the fractional contribution of the suspension parts is approximated

by a simple addition to the wheel mass.

The centers of gravity of solid axle unsprung masses are assumed to
coincide with the geometric center of the axle. 1In the treatment of inertial
coupling between the sprung mass and solid axle unsprung masses the axle is
approximated by a thin rod.

Suspension Properties

Camber angles and half track change of independently suspended wheels
relative to the vehicle are determined by interpolation of a tabular input of
camber angle and track change as a function of suspension deflection. Camber

angles are further modified to reflect suspension compliances.

Steer angles of the front wheels include a number of effects that are
common in actual automobiles. A reference steer angle 1s determined at any point
in time from either the steer equation of motxon or a tabuiar 1nterpolat10n
procedure. This reference steer angle is deflned as the average front wheel
steer angle that would exist given a perfectlv rigid steering system and no
vehicle roll. This steer angle is then modified to include effects of Ackerman

steering geometry, ride-steer, camber-steer znd suspension compliances.
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Rear axle roll steer is treated as a linear function of the angular
degree of freedom of the rear ~xle, ﬂR \see Figure 1). Inertial effects are
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 conter height) may be included as a function of suspensiorn

ride position and tire lateral force.

The simulated suspensions bumper properties include progressively-
s+iffening load-deflection rates and an adjustable amount of energy dicsipation.
Provision has also been incorporated for unsymmetrical placement of the jounce
(compression) and rebound (extension) tumpers with respect to the design positions

of the wheels. The combined spring and bumper forces are calculatei in the manner

Fa
-4——_0_c —te £*1
—

SUSPENSION DEFLECTION

de::cted in Figure 2.

¢

Figure 2  GENERAL FORM OF SIMULATED SUSPENSION BUMPER CHARACTERISTICS
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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 absoruzr

-a transformed to be effuctive at the wheel.

Damping f
Force

s ,i:'t\i:?i;.;b §’Aﬁk ﬁ

o R G

Wheel Ride
Velocity
P

JO'INCE REBOUMD

Figure 3  ASSUMED FORM OF DAMPING

Provision is rade for the entry of auxiliary roll stiffness at both
‘he front and the rear suspensions (i.e., roll stiffness in excess of that
corresponding to the front suspension rates in ride and to the rear spring
~.tes and spacing). While the anti-rcll torsion bar which is frequently
‘ncluded in the independent front suspensions of conventional automobile designs
constitutes an obvious form of auxiliary roll stiffness, it should be noted that
*orsional effects in the leaf springs of a conventional Hotchkiss rear svcnension
.50 produce a significant amount of auxiliary roll stiffness, as do 1~c. . singly

-ehaen rear anti-roll torsion bars.
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Tire Forces

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

have difrerent characteristics.

As a starting point in the tire force calculations, the radial
loading of each tire, FRi, is first calculated from the posi*ion and orientation
of the individual wheel in relation to the local terrain. At each point in time,
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 point" is accomplished by passing a plane
through the wheel center perpendicuiar to both the wheel and the local ground
planes at the individual wheels. The point that lies in this plane, the wheel
plane, and the ground plane is des’ated the "ground contact point'". The
distances between the individual wheel centers and the corresponding ''ground
contact points" are then calculated to determine the existence and the extent
of radial tire deflections. A "hardening” spring charzcteristic is applied to

generate corresponding radial loading for the individual tires.

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'Ri, rather
than the radial tire load, FR;- Therefore it is necessary to find the value of
F'Ri corresponding to the radial load, FRi’ and the side force, Fs. The componen:s
of the external applied forces, F'Ri and Fsi’ along the line of action of the
radial tire force, FR;» are depicted in Figure 4. These force components must

be in equilibrium with FRi’ such that

. . o e
F R. cos ¢CG + FS. sin ECG FR .

i 1 i i i
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Solution for Fé
i

yields

Fﬁi = FRi sec 9CGi - Fsi tan ﬂCGi'

