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PREFACE

The Final Report for this project is divided into two parts, a
Summary Report and a Technical Report. This volume contains the
Summary Report which is a condensation of the Technical Report. The
conclusions and recommendations developed in the Technical Report
are repeated herein.

The ability to apply the latest research findings in this project
would not have been possible without the assistance and cooperation
of Messrs. Weir and Klein of Systems Technology, Inc. The Contract
Technical Manager, Mr. Francis Dilorenzo, was instrumental in arranging
this cooperation.

As part of this research program, visits were made to the General
Motors Corporation, the Chrysler Corporation, and the Ford Motor
Company to consult with industry experts on vehicle modification. The
help received from industry pefsonne] is gratefully acknowledged.






1.0 INTRODUCTION

This report presents the conclusions and recommendations obtained
in a project entitled "Steering Controllability Characteristics" per-
formed by the Highway Safety Research Institute (HSRI) on behalf of
the National Highway Traffic Safety Administration (NHTSA). The
following quotation from NHTSA's Request for Proposal indicates the
basic intention of this study:

"It is essential in the progressing studies of driver-
vehicle controllability to have "bench-marks" established
that firmly relate the research findings to the practical
problems of implementing those findings into production
vehicles. If such bench-marks are not established, it is
conceivable that a serious gap could develop between prac-
tical design and that design necessary for compliance to
research findings."

Accordingly, this study has addressed practical considerations
connected with the application of research findings (obtained in NHTSA
programs [1, 2]) to the steering controllability of domestically
produced subcompact, compact, and intermediate size automobiTes. The
methodology used in the investigation described herein consisted of
(1) an.analytical study of the influence of changes in vehicle
parameters on the yaw rate response to steering-wheel control inputs,
(2) a survey of the response characteristics of motor cars to select
specific subcompact, compact, and intermediate size vehicles for
experimental work, and (3) open- and closed-loop tests of modified and
unmodified versions of a 1977 Ford Pinto (subcompact), a 1977 Buick
Skylark (compact), and a 1977 Plymouth Fury (intermediate).

The handling performance specifications used in this program are
stated in terms of the yaw rate exhibited by a given vehicle in re-
sponse to a steering-wheel displacement input. In particular, an
"optimum" region of a "performance space" defined by (1) steady-state
gain and (2) a measure of transient response-time was developed in a
concurrent (and separate) project [2]. These performance specifications
are discussed in the following section (2.0) of this report.



The findings of the analytical study and the survey of vehicle per-

formance are summarized in Section 3.0 The results obtained in the

vehicle and driver-vehicle tests are described in Section 4.0. Con-
clusions and recommendations are presented in Section 5.0.

At the outset, it should be emphasized that the study reported
herein indicates that a somewhat unanticipated "bench-mark" has been
established. Specifically, the findings show that, with the exception
of some vehicle models equipped with manual steering systems, the
directional pekformance characteristics of currently produced sub-
compact, compact, and intermediate size automobiles Tie within the
"optimum" region that has been defined by research performed under
the auspices of NHTSA. Accordingly, a principal conclusion of this
study is that a serious gap does not exist between current design and
that design necessary for compliance with recent research findings.

Although the prior research findings (applied in this study) do
contribute to the development of an understanding of the relationships
between directional performance measures and driver control, this study
suggests that there are factors, in addition to specifications on yaw
rate response, which should be evaluated to assess the handling
qualities of a particular vehicle. For example, steering-wheel torque,
roll response to lateral acceleration, lateral acceleration response
time, yaw response over a range of forward velocities, and emergency
maneuvering performance are some of the factors which appear to be
important. Section 5.0 recommends that these factors be addressed in
further studies.

A-2




2.0 DESCRIPTION OF THE VEHICLE HANDLING SPECIFICATIONS
DEVELOPED IN NHTSA RESEARCH STUDIES

Passenger car handling and the control of road vehicles have been
the subject of many research studies and technical papers over the
last 25 years. Reviews and evaluations of a good sample of pertinent
efforts are given in References [3, 4, 5]. In this section, the
open-Toop vehicle response measures developed in two NHTSA-sponsored
studies [1, 2] will be described because those vehicle specifications
have been used in this program.

A tentative optimum range of vehicle dynamics for directional
control was presented in 1975 in the final report for a study entitled
"Automobile Controllability-Driver/Vehicle Response for Steering
Control," Contract Number DOT-HS-359-3-762 [1]. In that project
vehicles with differing dynamic properties were driven by 16 typical
drivers and an expert driver in regulation tasks and transient maneuvers.
Much of the experimental work was done with a "laboratory" vehicle
which had a servomechanism installed to provide front wheel motions
in addition to those steer motions commanded by the driver through
the use of the steering wheel. By using transduced vehicle response
variables as inputs to the servomechanism, a wide variety of vehicle
dynamics characteristics were obtained. In addition,. the servo-
mechanism was used to apply known "disturbances" to the front wheels,
thereby providing the inputs for sophisticated studies of driver
regulation of vehicle path.

The laboratory vehicle used power steering (which helped to isolate
the driver from the torques applied by the servomechanism). The
laboratory vehicle was "stiffened" in roll to remove the possibly
confusing issue of roll dynamics from the initial research efforts
and to allow the use of a simple two-degree-of-freedom model in
analyzing vehicle test results.

The form of the transfer function used in [1] to describe the yaw
rate response to steering-wheel inputs is as follows:

A-3



(F/6gy|gs) (Tps +1) (u2)

%"' ST+ 2tw S + w? (1)
SW %n n
where

r = yaw rate

S = steering-wheel angle

r/dsw ss” steady-state gain, yaw velocity to steering-

wheel angle

Tr = the yaw velocity numerator time constant

S = Laplace transform variable

W = natural frequency

4 = damping ratio

Clearly, the transfer function approachvimp1ies linear analysis and

a linear system.

Nevertheless, in [1], some results for transient maneuvers
substantially exceeding the linear range of vehicle performance were
studied. In those cases, driver opinion, lane excedances, and steer-
ing activity were correlated with vehicle response parameters as
defined in the linear analysis.

The initial effort [1] was followed by a sUbsequent study [2]
entitled "Evaluation and Correlation of Driver/Vehicle Data," Contract
Number DOT-HS-5-01200. The results from the initial program, along
with data from other studies [6, 7], were evaluated. The vehicle
rating data for 16 typical drivers from [1] were analyzed to define
an optimum region (see Figure 1).

The resulting optimum region for typical drivers is specified
in a performance space consisting of steady-state yaw rate gain,
r/asw, and an effective time constant, Te. The quantity 1/Te
corresponds to the frequency at which there is a 45° phase lag be-
tween the steering-wheel angle input and the yaw rate output. The



i 0.3

40L |
r ' " — 0.37
Ssw |
sec”! .30}

Optimum 50mph
F
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0.l 0.2 03 04 0.5
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Figure 1. The Specified Performance Space (SPS) typical
driver boundaries - 50 mph.
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effective time constant, T, is used instead of T (Tr was used in
the original project) because Te is a more representative measure of
vehicle phase lag than Tr for vehicle configurations in which 1/Tr
is substantially less than the natural frequency, Wy (See
Equation (1).)

In summary, the specified performance space (SPS), used as a
goal for vehicle modification in this project, consists of the opti- -
mum region shown in Figure 1 and the additional requirements (in-
cluded in [1]) that (1) the damping ratio, z, exceed 0.5 and (2)
the natural frequency, W3 exceed 3.0 réd/sec. The notation
r/6sw|50’ TelSO’ CiSO’ and wnlSO is used herein to emphasize that
the specified performance requirements are all evaluated at 50 mph.

A=6




3.0 ANALYSIS OF THE INFLUENCE OF VEHICLE PARAMETERS ON
PERFORMANCE RELATIVE TO THE SPECIFIED
PERFORMANCE SPACE

The Technical Report presents a detailed discussion of the
techniques used in obtaining the analytical results summarized here-
inafter. The purpose of this section of the Summary Report is to
provide a concise review of the results of an analytical survey of
vehicle characteristics performed in this project.

3.1 Factors Influencing Steady-State Yaw Rate Gain

The well-known basic equation describing the steady-state steer-
ing of an automobile while turning at less than approximately 0.3 g
is as follows:

e SR T @
where
Sew steering-wheel angle, degrees
NG = total steering ratio
2 = wheelbase, feet
R = radius of the turn, feet
K = understeer factor, degrees/g (understeer/oversteer gradient)
u = forward velocity, ft/sec
r = yaw rate, deg/sec
g = gravitational constant, 32.2 ft/sec?