Since FR. is required for the determination of Fs.’ an initial approximation

of Fs. i; obtained by extrapolation from the prev;ous time increment within

the p;ogram. Following the calculation of Fs. in the current time increment,

an iterative procedure is employed to ccrrectlboth FRi and Fs.'
i

= CAMBER ANGLE
3 RELATIVE TO
TERRAIN {SHOWN
NEGATIVE)

pC G

< = SIDE FORCE
PRODUCED BY
COMBINATION OF
SLIP ANGLE AND
CAMBER ANGLE

PLAN™ OF

TIRE-TERRAIN ‘ =1,234
CONTACT -
PATCH &/

Figure 4 VECTOR SUMMATION OF FORCES WITH COMPONENTS ALONG THE LINE
OF ACTION OF THE RADIAL TIRE FORCE (VIEWED FROM REAR)

The side force calculations are based on the small angle (slip and
camber) properties of the tires which are saturated .at large angles. Variations
in the small-angle cornering and camber stiffne .s produced by changes in tire
loading are approximated by parabolic curves fitted to experimental data. The

! .
small-angle cornering stiffness is assumed to vary with load as:
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s0 0 1 R, - (F'R.)

and the camber stiffness is assumed to vary as:

A
C = AF' - '3 2
c0 3 Ri KA’ (F ' Ri)

To permit the use of the nondimensional 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 same 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

S, I
(] Az aa‘

e | B

,
where f% is the "equivalent" slip angle for camber effects. Application of
this equation to the nondimensional side force relationship (see Figure 5)

yields

f(é')-({—‘)— - -4 |Al+ & 52

s -
Silmay

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

and

B-9
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The tire model emplo)ed makes use of either the "friction circle”
or the "friction ellipse" concept in establishing the relationship between
side and circumferential forces. This choice allows the user to employ the
nost cost-effective tire representation consistent with the degree-of-detail

required for any given application.

NONDIMENSIONAL
SIDE FORCE, 1

1.0 T £(5)

|
= 1V == ' = - |
F-5Algl~557° frlAl <>

1 for 35| o5+

CORNERING STIFFNESS FOR
SMALL SLIP ANGLES

7L

e b 2
N v —

2 a 1 2
SLIP ANGLE VARIAB

»n &

AY

.o.s -

a0l

/

[=————— BOUNDS FOR CUBIC FORMQF {5 ) —

— e e S G G e D > == (’dqb
—— e ate wi —— — — — .

Figure 5  NONDIMENSIONAL TIRE SIDE-FORCE CURVE
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APPENDIX C

BASE VEHICLE PHYSICAL PROPERTIES
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BASE VEHICLE SUSPENSION GEOMETRIC AND COMPLIANCE PROPERTIES (HVOSM INPUT)
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APPENDIX D

SAMPLE RESULTS OF TRAPEZOIDAL STEER
COMPUTER SIMULATIONS
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APPENDIX E

SAMPLE RESULTS OF SINUSOIDAL STEER
COMPUTER SIMULATIONS
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APPENDIX F

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



1 _,(;in.‘ PN AP wihe | ..l,n,.rw.._r CY s Y- .
, : ” u2¥h

9950-297

.as

oar

Mg %dL - |118

_esi: -

| e e e
|

E7N=E/G RN

b
®
h 4
L
o e
. .m?‘ -.

=934 |- 3TIONV ,mv'fx- S

o r

sel| Xy [UoAQ)1130g £/2-E/1 9
0 Y91 7198 0S/9S PALA

2 -

8| Xy JRAQ: |"1Pg 9S/0S PA!

._.,_____7_-
...L....
PR, ..°~..
.. Ui .
Qi -
-hed
J.