For uniform velocity on a circular path, the radius, velocity, and
yaw rate are related by the following equation:

A=7



In addition, the lateral acceleration, Ay, is given by

= (U - 2
Ay (57.3) u (]/R) (4)
where 1/R is the path curvature. The steady-state gains (yaw rate,
path curvature, or lateral acceleration) can be obtained by com-
bining Equations (2), (3), and (4). Specifically, the expression
for yaw rate gain, G, is.

= (]ﬁ‘) (‘Lu%%‘k‘—) , sec-] (5)
G 1+
g257.3 :

As indicated by Equation (5), there are two factors, Ng and K,
which can be varied independently to achieve a required yaw rate
gain for a vehicle of given wheelbase at a speed of 73.3 ft/sec (50
mph). Clearly, it is obvious that the yaw rate gain can be changed
directly by altering steering ratio. Even though it is patently
clear, it should be emphasized that changing steering ratio has the
advantages that it does not change (1) the understeer/oversteer
gradient, (2) steady-state roll response in degrees per unit lateral
acceleration, or (3) the form of the transient response.

(Depending upon the type of steering systém employed on a par-
ticular vehicle, the changing of steering ratio may cause a signi-
ficant change in the torque the driver feels at the steering wheel.
At present, boundaries on steering-wheel torque have not been
specified.)

The understeer/oversteer gradient, K, in Equation (5) can also
be varied to change yaw rate gain. However, K is dependent upon many
vehicle parameters and changes in vehicle parameters which influence
K also affect transient response.




To examine the influence of vehicle parameters on understeer,
the total expression for understeer has been divided into four
contributing factors*, specifically,

K = K] - K2 + K3 + K4 (6)

where
is the contribution to understeer due to (1) front tire

cornering stiffness, (2) the load on the front wheels,
and (3) the influence of steering system stiffness,
mechanical, trail, and aligning torque in changing front
wheel angle

K2 is the contribution due to rear tire cornering stiff-
ness and the load on the rear wheels

is the contribution due to roll effects including roll
stiffness, camber forces, roll steer, suspension roll
center heights, and the height of the center of gravity
of the sprung mass

K, 1is the contribution due to rigid body aligning torque.

4

The largest contributor to understeer comes from K1. The in-
fluence of steering system compliance is to increase K]. In effect,
this influence may be thought of as an increase in the value of front
cornering compliance. The results of the survey of vehicle charac-
teristics indicate that for subcompact, compact, and intermediate -
size automobiles, typical values of K] range from 8 to 11 deg/qg.

It should be noted that the value of steering system compliance
is not included in currently available vehicle specification data.
Data on the steering compliance of typical manual steering systems

*Analytical expressions for these factors are given in Section
3.0 of the Technical Report.




is practically non-existent. Nevertheless, based on limited infor-
mation [8 ], it is estimated that changing from power steering to

a conventional manual steering system may increase understeer by as
much as 2 deg/g.

The quantity K2 is closely related to the numerator time con-
stant, Tr’ defined by STI in [1]*, viz.

K2 u
T = 3573 (7)

where u is the forward velocity and g is the gfavitationa] constant.
Typically, K2 ranges from approximately 5.8 to 8.0 deg/g, corres-
ponding to Tr values between 0.23 and 0.32 sec at 50 mph for the
vehicle sizes addressed in this project.

Since K] and K2 are roughly equal for typical automobiles, the
quantity K3 can be an important factor in determining understeer. The
roll related terms are estimated to add approximately 1.2 to 2.6 deg/g
to the understeer, depending upon (1) the camber stiffnesses of the
tires employed, (2) whether the vehicle has a front anti-roll bar,
and (3) the roll steer properties of the front and rear suspensions.
The parametric data needed to make accurate estimates of K3 are not
generally published, particularly the roll steer properties and the
roll center heights of the suspensions are not‘qsua]ly available.

The rigid body aligning torque effects that constitute K4 total
about 0.5 deg/g of understeer. This is a small effect but it is
fairly constant from car to car. Also, 0.5 deg/g is about the best
that is currently done in measuring understeer using full-scale vehicle

testing.

The overall findings from the analysis of vehicles, including
both gain and response time effects, will be presented in Section 3.3

*For a simple non-rolling vehicle model, K2 is the "rear cornering
compliance" introduced by Bundorf and Leffert [9 ]. Recognizing
this, much of the work persented here and in [1] can be related to

[91.

A-10



after expressions pertaining to transient response have been presented
in the next section.

3.2 Relationships Between Vehicle Characteristics and Transient
Response

The yaw moment of inertia is the primary vehicle parameter which
(1) has an influence on transient response and (2) does not influence
steady-state response. However, the yaw momeht of inertia can be
estimated knowing the loads on the front and rear wheels [9 ].

Accordingly, transient response parameters (z, w_, and Te) can be

n
estimated from the steering ratio, wheelbase, vehicle speed, steady-
state yaw rate gain, and the factors K] and K2 which contribute to

understeer.

In the Technical Report, equations were developed for estimating
transient response properties, viz.,

, . NG(r/éswlss)
g2 = - (8)
2 & 2 (U 2
K2u _
T, = 9573 (repeat of (7))

and
(/7,03 + (/T - 200 J(1/T )2 + (2t /T, = w2)(1/T)
- wﬁ/Tr = 0 | (10)

Once Equations (7), (8), and (9) have been evaluated for ¢, Wy
and Tr, then Equation (10) can be solved numerically for Te. The
results presented in the next section are based on using Equation (10)

to evaluate Te'

A-11




3.3 Summary of the Analytical Survey of Vehicle Characteristics

Parametric data from References [10,11,12] (and, where necessary,
estimated parametric values) were used in this project to calculate
the steady-state yaw rate gain, damping ratio, natural frequency,
and effective time constant for domestically-produced 1977 subcompact,
compact, and intermediate size automobiles. For all the vehicles
surveyed, the damping ratio, z, was greater than 0.5 and the natural
frequency, w,s Was greater than 3.0 rad/sec. The relationship between
the properties of the vehicles surveyed and the specific performance
space (SPS) is illustrated in Figure 2. '

Even though these results were obtained by analytical procedures
using parametric data available in the literature, a number of im-
portant trends can be derived from the results presented in Figufe 2.
Specifically, the findings are as fb]]ows:

1) The response times (Te) for subcompact, compact, and
intermediate size automobiles are within the SPS.
(Possibly, larger vehicles might have response times
which would fall outside the SPS.)

2) With the exception of cars equipped with manual steer-
ing, the yaw rate gain of typical cars in a nominal

condition (two passengers in the front seat) will be
large enough to lie within the SPS.

3) The obvious modification to bring manual steering cars
into the SPS is to equip them with power steering.
Another approach would be to decrease the steering ratio
but this might increase the steering-wheel torque to an
objectionable level.

Additional calculations were made to assess the influence of
service factors on vehicle characteristics. Changes in the Toading
or the condition of the rear tires were taken to be important. }able
1 presents a summary of pertinent results. The results given in

A=12
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Figure 2. Relationship of estimates of 1977 vehicle
performances to the SPS.
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Table 1

?———, w
Service Factor App¥ox1mate Change

Variation n 2

Change from belted-bias 1.5 deg/g

tires to radial tires on reduction

the rear axle '

3 rear seat passengers or 1.3 dég/g

an additional 400 1bs on increase

the rear wheels

+3 psi change in inflation +0.5 deg/g

pressure from nominal value

Table 1 indicated that service factors must be controlled fairly
closely if vehicle handling characteristics are to be maintained
reasonably constant in use.

A-14



4.0 VEHICLE TESTS

Two series of vehicle tests were conducted for this research
program. A preliminary test series was conducted on vehicles ten-
tatively chosen as subjects for the modification program. These
tests confirmed the position of the vehicles relative to the SPS.
Later, confirmation testing was conducted on the chosen vehicles
in both modified and unmodified conditions.

Both test series included open-loop testing designed to measure
hand1ing qualities which are germane to ‘the SPS. Open-loop testing
included (1) "step" steer tests and (2) "pulse" steer tests. The
step steer tests are characterized by a rapid quasi-step steering
input, initiated with the vehicle traveling essentially straight
ahead at 50 mph. Both yaw rate response time and yaw rate gain data
were obtained from this test.

"Pulse" steer tests are characterized by a series of "random"
steering pulses input freely by the driver. An attempt is made to
input steering-wheel motion with wide ranging frequency content.
This test is used to gather yaw rate response time data.

The preliminary test series indicated that each of the three
vehicles (subompact: Pinto; compact: Skylark; and intermediate:
Fury) possessed yaw rate time response characteristicé (TeISO) which
were satisfactory relative to the SPS. The Pinto and Fury were
found to have steady-state yaw rate gains which were too low. To
modify these vehicles, steering ratio was altered using the variable
ratio steering wheel Timiter shown in Figure 3. Ratios were chosen °
that increased the gain to acceptable levels. Since the Skylark fell
within the SPS range in its unmodified condition, a ratio was chosen
for it which resulted in an unacceptably low yaw rate gain. Figure 4
presents steady-state gain and response time data for each of the
vehicles as well as the boundaries of the SPS.

A=-15
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Figure 4 . Steady-state yaw rate gain and effective time constant

of modified and unmodified test vehicles at 50 mpn.
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The verification test series also included some closed-1oop
vehicle testing. These tests were conducted to confirm that the
modified vehicles were acceptable highway vehicles and to tentatively
judge the handling value of the modifications.

Four experienced drivers and one expert driver were used as
drivers in the closed-loop portion of the vehicle testing. In each
case, the driver was given twenty minutes of in-town driving and |
twenty minutes of highway driving to familiarize himself with the
test vehicle. Then the driver was asked to guide the vehicle through
a tightly restricted cone course. Data was taken on cone strikes
in negotiating the course, and a driver opinion of handling quality
in both general driving and course driving. Both modified and
unmodified vehicles were tested.

The general layout of the cone course used is shown in Figure
5. The course was designed to be run at a speed of 50 mph. At this
speed, the curved portion defines a constant radius turn which, at
steady-state, produces a lateral acceleration of .25 g. The "lane
changes" (avoidance maneuvers) at either end also produced approxi-
mately .25 g lateral acceleration. The lane changes are sufficiently
short as to elicit relatively abrupt steering inputs and the step
transitions from straight to curve and back to straight require step-
Tike steering changes which have relatively strong frequency content
at the levels of interest. A "short" course was also used in which
the Tane changes were eliminated.

The width of the course lanes was determined empirically for
each vehicle in order to obtain a level of difficulty which was
challenging but not overwhelming., Lane widths were set such that
nominal clearance with respect to vehicle width ranged from six to
nine and one-half inches.

The degree of difficulty in negotiating the course was found to
be sensitive to small (1 1/2 in) changes in lane width. Clearances
used were so small as to make vehicle sideslip angle a significant
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influence on the degree of difficulty. This means that reasonable
comparisons of test data can only be made between modified and
unmodified vehicles* and not between different vehicle types.

Cone strike and driver opinion data are shown in normalized
form in Figure 6. For each measure, performance with the unmodified
versions of the car is used as the normalizer. Thus, all normalized
measures are unity for the unmodified cars. For the modified cars, .
values larger than unity imply "better" perfdkménce (1ess cone strikes
or higher subjective ratings) and values smaller than unity imply
worse performance.

Figure 6 shows that results of the closed-loop testing were
generally inconclusive. Driver opinion of handling quality in the
course showed no trends, although the drivers, with only one excep-
tion, preferred the unmodified vehicles in general driving. Cone
strike data showed that the modified Pinto performed better than the
unmodified Pinto on the full length course. Other cone strike data
was mixed.

*Even this comparison is reasonable only because of the specific
modification method used in this study.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

- This research project has endeavored to address practical con-
siderations associated with applying the research findings obtained
in NHTSA programs [1, 2] to the steering controllability of domes-
tically-produced subcompact, compact, and intermediate size automobiles.
It was the purpose herein to identify reasonable techniques whereby
such vehicles could be made to fall within the boundaries of the
Specified Performance Space (SPS), as defined by those studies.

The work which was undertaken has led to a series of conclusions
which 1end themselves to organization under the following two major
classifications:

1) Conclusions regarding indi?iaual vehicles and/or the
vehicle population (specifically, subcompact, compact,
and intermediate size vehicles) and their relationship
with the SPS.

2) Conclusions regarding the SPS specifically and its place
in the developing artQOf the objective characterization
of vehicle handling quality.

Even though the expressed objectives of this research project were
directed toward obtaining conclusions which would fall within the
first category, conclusions of the second type were a natural result
of this effort.

Conclusions drawn from this project are Tisted below according
to these two classifications.
1. Conclusions regarding the relationship of vehicles to the SPS.

a) Most domestically-produced passenger cars of the sub-
compact, compact, and intermediate sizes fall within the
SPS.
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c)

e)

f)

Vehicles of these sizes show very little variance in
TelSO’ one from another, and generally fall comfortably
within the specified range for TeISO'

These size vehicles, when equipped with manual steering,
often fall outside of the SPS because they tend toward
unacceptably low values of r/dsw 50" The large value of
overall steering ratio which is necessary because of
steering effort considerations, is the cause of this low
gain.

Some intermediate vehicles equipped with power steering
fall outside of the SPS, again because r/GszSO is too
Tow.

A reasonable modification to move vehicles which are out-
side of the SPS (because of low yaw rate gain) into the
space is to lower the steering ratio. In the case of
manual steering cars, this reduction is easily accomplished
by changing to a power steering gear.

Steering ratio is virtually the only vehicle parameter
which can effect a change in steady-state yaw rate gain
without causing changes in transient yaw response.

In-use factors, especially those deriving from loading
and tires, have an effect on vehicle pérformance in the
dimensions of the SPS. Changes in in-use factors can
cause individual vehicles to cross the boundaries of the
space. Thus it would be necessary to constrain the
variation in in-use factors if a vehicle's position rela-
tive to the SPS is to be maintained over time.

2. Conclusions regarding the SPS specifically.

a)

The SPS, and especially the research efforts which led
to its development, make a significant contribution to
the developing art of the objective definition of vehicle

‘hand1ing qualities. However, the SPS (as well as this
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art in general) does not appear to be sufficiently
developed as to be adequate for the general identifi-
cation of handling quality.

b) It is possible for vehicles, whose yaw response pro-
perties 1ie within the SPS, to have widely varying, and
possibly unacceptable levels of understeer (oversteer).

c) Vehicles which have similar yaw response properties at
50 mph, as defined by the SPS, may have widely varying
yaw response properties at other velocities.

d) Many vehicle response properties (other than the yaw re-
sponse properties which constitute the SPS) need con-
sideration in evaluating vehicle handling quality.

In a separate area which does not fit conveniently into the
above classifications, this program has found that

The use of the precision cone course and resulting cone
strike data for the evaluation of driver-vehicle system
handling performance within the linear range is of
questionable validity.

5.2 Recommendations

-Recommendation:

Efforts should be made to establish the safety significance of
the SPS through a study of the accident record.

Discussion:

The preceding "Conclusions" section points out that, in large
part, vehicles presently being manufactured conform to the perfor-
mance specifications developed in NHTSA research studies [1, 2]. Given
that subjective ratings by drivers have ptayed a major role in
establishing both the performance space specified by that research
and the current design practices of vehicle manufacturers, this
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finding is not particularly surprising. It is valuable to note,
however, that this study has identified vehicles which fall within
the SPS and other vehicles that fall without. It would then appear
that there is a potential mechanism for evaluating the safety signi-
ficance of the SPS through the comparative evaluation of the accident
records of these two sets of vehicles, even though problems related
to the significance of the results due to the influence of other,
uncontrolled variables could be very large.

An approach, which would eliminate some of the uncontrolled
differences in vehicles would be to compére vehicles of the same basic
model but differing in certain mechanical features such as power
versus manual steering, radial versus bias tires, and/or a front anti-
roll bar versus no anti-roll bar. Clearly, it would be necessary .
to (1) test the various versions of the vehicle models to be studied
to establish their relationship to the SPS, (2) maintain the vehicles
so that their relationship to the SPS did not change significantly
in use, and (3) study a sizeable sample of these vehicles to attempt
to remove the influences introduced by the varying characteristics of
the drivers involved.

-Recommendation:

As a preliminary step to further handling research, closed-loop,
driver-vehicle handling test methodologies which (1) yield objective
measures of driver-vehicle system performance and (2) provide an
assessment of the control difficulties associated with particular
vehicles should be developed.

Discussion:

It is of interest to note that the boundaries of the SPS have
been set largely through the subjective ratings of drivers. Pre-
sumably, then, the SPS defines a set of vehicle handling properties
which drivers 1ike. It is not yet well established, however, that this
same set of vehicle properties are necessary for safe handling charac-
teristics. Indeed, the fact that drivers are adaptable to the char-
acteristics of the vehicle they are driving and can compensate for
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broad differences in vehicle characteristics might suggest that "safe"
handling characteristics may cover a significantly broader range than
"likeable" characteristics. Accordingly, future research efforts
might search for an outer region in which control properties become
unacceptable, rather than for an inner region in which they are
"optimum."