@S

1
{

e b L e

[ ] VRN TRRTYN T




3950-2177

L

e

ANT

-t —

-T

h

A Bh

N

A \\Nw foo
! AT‘I\ » 1 m .
| | x\\\ B Sk 4
_ 3 \\ 3007 %§L: - |LI8] S
. — T T T —p—
e . S _ . z
o . e i - m?
DS EREDIDE I UTTTIm
A N N I O RS TR R TR © M
044 UBUT Y81 [ AADS} JuOI |7 L e
N e i o s . Do S N v
N T || vetaeIpBiguoy T SO0 |t i M.
| 9§ m@.L%««om__oﬁcsh SATIG Y O S e
. . . PR - . . f C e EER .o R B
m < . . |seyge33pg | puUuUni soﬁmk A9 1O ] S
w £8 Co-1L 1oPoY | ofa1ypA ssg il il T
f oo &1 AU I T PR . R AR IRRRA REE N it
i . . T L RRE R o v o 'OC—
i , . . . N ol ._ Dy L .
| 15 . RN RERS SR EERRRER R I
b— . ST ; AN RS SR E DRSS bum
. _ ol HRHBIH
w N L S TR
— * - ©
[\
OBt gl b 0§ 3§ s e L RN ALER T &




0950-297

338 4 L

A01 %S -

119 |1

.......

e e

£72[ o7y

e B p—

\"2

2 RREN K ieg €/2-€/) ‘op14Qi39 | H

- ngoeawa%.ucks—w 09| 0S/9S \H>_Lagj>1ouw o
_ 1o

i .

| Se | Xy Js AQ__] wm4-®mx®m....xm>.‘_a. .\_f_.oo NI

| ! 5 Sferupa oreg ||

P ! T - T N PR .

: _ " i m

‘ _y,“ ....... i ] .*“. o _
— - .4

PR P | et gind of B Y08




27

-
.
~

3950 -

]

|

71

———— —— ———— et m gy

MO0 %S

- |L18

11?8

|

TSNV

3

4o

.
; o
| B
SEYERRE | vel3oundijhioy. i swoy || ]
RO EEEEE DN AR 881353304, 1SUUNL| PSATIA @V O [l ]
N R I mOmLOuu-mLuGcco .~o>_LQmeHMOL mm; I B
_ 0 I B I D N o 3 R e
0 NN THHIBEI B R
m Z._ " ' @% me‘ wi. o _MT ¥ M . o
10 1100 ¥ DU BN 11011 4 ..... vt avee e 8

T ryrecMlar -




/

9950-¢%

35 4 AWIL

.

¢ has- -8

it
]

s~
|

. .| se

| SO KXY JRPAQ

"3rg
| XY _MOAQ| 3P

| paopayn

SO} pyf— 0)@.!1#& g

D Y10l

/1872
_e/@-£/)
"yog 9> Tm ®

05795 P

_U_LO\) asc 3

L=

.\0>_LQ

J/v.
‘elnt o 39 ]
Iu coou

.Laiit;va

o

PR

L

|

. — - t——————— wm—

e e

swv‘

B

"53q-

dL3S H3IA

S DS B i
EESE FERTY FRREH FUREY DU
. , n D T N PR P
* o AR el SR NS SEEREN EENEY BN
P e . i [ . . P | o . b 2.
- . - . . cor .” 'lﬂe.
S MO0 %S~ |LIS HiHE ! ik
w R R AR B O SR R R R IR R e A
P T _ o
' TN IR
; e SRR o
S SR RN s |

[ACOR TR TR NI o ]




938 o IMIL

$950-297

PR . - . . e e .. . . e
- . PPN Coe . ey . .
PR v P P ] e . .
. P . . PR P Ve ey [P e
.o e e foe e A .o . . ' .
. e . f coe et S . c P '
. . . P . . PO e e .

// SEEL SRS “vzi_@.ﬂ.ﬂbw_-:ES{%_&,

K- S1EK
S | vo)1oan6 i sli0g rT suoy |14 |
/ N mo_uf.aom;__aﬁca._. ‘oAl 4G Ri/Y | O
N S . WO_,LG.._w q _ CCJF sO_)_‘u.Q_ NQ “Q.. L
NG ] cgean] olpod)  efioiden eseg | i1
e “ Pt

| |
M- ..J.\,F_ﬁ
| N RO :m
! L SERE BERE ‘
i i P
| 0 | HAnG .
_ ‘_ . A B _.mwmw
- | S J}h mlw*w v‘.glllll
_ . . J P P I by .
._ . v“.OO._ xm.D mi,.m .Hm“ S “_: M:”
| 0 B i RSN el
i RS BN S DEROE EE RS RRRS
! ' | __"" .._"m_m.:.