One manner in which the safety significance of the SPS might be
examined through accident data analysis has been suggested above. For
purposes of safety-related vehicle handling research, the development
of closed-1oop vehicle handling test methodologies which would yield
objective measures of safety-related driver-vehicle handling perfor-
mance quality would also be desirable. It is recognized that the
safety-relevance of objective measures obtained on the test track is
extremely difficult to establish. Nonetheless, the state-of-the-art
of driver-vehicle performance testihg appears severely wanting rela-
tive to the need for objective data.

-Recommendation:

Investigations should be undertaken to examine the significance
of the many other vehicle factors which might contribute to 1inear-
regime handling quality. The SPS concept should be appropriately
expanded according to the results of such investigations.

Discussion:

In connection with further research into the control quality of
vehicles in the normal driving range, it would appear that more
broadly based investigations are called for. The subject under con-
sideration appears to be most complex with a large number of inter-
related properties contributing to overall handling quality. In the
future, it will be necessary to consider at least (1) both lateral
acceleration and yaw rate response times, (2) the influence of the amount
and timing of roll-related properties, and (3) the importance of the
lTevel and nature of steering torque or "feel" prior to the establishment
of firmly based handling performance specifications. Even though the
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SPS, as currently defined, represents a useful, interesting approach,
its definition should be expanded. and/or revised according to the
findings of future research into these areas. Furthermore, vehicle
performance over a range of velocities should be examined and specified.

+Recommendation:

Research on vehicle handling as it is affected by the transition
from the 1inear range through the nonlinear range to the limit of
turning performance should be undertaken. The findings derived there-
from should be incorporated in any evolving .vehicle specification
scenario. |

Discussion:

Overall handling quality, specifically safety-related quality,
would certainly appear to involve more than the normal driving regime.
In addition to closed-loop control in normal driving, NHTSA has in the
past sponsored research studies addressing the 1imit performance of
passenger cars [12, 14]. In those studies, vehicle handling test pro-
cedures (VHTP) were developed and used to examine open-loop performance
with the idea of seeing if vehicles possess response characteristics
which are uncontrollable in extreme maneuvers. That is, do vehicles
reach a 1imit response beyond which driver skill and ‘experience is
of little avail? ‘ ’

Two maneuvers which only involve turning, viz., a rapid turn
(called "trapezoidal steer") and a reverse steer or lane-change-1ike
maneuver (called "sinusoidal steer") have been included in the developed
test procedures. Of these two turning maneuvers, the lane change is
believed to be more realistic since it can be related to driver-vehicle
control situations on typical roads.

Directional response in emergency turning maneuvers is partially
dependent upon the vehicle characteristics (including tire charac-
teristics) used in the definition of the SPS. The yaw rate conditions
prevailing during the initial phase of a drastic steering maneuver are
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determined by the Tinear-range yaw-response properties (that is, the
SPS) of the vehicle. At the start of a steering maneuver the front
wheels generate a side force causing the vehicle to yaw. As the
vehicle yaws and starts to sideslip, the rear tires generate forces
providing additional acceleration in the direction of the turn. For

a controlled turn to develop, the front and rear tire forces must pro-
duce a yaw moment balance appropriate for the desired turn. How the
transition from rapid yaw acceleration into yaw moment balance occuré
is crucial in establishing a good turn.

Further research on the transition fromthe 1inear range through
the nonlinear range to the Timit of turning performance appears valuable
in order to gain an understanding of the events which can lead to loss
of control in attempted turning maneuvers. Previous closed-loop
studies [6 ] have shown that drivers are capable of applying inputs
which will lead to loss of control ét the 1imit for particular vehicles.
But means for assessing the performance capabilities of the driver-
vehicle system in extreme maneuvers have not been established [4 ].
Both open- and closed-loop results for evasive performance tests (lane-
change maneuvers) are needed to illuminate meaningful, objective
measures of vehicle dynamics characteristics which are pertinent to
vehicle control in accident avoidance maneuvers. Until the interaction
between driver control and vehicle 'dynamics characteristics in evasive
maneuvers is well understood, our knowledge of steering controllability
will be incomplete with respect to safety-related accident avoidance
considerations.

Specifically, further study of driver-vehicle system performance
in evasive, lane-change maneuvers is suggested. Even though the lane-
change maneuver has been used in many studies with only limited success
[15], it still appears to be a promising maneuver to investigate in
the future. With regard to the type of maneuver involved, the results
of this study indicate that a precision, tightly-constrained lane
change course is not appropriate for comparing different vehicle types
or models. Accordingly, a course arranged to challenge the responsive-
ness of the vehicle in avoiding an obstacle while allowing a fairly
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reasonable space laterally (such as a lane width) for recovering the
original direction of travel appears to be a good candidate for
further study.

«Concluding Recommendation:

Implementation of vehicle hand1ing performance specifications
is not recommended at this time, pending further'development as
amplified above.
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PREFACE

The work performed in this study examines the relationship of
steering controllability specifications developed in research
programs sponsored by the National Highway Traffic Safety Adminis-
tration (NHTSA) to the performance characteristics of domestically-
produced subcompact, compact, and intermediate size automobiles.
The NHTSA Contract Technical Manager, Mr. Francis Dilorenzo, was
instrumental in establishing contact with technical personnel (from
Systems Technology, Incorporated (STI)) who were developing steer-
ing controllability specifications for NHTSA in a separate research
investigation (Contract No. DOT-HS-5-01200).

The assistance of Messrs. Weir, Klein, and McRuer of STI in
explaining and keeping the authors up to date on the progress of
STI's work is gratefully acknowledged. The ability to apply the
latest research results would not have been possible without their
cooperation. The effort expended by STI and the CTM in keeping
HSRI informed is very much appreciated.

As part of this research program,.visits were made to consult
on vehicle modifications with technical personnel from General
Motors, Ford, and Chrysler. The arrangements for thoée meetings
were made through Mr. R. Humphries of General Motors, Mr. C. Kennédy
of Chrysler, and Mr. M. Webb of Ford. The discussions at the
meetings were helpful in formulating an understanding of the wide
range of considerations applicable to the development of suitable
handling qualities for production vehicles with various options.

In this regard, the assistance of the following technical personnel
should be noted:
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From General Motors

R. Rasmussen
T. Bundorf
S. Anderson
R. Riefe

From Chrysler

E. Kramer
M. Agar

From Ford

Forbes
Farber
. Bergman
Richardson
. Schuba
Freeman
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Anderson

Mr. David Finch was the expert driver employed in this study.
His willingness to participate as needed was helpful in completing
the test program efficiently.

Finally, a demonstration exercise, inc]udihg both modified and
unmodified versions of the example vehicles in this project, was
conducted at the end of this program to provide a "hands-on" assess-
ment to supplement the final report. Thanks are extended to those

who participated in the demonstration.







1.0 INTRODUCTION

This report presents the results obtained in a project en-
titled "Steering Controllability Characteristics" performed by the
Highway Safety Research Institute (HSRI) on behalf of the National
Highway Traffic Safety Administration (NHTSA). ‘The following
quotation from NHTSA's Request for Proposal indicates the basic
intention of this study:

"It is essential in the progressing studies of driver-
vehicle controllability to have "bench-marks" established

that firmly relate the research findings to the practical

problems of implementing those findings into production

vehicles. If such bench-marks are not established, it is
conceivable that a serious gap could develop between prac-
tical design and that design necessary for compliance to
research findings."

Accordingly, this study has addressed practical considerations
connected with the application of research findings (obtained in
NHTSA programs [1, 2]) to the steering controllability of domes-
tically-produced subcompact, compact, and intermediate size auto-
mobiles. The methodology used in the investigation described herein
consisted of (1) an analytical study of the influence of changes in
vehicle parameters on the yaw rate response to steering-wheel con-
trol inputs, (2) a survey of the response characteristics of motor
cars to select specific subcompact, compact, and intermediate size
vehicles for experimental work, and (3) open- and closed-loop tests
of modified and unmodified versions of a 1977 Ford Pinto (subcompact),
a 1977 Buick Skylark (compact), and a 1977 Plymouth Fury (inter-

mediate).