' ' 0 Vel iy

19 19S5 a0 i M0 S NS NS . ) ver diew

1 1I9305ONY| dITS H3A




L) -

um.g-uzﬁh | :»m -. | ,. m

9950-297

......

LRI

AV
”wo_x< gﬁ»d”aﬁomHWNNAm\—“\o>“anuwu“¢¢“

- %wm, il se ik upag lasal ssifesg cedraa i | W
LA

|7 9ES/q30ALVE Avh

S R B B N A T

o — e - ——— ey b s —— + =< e g
v

. ! ]
e Se i BT o)
cosegi (i, A D
_._g..,...“‘.... ..q“
[} ‘ ' I ] L .

..................

.........................

[
S——
-4
- ]
S
)

(R} LIR TN Y IR B N I



5950-297

. - yly
Yo A r1
‘m.......
vy ) . . i
N T N -
N I ©
NI IR )
A e .
g . ..V .
RS R B .
[ EET R R » .
i PR .
— L) .
~ -—]
/ .

o

30-3LYd MYA

)

R W WL 097 TSh W (A N WIS V.\o - RS R o T8 Y JOL UL v AN ISR BN RSN

Colil ] velqounB gpog o sboy | 0|
B .m@.w.j‘.ﬁdﬁ,_i_..aﬁcqh RIS SN 74 AN B = S FERRY IR i |
. N .ob . e .

R [DERR S SN mog;OQanm._ﬁcc31 .....

8
J938/9

S

........

- eg |

.......

. [ . : . ;
L L I o . e g G [N e [ { s
- 4

R N B i A e e e

g2t -
&

10 t180 30 HINE_dben ju) OF § T 8 (L0 P N L ' . e . R RTIIENG  |

t ol



Q38 A ATt

9950-297

W0 %9L - (LTg

St

7]

2‘237 |

+

el-.

—_— . -

o

P
ELVE'WWOﬁ_::f. 3

-

4

:ngﬁ

R
.56;*::
31:?

PR

338/

1SS IS

émr?,.f@._é LSO

| selxv. peag aed e/e-gA1 Tq81QI39 k|
PaRpATN0 o1 TOg BS/pS T 9eT O [
1] seIpy . uea0 1319 ‘BS/es  JeAl{a [quod i

e g ekl LA

o] 9191Yep gsog

L | DO TIRT I JIA N

i R

aRTRTERENIE S Y St LTS (T UPII S SO,

LR ST B TR TE A

e I Il SRR

e



9950-29

o se)

F BT RSy

238 - L :
> - o
T T o
o13JouUT YB(Y ‘AApely qupJdy |7 5
| Uo{q0unBysp0n T sboy |+ W
&8 340G | SYUNH - B A I G Y— -} —
uou; g 1quunl: ‘on14ql 39| O 5

SITY T5{poy  S|SIIPA o558

. [ 7o '
. ' | | P '
. P i
l . N
' ' ! 4

! .

ECE: I

- 10 g sy WaN 0t ML LSS HTLH .» . e deewa 1 T

L '-

P

c am— e . -

iiq?S/SBG-Flvj 11?3.