The handling performance specifications used in this program
are stated in terms of the yaw rate exhibited by a given vehicle in
response to a steering-wheel displacement input. In particular, an
"optimum" region of a "performance space" defined by (1) steady-state
gain and (2) a measure of transient response-time was developed in



a concurrent (and separate) project [2]. These performance
specifications are discussed in the following section (2.0) of
this report. The findings of the analytical study and the survey
of vehicle performance are summarized in Section 3.0. The results
obtained in the vehicle and driver-vehicle tests are described in
Section 4.0. Conclusions and recommendations are presented in
Section 5.0. ‘

At the outset, it should be emphasized that the study reported
herein indicates that a somewhat unanticipated "bench-mark" has been
established. Specifically, the findings show that, with the excep-
tion of some vehicle models equipped with manual steering systems,
the directional performance characteristics of currently produced
subcompact, compact, and intermediate size automobiles lie within-
the "optimum" region that has been defined by research performed
under the auspices of NHTSA. Accordingly, a principal conclusion
of this study is that a serious gap does not exist between current
design and that design necessary for compliance with recent research
findings.

Although the prior research findings (applied in this study)
do contribute to the development of an understanding of the relation-
ships between directional performance measures and driver control,
this study suggests that there are factors, in addition to specifi-
cations on yaw rate response, which should be evaluated to assess
the handling qualities of a particular vehicle. For example, steering
wheel torque, roll response to lateral acceleration, lateral accelera-
tion response time, yaw response over a range of forward velocities,
and emergency maneuvering performance are some of the factors which
appear to be important. Section 5.0 recommends that these factors
be addressed in further studies.

In summary, an overall conclusion of this study is that a design
serving to satisfy a set of specifications on yaw rate response, as
developed earlier in a separate study, is not sufficient to insure



a good handling automobile. This conclusion does not come as a
surprise in view of the total absence of any consensus relative to
the art of defining and/or identifying good handling characteristics.

The body of this report presents evidence supporting the two
main conclusions stated above.







2.0 DISCUSSION OF VEHICLE HANDLING SPECIFICATIONS

Passenger car handling and the control of road vehicles have
been the subject of many research studies and technical papers over
the last 25 years. Reviews and evaluations of a good sample of
pertinent efforts are given in References [3, 4, 5]. In this section,
the open-loop vehicle response measures developed in two NHTSA- |
sponsored studies [1, 2] will be described because those vehicle
specifications have been used in this program.

Both what the specifications are and what they are not will be
discussed. The discussion of factors not specified is intended to
provide an indication of directions which progressing studies of A
driver-vehicle control might take in the future.

2.1 Review of the Preceding and Concurrent Projects

A tentative optimum range of vehicle dynamics for directional
control was presented in 1975 in the final report for a study en-
titled "Automobile Controllability-Driver/Vehicle Response for
Steering Control," Contract Number DOT-HS-359-3-762 [1]. In that
project vehicles with differing dynamic properties were driven by
16 typical drivers and an expert driver in regulation tasks and
transient maneuvers. Much of the experimental erk was done with a
"laboratory" vehicle which had a servomechanism installed to provide
front wheel motions in addition to those steer motions commanded by
the driver through the use of the steering wheel. By using trans-
duced vehicle response variables as inputs to the servomechanism, a
wide variety of vehicle dynamics characteristics were obtained. In
addition, the servomechanism was used to apply known "disturbances"
to the front wheels, thereby providing the inputs for sophisticated
studies of driver regulation of vehicle path.

The laboratory vehicle used power steering (which helped to
isolate the driver from the torques applied by the servomechanism).



The laboratory vehicle was "stiffened" in roll to remove the possib-
1y confusing issue of roll dynamics from the initial research efforts
and to allow the use of a simple two-degree-of-freedom model in
analyzing vehicle test results.

The form of the transfer function used in [1] to describe the
yaw rate response to steering wheel inputs is as. follows:

(85156 (T8 +1) (u2)

r
S ST+ 200 S * w2 (1)
where
r = yaw rate
8cw = steering-wheel angle
r/asw ss steady-state yaw velocity to steering gain
Tr = the yaw velocity numerator time constant
S = Laplace transform variable
Wy = natural frequency
4 = damping ratio

Clearly, the transfer function approach implies linear analysis and
a linear system. Nevertheless, in [1], some results fbr transient
maneuvers substantially exceeding the 1inear range of vehicle per-
formance were studied. In those cases, driver opinion, lane exceed-
ances, and steering activity were correlated with vehicle response
parameters, as defined in the linear analysis.

The results of the initial study may be summarized as follows:

1) r/ﬁswlss and T_appear to be the most important vehicle

characteristics in terms of driver rating;

2) At 50 mph, tentative boundaries on r/é and Tr

SW|SS
for a region of optimum vehicle response for an
experienced test driver are those given in Figure 1; and
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Figure 1. Tentative boundaries of optimum vehicle response at
50 mph as determined from subjective ratings of
experienced test driver [1].

3) The lower bounds on “niso and CISO are approgimate]y

3.0 rad/sec and 0.5, respectively (where the notation
(,50) indicates that the parameter is evaluated at a -

vehicle velocity of 50 mph).

These specified restrictions on vehicle performance are all
for a forward speed of 50 mph. The use of a particular speed is
important to observe because all of the vehicle performance parameters
used in Equation (1) are functions of forward velocity.

Although the initial optimum space was modified significantly
in a second study [2], it is of interest to note that many domestic
passenger cars do not have large enough steady-state yaw rate gains



to fall into the initial optimum region. Typically, gain increases
of approximately 1.3 times would be needed to cause conventional
passenger cars to meet the specifications given by Figure 1.

The initial effort [1] was followed by a subsequent study [2]
entitled "Evaluation and Correlation of Driver/Vehicle Data," Con-
tract Number DOT-HS-5-01200. The results from the initial program
along with data from other studies [6, 7] were evaluated using re-
vised procedures. The vehicle rating data for 16 typical drivers
from-[1] were analyzed to define a new optimum region (see Figure 2).
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Figure 2. Typical driver boundaries - 50 mph.



The new optimum region is specified in a performance space
consisting of steady-state yaw rate gain (at 50 mph) and an effec-
tive time constant, TelSO' The quantity ]/Te corresponds to the
frequency at which there is a 45° phase lag between the steering-
wheel angle input and the yaw rate output. The effective time con-
stant, Te’ is used instead of Tr because Te is a more representative
measure of vehicle phase Tag than T for vehicle configurations in
which ]/Tr is substantially Tess than the natural frequency, w,

(see Eq. (1)).

Although the use of Te in Figure 2 in place of Tr’ as used in
Figure 1, necessitates a frequency domain analysis of the vehicle
response data, the most significant difference between Figures 1
and 2 for the study described here is the large change in the lower
boundary for steady-state gain between the expert driver boundary
and the typical driver boundary. Specifically, the lower boundary
for steady-state gain at 50 mph for the expert driver is 0.2 sec']

and the Tower boundary for typical drivers is below 0.14 sec'].

In terms of current vehicle design, the results of this study
(presented in Sections 3.0 and 4.0) indicate that the steady-state
yaw rate gains for many 1977 vehicle models 1ie between the Tower
boundaries for typical and expert drivers. Accordingly, the change
from expert driver results to typical driver results means a change
from a situation in which the research results imply an increase in
gain to a situation in which no vehicle modification is required
for many typical production vehicles.

2.2 Factors Not Included in the Specified Performance Space (SPS)

The boundaries shown in Figure 2, along with the restriction
that g!50 be greater than 0.5 and wn|50 be greater than 3.0 rad/sec,
define the specified performance space (SPS). However, the follow-
ing factors not included in the SPS can be important in attempting
to develop straightforward, inexpensive methods to bring a vehicle's
yaw response into the SPS without degrading the vehicle in some
other aspect of performance:



1) steering torque characteristics

2) 1influence of roll on acceptable Tevels of yaw rate gain
3) lateral acceleration response time

4) sideslip angle response |

5) "spin-out" or "plow-out" at the limit

6) conditions for wheel "1ift-off"

7) performance at speeds other than 50 mph.

Comprehensive investigations of each of these items were beyond
the scope of this project. Each of these,faptors could be the sub-
ject of a separate research task or project in future studies. The
discussions which follow present reasons for considering these fac-

tors.

2.2.1 Steering Torque Characteristics. Most automobiles
equipped with manual steering have a significantly larger steering
ratio than that used on an equivalent model equipped with power
steering. The purpose of the larger steering ratio is to keep the
torque level required from the driver within acceptable bounds. (It
is believed that (1) drivers are sensitive to steering torque and
(2) they do not Tike to apply relatively large or relatively small
torques in controlling a vehicle.) '

For manual steering automobiles, the desire for limited steer-
ing torques conflicts with the requirement for exceeding the speci-
fied lower boundary for steady-state yaw rate gain. One obvious
solution to the conflict is to use power steering if the cost is
acceptable. Another approach would be to conduct research with the
goal of establishing acceptable bounds on steering-wheel torque.
Also, research could be performed to see if there is an interaction
between the level of steering torque required and the directional
response properties which are good for driver control. It is possible
that steering-wheel torque influences the ranges of yaw rate gain
and response time (effective time constant) suitable for good
steering tontro]labi]ity.
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2.2.2 Influence of Roll on Acceptable Levels of Yaw Rate Gain.

Recent research [8] indicates that drivers prefer lower levels of

yaw rate gain for vehicles, which have a greater roll response
(degrees roll per unit of lateral acceleration), than the levels of
gain they desire for "stiffer" vehicles. Since the initial study

[1] was conducted primarily with rol1-stiffened vehicles, the possi-
bility exists that the results obtained therefrom need to be extended
to include the influence of vehicle roll.

In the follow-on study [2], and in this project, the influence
of vehicle roll on yaw gain and effective time constant have been
considered. But the influence of roll per se (for example, the
lateral acceleration felt by the driver due to roll motion) was not
studied. Whether roll influences the driver's ability to steer is a
candidate subject for further research.

2.2.3 Lateral Acceleration Response Time. During this pro-

ject, consultation visits were made to three automobile manufacturing
firms to speak with persons knowledgeable in practical matters asso-
ciated with the steering and controllability of passenger cars. On
two of these visits, the representatives from industry volunteered
that lateral acceleration response time was a more discriminating
measure of directional performance than yaw rate response time (or
the effective time constant for yaw).

The industry personnel observed from their experience in experi-
mental work that most vehicles of a particular size had very similar
yaw rate response times which did not change much with changes in
vehicle parameters. However, the changes in vehicle response due
to changes in parameters were observable in the lateral acceleration
response time. Accordingly, they prefer to work with lateral accelera-
tion response time because they can more readily interpret their test
results using this performance measure.

This situation does not appear to be well documented in the
technical literature, although lateral acceleration response time is
used in several references [9, 10, 11, 12] dealing with the direc-
tional response and control of passenger cars. It should be noted

11



that there does not appear to be agreement within the technical
community as to suitable measures for quantifying transient

response. In this regard, yaw rate is quite often used as the

motion variable employed because the steering system's basic function
is to turn the vehicle towards desired heading angles. Nevertheless,
the avoidance of obstacles at high speed requires rapid lateral
deviations which entail short lateral acceleration response times.
Interestingly, one researcher [11] has used a measure which is equi-
valent to the difference between the lateral acceleration and the
yaw rate response times. '

In summary, researchers have not yet reached agreement on
appropriate measures for quantifying transient directional-response
properties. Undoubtedly, this subject will continue to receive
attention in future studies, attempting to evaluate vehicle control
and accident avoidance capability.

2.2.4 Sideslip Angle Response. The sideslip angle, defined as
the angle between an axis directly out the front of the vehicle and
the velocity vector, is small (usually less than 2°) for normal
driving maneuvers. Using commonly available devices, it is difficult
to measure sideslip angle accurately enough for use in studying
normal driving. However, in severe maneuvers large sideslip angles
can develop and measured (derived) sideslip angle data can be used
to provide an indication of the type and severity of response in
emergency maneuvers approaching the limits of vehicle performance

[13].

Nevertheless, the‘sides1ip angle can be important in relatively
Tow-level tracking or precision steering courses because even below
a sideslip angle of 2° the effective width of the vehicle is in-
creased by an amount which can be significant to the driver. This

phenomenon appeared to be of importance in this study and the
implications of sideslip angle with regard to driver-vehicle testing
are described in Section 4.2.2.
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2.2.5 "Spin-Out" or "Plow-Qut" at the Limit. Upon initiating
a sudden turn, a vehicle's front tires produce a side force causing
the vehicle to accelerate in yaw and lateral motion. Then, the
rear tires start to produce lateral forces as the vehicle develops
yaw and lateral velocities. The forces from the rear tires reduce
the yaw acceleration and increase the lateral acceleration of the
vehicle. If the forces from the rear tires cannot arrest the yaw
motion, the vehicle will spin out. If the front tire forces saturate
before the rear tire forces reach their maximum value, the vehicle
will plow out, that is, the driver can increase the steer angle above
the lTevel for front tire saturation without causing an increase in
path curvature.

In order to increase steady-state yaw-rate gain in the normal
or linear driving range, consideration has been given to increasing
the cornering stiffnesses of the front tires and decreasing the
cornering stiffnesses of the rear tires.

A possibility for accomplishing this difference in tire charac-
teristics is to use a different type of tire on the rear axle than
that used on the front axle. Even though this situation occurs
fairly frequently for vehicles in use (that is, people often replace
two tires at a time), it is considered to be impractical to maintain
a specified difference in the types of tires installed on the front
and rear axles. '

However, differences in tire mechanical characteristics have
been achieved by using different inflation pressures between front
and rear tires. To obtain substantial changes in.gain, extra-
ordinarily Tow levels of inflation pressure are needed in the rear
tires [14]. This situation can lead to a tendency for the vehicle
to spin out in emergency maneuvers. During the initial phase of a
sudden turn, a large yaw acceleration can be developed. Even if the
forces from the front and rear tires tended to saturate at levels
which produce a yaw moment balance on the vehicle later in the manuever,
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they would not be able to reduce the high yaw rate established dur-
ing the time when the yaw acceleration was large. If the large yaw
rate persists, the vehicle will spin out.

There are differences in opinion regafding whether a "spin-out"
or a "plow-out" is least safe. In the case of a spin-out, the driver
is turning in an uncontrolled manner which he probably cannot correct.
In a plow-out, the driver cannot increase the severity of the turn,
but he can reduce the severity of the turn and he is oriented some-
what in the direction of the vehicle's velocity vector. From a
controllability standpoint, a plow-out appears'to have an advantage
over a severe spin-out. Nonetheless, the matter of plow-out versus
spin-out has not been resolved and the prudent course of action is
to try to avoid either one. '

Accordingly, targe reductions in rear tire inflation pressure
to achieve significant changes in yaw rate gain are not recommended
even though this modification might move the performance character-
istics of a particular vehicle into the SPS.

2.2.6 Conditions for Wheel "Lift-Off." This subject was men-
tioned by representatives from a vehicle manufacturing firm as one
of a number of items a manufacturer might consider in evaluating a
vehicle's response in severe maneuvers. The roll stiffnesses of front
and rear suspensions, jacking effects, front and rear roll center
heights, sprung-mass center of gravity height, and the locations of
bump stops are important with regard to the level of maneuver at which
wheels start to 1ift off the ground.

For a vehicle with a substantial front anti-roll bar and a
fairly roll-compliant rear suspension, the inside front wheel may be
entirely unloaded in a severe turning maneuver. The unloading of one
front wheel and the loading of the other front wheel can cause a
net reduction in tire side force from the front wheels. This phenom-
enon can reduce the tendency for a vehicle to spin out (enhance the
tendency for plow out) in an abrupt turning maneuver.

14



For vehicles without a front anti-roll bar, the addition of a
front anti-roll bar can be used to increase the yaw rate gain in
normal driving. (See Section 3.1.) Thus this modification could
be used to bring a vehicle whose gain is slightly below the lower
boundary of the SPS into the SPS. Whether the additional front roll
stiffness will cause an unfavorable wheel 1ift-off situation or an
inappropriate loss in net side force from the front wheels in maneuvers
in the non1inear range of vehicle performance has not been established,
and any general results of this nature are beyond the scope of this
project and the requirements defining the SPS.

2.2.7 Performance at Speeds Different from 50 mph. The SPS is
based on parameters which are all determined at a speed of 50 mph.

As discussed in the next section, reasonable values of gain and re-
sponse time at 50 mph do not insure reasonable values of gain and
response time at speeds slightly removed from 50 mph.

If overall steering ratio were to be constrained to a narrow
range, then gain and response time measures at 50 mph would adequate-
1y define performance at other speeds. But overall steering ratio
is not constrained to a narrow range either in practice or by the
SPS. Thus, specifications at 50 mph are not sufficient to insure
good handling qualities throughout the entire range of typical for-
ward velocities. V

There are vehicle performance parameters which are not speed
dependent. For example, the understeer/oversteer gradient, a tradi-
tional open-loop handling measure, does not depend upon speed in the
normal driving range. Also, the front and rear cornering compliances
[9] are independent of speed.