- e - re e

B el TR,
- e cmaen . e - e -

S

b — -

gs



9950-¢y/

5 : PR |

TSRS

; |
U . - —] . R
g > £ B8 JERN FRRRA S D
. N . 1 ' L ‘x_
| m Tl e
: I I NI D [\
. C ; boeofgeo ) .
: S PR I N S
. . . . I . . . . o -, .
w Moo %St - |LIg: SR Sl
e B Lo M ey
L oo jm.
N , TR E
- K¢ 0
. .Gﬁm..:
. Ve SR L ¢ A
i) e
o atme
Lol ym
R s
S o
SRR Y i
- EOXV eAQ 1398 £fi-Ef2 PN AN V| m
SNE R EN R ek I S 5T T4 70 ALl AU SRR IEREY EENEY EENUY E R
| - pIDoqIng TMIQY 198 98/0S | TeAl¥a fAavep gy
! o se)xy . MeAD t1ag. /0S| ToA Co”._scou:ow”: s S
| , . SR AR I Peed .__ da e =
_— | 0 RN BNRE REREE Y -1 IVL-FY K-Y-T.1° ERSN ERSEE EREEY BENS
| ol REEY ERREY R PRt FERSY VNS KRR R
_ . 1 [ muh “ . .»ﬁm. .h _
SO IR, W . DU BSEIN (U SN SIS SEDY AT NS Ry
. &
(191} IR UIN ST ORI T A N I Y



e —————— T

—y‘l"lll et e b ———— . e e~ — . - - -——

d3s { L R HI .

-
LS

- -
. e I | .
] +
. . . [ 1
P oy ' ¢
. PRI - ]
'

3950-297

”.
B ;e
L !

- T

¥ R

' . (I [

& .
. T

NI [T IR I IR B S

__/._‘ 2 RREEE RERRS REREE B D1iJOUT YB{: “haoely quddy |-

. . . ' ' ‘ '

AV

53/ S DRRES ERNSY EERS )| vep1pansy gliog [T sluoy | 4
g T 3eg —telun i —onud- v O

Y

:/;%.

Nl L] [ssiberaba rpuinp ey agizg

) D e R gt T Lo T IR o

RO E
|
T o ..
~—_ IR BN R
S RRE B SR ; WT“
. . .ﬂ . PR T .
| I . ' L; ' - m
. 1] ..J.. -
P IR B A Ay
N IR I 1
B e T > -
: - “ A EREEREER N
. . ¢ h_._ c .s..
. ! , e T 3
. R __m RESH EURH PRERE FUR Y e 19
. . . S B I 1 L
1T ™ _ M SRS R 251 T —
I AN R DRI B DR "R B .
. . N , _H s.bnd HEEE
. - . . . [ P RN .lm.l_ CL
v 'y . B V—UOI—\QMN1~I_I_ -—le .. .DJ._“ ~_. .
.‘. . ....u v . . ' | m~ . . ..n..&*w“u N..
e . . H ... y e [N } —... i C . ...“.w<._ w.
; RREE R . R IR R T ME
_ : __M.m & “ ~“; B SEEEH IERRR N
k ! ! e A ; RIARRN A efit

a (LT sua_&. 0 a& .-;ew _ - Lo . LR . |




AN B e b G B B A | I R S R B b I NI G I un, . T

> _ 2 Lo
. L m

' H [

.. N

4 [ ’ i

. ]

9950-247

SR FRERE b To)i it AR i - I O IS PR IO

}
-V

F-14

e
pon :Gn“ulllll“.!m m
L o @
- . _ P
“ [N « . A3..
. 4 .”o . .3.
; { L] _ .lK.-ﬂ . oy x( g.
it ! S EEE FERE K T DN Lnk
s “ S SRR REES Sl oile
N R L SR DR R FER H R R E e
4 - A R I M A N B | " R ) I
S| KY—IBAQ-—-JOGI-C/H-E/ 2R A LSQ- N Y-V mw: T T
] b Y R 55 R FRORS ARRES ERR RS R i \
S°||Xy WeAQ| 1308 .£/@-E/|b - Ot 2q 39 |+ Ay RN ERE il .ﬁ
PaIng ulel . [3°d .®m\®m:~o¢_u_a;.»cw9 CHE I HUBIRE
N . . A . St . R Y o) . . . m i _au, ! ; .
39| KY_JPAQ’ | 3Pd| BS/RS PALId - TANOY | O | - _Ww»r“ 3 mumr.
. IR RN KRN * RN “".,.” A . m.. .
SRS EREEE IR | Sl ke ol W intnt 3 KR B ”M“mWWW_L SRR b
[ S | _. L] . ¢ L . u. lf.J. \ .,,ﬂ ug..
1 1 R 1B ¥
ﬁ “”_.Um _ ! *_. .

LI B | CRLIRT IR T 3 SR 0 I ) T




3950-217

- w.r .hp#t.lﬁl N iﬁ H . g - — 1.1(2.;.;— ———p e im o preeeene e

11038 o AWTL

g S ——— s bt} -

R NN PV A

g oy
by ! rh
ey e
. N |
— -~ —t
_ RN P i N
H . | yoi b
[ ' L
.m._ e
o ! f . 4
i
+
. e ' .
. v f '
— - b . 4
. 4. f .
’ ———
ot !

R

[ T, ST SIS S
—me — 4 - m—- s
- - -

et et |

r— e & -

.S AD:

4w o .

— e

e ——— - 4

o g - g,

.b.. . — ‘ [T # “u" )

AwoL_F;_o_womv QURIYRA SO 55

[ . . oo vy ‘o B ' ) ‘ “L

e P IRREREER) RE IS RERRY B Vi Mwuu -

i il SRS ERREE RRRRE RRRRE RERRE ERERE RRRD b

_. . . L .“" L P IRV N ._~___>._f. _‘a.L’”L. ‘e
T . .l A D PR R . I ERRE DR R ERE RS
n ..___.. 4 ol e 00T 9L = (LIg |1 R n
. . N A N R ......n.._w_..._...# “-n-
S BRI I N B BNEE EANEE AEE SN EEE RN L R

10 1180 3 SES  hembs B T P arite s
— e - - anae o ~_5



Poe e eleee aBeiedd

43S 4 WL

9950-2%7

Se T RYSPAD - TPH €7 FET
S| xy: beag| mog £/B-€;

pu4opqing uligl.[:3og 9S/BS.

P T
4 -

S9 | XY JPAQ_[30g| 9S/PS

SRANE - el|o1ya ) oSOy
! t I

w“..._...."“u_m“".“...,..,._u
AEEN I R I R !

§a

) S B

8 Ze 2

) 1 :
S R . fgii vl '
m_... . ... Mw. ,_
' L .n“. ' v € ~_“ .“. |
. P I ] ‘.. . v _._. P “m!
MR R R R _M: :M“ o i
N B _...-. e _H_. oy i b '
s ._.u_u _”__ Ly b _w.A L t
Py e ) l—_on..“u Ve b iy _."_ H 1
AR I .MUQ..\LNTJ PHm N B __~ ' I !
' IEEC IRIREEEE IEEGRIEH S R R DR __*_ 'BEEE RRER : 1 ]
._. [ e 'y f e "_ m “_Mh P [ {1y { .L_ H
. ~,_. m.«.ﬂl.u‘._” [ «H“ M“ 1 : _ﬂ__. * M.H_
. . | ] IR b ..n ) . . ~._m ¢ _..
A ‘ o “_ _-_M [ (] —0u . . mh.. i e b .
. RRES RRNES ENSA1 SRR ERREE RS, S RN B : ST e NS

10t DLUNTIIARTTE [ I e t§



I

T

—————

_
qum -

e s e

AWIL

——— ~ I SO

e

—

e i

ﬂJL,

t
1

Je
‘pm

uo

WA
uoij_w

[

bog It

‘Anoely 1vod

SIUD|)

AMOL.%

‘.imo_LJMJOﬂ _OCCJH
- _IsejJdsjirg

|©

POYD

)

T

_ccmw+llt0~mg

=0.£o> osog

N/Y

ﬂmwz

|

=323V LV}

i

f.: S/?_

ET R e
P ——— . —
| . . r— 1 N .o ' H ' .
m ‘ L A0 4SL - |LI9 ... | . _ m
| . C - A ] . ‘ !
I e m L :
.w _ - i L
: ] 1 . .
—— - — PV JUSEY l4'ﬂ‘
U
A
HRILERY] Y :: =_ [ ]] a_|ayl .:3.‘ g o