The next section examines what the requirements of the SPS imply
about (1) understeer/oversteer gradient and (2) handling properties
at speeds different from 50 mph.
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2.3 Limitations of the SPS in Determining the Yaw Response of
a Vehicle ,

The following discussion will demonstrate, using very simple
analytical models, that

1) It is possible for vehicles which fall within the
boundaries of the SPS to have understeer/oversteer
gradient values which would generally be deemed un-
acceptab]e. These values could range at least as
high as 9.5°/g understeer to 1°/g oversteer.

2) Vehicles which have similar properties or "acceptable"
properties (according to the SPS requirement) at 50
mph may have widely varying or "unacceptable" proper-
ties at velocities other than 50 mph.

To examine the manner in which the SPS serves to determine a
vehicle's handling properties, expressions derived from the well-
known two-degree-of-freedom, linear range, "bicycle" model of the
passenger car will be used. The basic equation defining steady-
state steering, as derives from such a model, is |

:—Zﬂ' e | (2)

where

Ssw = steering wheel angle, degrees

Ng = overall steering ratio

L = wheelbase, feet

R = turn radius, feet

K = understeer/oversteer gradient, degrees per g

u = forward velocity, ft/sec

r = yaw rate, degrees/sec

g = gravitational constant, 32.2 ft/sec?

16



Further, under steady-state conditions

5;83 = u (3)

From these expressions, the steady-state yaw rate gain (G) may be
expressed as

6 s i = ) e (4)
SW |SsS G 1+ 9957 3

In the earlier work [1], the transfer function for the non-
rolling vehicle model was shown to be

r Tr >+l r
A ST ; (5)
sw — S + S+1 SW /ss

“n “n

The phase shift (¢) between input (ésw) and output (r) of the
system defined by Equation (5) may be expressed as follows:

] - 2t w/wn ‘ |
¢ = tan (Trw) - tan T-m—/w—nyz- ‘ (6)
where o is the frequency of system excitation.
_ From (6),
o 8 - (%8 wley
; tan ¢ = tan |tan (Trw) - tan W (7)
and using the identity
tan(x-y) = tan x - tan y (8)

1+ tan x tan y
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it can be shown that

- 2z w/wn -
Trw “T- (w/wn)2
2t w/wn

.1 * Trw 1- (w/wn)2

tan ¢ =

The equivalent time constant (Te), which is one dimension of the
SPS, is defined such that, when

= T (10a)

e

then .
-45° (10b)

©-
n

Substituting Equation (10) into Equation (9) and rearranging, the
following cubic equation derives* '

(T2 + (T, - 20w ) (/T )2 + (22 w /T, = w2)(1/T,)
- 2 =
wn/Tr 0 (11)
Finally, Bundorf and Leffert [9], using the cornering compliance

concept, have shown that damping ratio and natural frequency may be
expressed, respectively, as:

1
2 -
4 0+ 72K : (12)
257.3g
and
2 - L573g)2 u?k
“n T DD u? [+ 7577347 (13)

*A closed-form solution for (1/T.) can be obtained from this equa-
tion, but it is very complex. %his "solution," i.e., Equation (11),
will be sufficient for purposes herein. Later in this discussion,
example values of Te will be given which are obtained through numeri-
cal solution of Equation (11).
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front cornering compliance, deg/g

Lo
]

fus)
]

rear cornering compliance, deg/g

Equations (12) and (13) are actually approximations which require
the conditions

k2 =ab (14)
and
]/ZDr §_Df 5-20r (15)
where
k = radius of gyration of the vehicle in yaw, ft
a = longitudinal distance from the center of gravity to
the front axle, ft
b = Tongitudinal distance from the center of gravity to

the rear axle, ft

(Equation (13) is exactly true if Equation (14) holds. According
to [9], it is generally true that 0.9 < k2?/ab < 1.2 such that Equa-
tion (14) is sufficiently accurate for purposes herein.)

For the simplest vehicle models, wherein oh]y tire cornering
stiffness and weight distribution are considered, cornering compli-
ances may be expressed as:

W,
D1.=C1— i=ForR (16)
%5

=
(i

where weight on the axle, 1b

D
]

total tire cornering stiffness on the
axle, 1b/deg
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For more complex models, cornering compliances may also include the
effects of roll steer and the several compliance steer effects.

It should be noted that

Db (17)
and that
W
L _u g _u
ot w13 g (18)
r

The above equations may be used to illuminate the significance
of the performance parameter constraints represented by the SPS.
Equation (4) indicates that there are two parameters available which
can be altered in order to obtain a desired steady-state, 50 mph,
yaw rate gain. These are the understeer coefficient (K) and the
overall steering ratio (NG) (assuming the wheelbase is a fixed value
for a given vehicle). Equation (12), however, points out that the
restriction on damping ratio, i.e., ;'50 > .5, essentially places an
upper bound on the value of K. (Here again, % is assumed fixed, and
it is also assumed that the inertial properties of the vehicle are
not altered significantly from those implied by Equation (14).)

The remaining restriction on natural frequency (wn|50 > 3 rad/sec)
and on Te,SO (see Fig. 2) do not yield to such straightforward inter-
pretation. In effect, these restrictions, through Equations (11),
(13), and (18) put a lower bound on K and 1imit the total cornering
compliance on the two axles of the vehicle.

Now consider an example based on a real vehicle. Reference
[10] presents cornering compliance data* for a compact car which re-
sulted from a variety of load and tire condition variations (including
wear, construction type, and inflation pressure variations). Table 1
displays the front and rear cornering compliances obtained in that

*The original cornering compliance definitions given in [9] have
been extended in [10] to include vehicle factors not considered
in the earlier work.
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Table 1. Cornering Compliances Obtained for a Compact
Car Through Load and Tire Factor Variations.

Vehicle Front Cornering Rear Cornering
Confiquration Compliance, °/g Compliance, °/g

1 10.5 6.1

2 10.3 5.1

3 10.6 5.5

4 10.5 5.5

5 10.6 6.1

6 8.3 7.7

7 6.0 6.1

8 7.3 4.2

9 6.0 4.9

10 10.5 7.2

11 10.5 7.1

12 5.1 7.2

work. The vehicle from which these data were obtained was a compact
car very much 1like the Buick Skylark used in this project. Using

the wheelbase of the Skylark (9.25 ft) and the compliance data of
Table 1, the values of K, mn|50, CISO’ and Te|50 can be calculated
for each of the 12 vehicle configurations of Table 1. The results
appear in Table 2. Table 2 shows that, of the.12 configurations,
only number 12 is necessarily outside of the SPS. This configuration
fails the requirements on two counts, viz., (1) its 50-mph natural
frequency is less than 3 rad/sec and (2) its 50-mph effective time
constant is greater than 0.3 sec. All other configurations can be
made to fall in the SPS if a steering ratio (NG) js chosen which
results in an appropriate 50-mph yaw rate gain (see Eq. (4)). (For
most of the configurations any gain from 0.138 sec'] to 0.37 sec']
is acceptable. Configuration numbers 6 and 7 require more specific
control, for their time constants fall in the 0.238-0.3 sec range,
i.e., near the sloping right-hand boundary seen in Figure 2.)
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Table 2. Performance Parameters for the Vehicle
Configurations of Table 1.

Vehicle
Configuration K * 150 “n|50 Te|50
1 4.4 .647 4.86 0.191
2 5.2 .616 5.64 .167
3 5.1 .619 5.32 ‘ .176
4 5.0 .623 5.31 176
5 4.5 .643 4.87 .190
6 0.6  .917 3.43 .280
7 -0.1 1.016 4.09 .246
8 3.1 11 6.39 .151
9 1.1 .862 5.38 179
10 3.3 .700 4.13 .221
11 3.4 .695 4.19 .218
12 -2.1 1.719 2.41 0.943

The data of Tables 1 and 2 demonstrate that a rather broad
range of vehicles, in terms of their understeer/oversteer character,
can fall within the SPS. The tables show that as understeer becomes
large, damping ratio is the 1imiting criterion. (This relationship
was expressed precisely in Equation (12).) In fact, for the vehicle
used here (9.25 ft wheelbase), Equation (12) shows that the upper
bound on K is 9.5 °/g. As the vehicle tends toward oversteer, both
wnlSO and Te|50 become the 1imiting factors. The relationship
between K and these limits is not so straightforward, however, and
depends on the total amount of cornering compliance in the vehicle.
That is, as the cornering compliance at both ends of the vehicle de-
creases, more oversteer is acceptable. To demonstrate this point,
consider the three vehicle configurations of Table 3. These hypothe-
tical configurations use front and rear compliances which are
generally low, but not unreasonably so. Note that all three vehicle
configurations (including one with 1 °/g oversteer) could fall within
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Table 3

Vehicle
Configuration 13 14 15

Df 5.1 5.1 4.5
Dr 5.1 5.6 5.5

K 0.0 -0.5 | -1.0
C’so 1.00 1.09 1.21
wnISO 4.93 4,32 4.18
Te|50 203 .242 .273

the SPS with the proper choice of steering ratios. It is because
the compliances are generally Tow that the allowable value of K
is also Tow.

The preceding discussion has highlighted the relationship be-
tween the parameters GISO’ Te|50’ wn’SO’ and CISO and the traditional
vehicle parameter, K, as well as the front and rear cornering com-
pliances (which, when combined, determine the value of K). It is of

interest to observe the behavior of G, Te’ w_, and ¢ at velocities

n
other than 50 mph. Figures 3 through 6 present plots of G, Te’ w

9

n
and ¢, respectively, as a function of velocity for several selected

vehicle configurations. (A1l the vehicles have a wheelbase of 9.25
feet. Their understeer gradient, K, varies from 9.5 to -1.0, a
range which the preceding discussion has shown to be acceptable,
according to the SPS requirements. Where the specific values of Df
and Dr are significant, i.e., in plots of Te and 0 the vehicle
configurations have been selected from Tables 1 and 3.)

Figure 3 presents yaw rate gain as a function of velocity.
Plots are shown for vehicles of varying levels of K from 9.5 °/g to
-1.0 °/g. In each case, overall steering ratio, NG’ has been chosen
such that G 50 .2 sec'], a value which is comfortably within the
gain range of the SPS. The figure clearly indicates that, although
all the vehicles have identical gains at 50 mph, at other velocities
their gains can vary widely, and the rate of change in gain with
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respect to velocity can be very high at 50 mph. Also shown in
dashed 1ines on the figure is the ‘envelope of performance of all
possible "optimum" vehicles obtained by choosing steering ratios
which would Tead to 6|gy = .37 sec”! or G5 = 138 sec™!, the
boundaries of the SPS. This envelope serves to illustrate that a
vehicle could have a yaw rate gain within these bounds at 50 mph
(thus being inside the "optimum space"), but at a velocity of only
a few mph difference, the same vehicle could have a yaw rate sub-
stantially removed from these bounds.

Figure 4 shows the sensitivity of Te to velocity for several
vehicle configurations chosen from Tables 1 and 3. This figure
illustrates again that vehicles which have similar parametric values
at 50 mph, in this case, Te|50’ may have wide variance in the same
parameter at other velocities. In this case, for vehicles with lower
values of K, Te increases rapidly at velocities above 50 mph.

Figures 5 and 6 present the sensitivity of w, and ¢ to velocity.
In Figure 5, several vehicle configurations from Tables 1 and 3 are
used; in Figure 6, vehicles ranging in K from 9.5 to -1.0 are dis-
played. These two figures show that there is some tendency for w,
or ¢ to stray out of the SPS range at velocities slightly removed
from 50 mph, but this tendency is not severe.

This discussion has served to indicate the limitations of the
SPS in determining yaw response of a vehicle. It has been shown that,
while the SPS may identify good yaw response qualities at 50 mph, it
may also encompass vehicles with an understeer (oversteer) level
conventionally judged unacceptable for highway vehicles. These same
vehicles, then, may have widely varying yaw response properties at
speeds other than 50 mph.
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3.0 ANALYSIS OF THE INFLUENCE OF VEHICLE
PARAMETERS ON PERFORMANCE

Steady-state gain is discussed first in this section because
almost all vehicle parameters which influence transient response in
normal driving affect steady-state response. In fact, the yaw moment
of inertia and the damping in the suspensions are the only vehicle
parameters which (1) have an influence on transient response and
(2) do not influence steady-state response. Accordingly, the terms
and definitions used to describe steady-state response will be employ-
ed Tater on in discussing the relationships between vehicle charac-
teristics and transient response.

3.1 Factors Influencing Steady-State Yaw Rate Gain

As previously discussed in Section 2.0 and as indicated by
Equation (4), there are two factors, Ng and K, which can be varied
independently to achieve a required yaw rate gain for a vehicle of
given wheelbase at a speed of 73.3 ft/sec (50 mph). Clearly, it is
obvious that the yaw rate gain can be changed directly by altering
steering ratio. Furthermore, small percentage changes in gear ratio
will produce corresponding percentage changes in yaw rate gain, viz.,

a6 - BONg

= = - — (19)
G Ng

where ANG is a small change in overall steering ratio and AG is the
corresponding change in yaw rate gain from a nominal yaw rate gain,

G, corresponding to the nominal steering ratio, NG'

Even though it is patently clear, it should be emphasized that
changing steering ratio has the advantages that it does not change
(1) the understeer/oversteer gradient, (2) steady-state roll response
in degrees per unit lateral acceleration, or (3) the form of the
transient response.
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(Depending upon the type of steering system employed on a
particular vehicle, the changing of steering ratio may cause a
significant change in the torque the driver feels at the steering
wheel. At present, boundaries on steering-wheel torque have not
been specified.)

The understeer/oversteer gradient, K, in Equation (4) can also
be varied to change yaw rate gain. However, K is dependent upon
many vehicle parameters and changes in vehicle parameters which in-
fluence K also affect transient response.

A general impression of the influence of K in degrees/g on the
steady-state yaw rate response, Fog to a reference front-wheel angle
(defined by GSW/NG) may be derived from Figure 7 (in which Gr =
rss/(dsw/NG). The dashed horizontal Tines on Figure 7 indicate that,
for subcompact, compact, and intermediate cars with an overall steer-
ing ratio of approximately 19, the understeer factor may vary from
approximately 6.5 degrees/g to nearly neutral steer (0.0 degrees/g)
without violating the specified range of yaw rate gain at 50 mph.

The vertical dashed 1ine represents a typical example of a domestic

car with an understeer of approximately 5 deg/g corresponding to an

NgG product (that is, Gr) in the neighborhood of 3.2 sec'], which is
above the Tower boundary of the SPS for NG = 19.

As illustrated in Figure 7, the sensitivity of GrlSO to changes
in K increases as K decreases. Thus the yaw rate gain becomes more
sensitive to changes in service factors (loading, replacement tire
characteristics, etc.) at low values of understeer than it is at
moderate values of understeer (approximately 5 deg/g)..

Using Equation (4) to deveiop an expression for estimating the
influence of small changes in K on the yaw rate gain yields the

following equation:

>
[<p]
|
loe)

AK
¢ T+BK (20)

[<p]
—_—

where
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Figure 7. Influence of understeer/oversteer gradient, K, on yaw rate gain.
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B = (u?/2g 57.3)

For example, for a typical compact car with a nominal value of K
equal to 5 deg/g, the fractional change in gain at 50 mph is given
numerically by:

6 - _ 0123 4K (for B = 0.3214)
That is, a 0.5 deg/g decrease in K (i.e., a 10% change at 5 deg/g)
will produce approximately a 6% increase in yaw rate gain. The
numbers in this example have some practical significance in that
current practice is challenged to measure or estimate K any more
accurately than +0.5 deg/g, corresponding to approximately a #6%
uncertainty in yaw rate gain for K = 5 deg/q.

3.1.1 The Influence of Vehicle Parameters on Understeer. In

the preceding discussion, the basic influences of K and NG on yaw
rate gain were treated in elementary terms. The following material
discusses the relationship between vehicle parameters and under-

' steer, K, thereby providing a connection between vehicle design
(modification) parameters and yaw rate gain.

The derivation of the expression used hereinafter for evaluat-
ing K involves a number of vehicle dynamics cohsiderations, Tengthy
algebraic manipulations, and many parameters. Nonetheless, this
subject has been treated by numerous research investigators [e.g.,
see 10, 14, 15, 16] and their work can be compared with the equations
presented hereinafter. (The derivation outlined in Apbendix C pro-
vides a means for relating steady-state gain to the physical processes
involved.) Accordingly, this discussion will start from a basic
expression for understeer in terms of vehicle parameters and proceed
to address the implications of modifying vehicle parameters to obtain
a required level of understeer.

The total expression for understeer has been divided into four
contributing factors, specifically, '
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K = K] - K2‘+ K3 + K4 (21)
where
K] is the contribution to understeer due to front corner-
ing coefficient and the influence of steering system
compliance
K2 is the contribution to understeer due to rear corner-
ing coefficient
K3 is the contribution to understeer due to roll effects

K4 is the contribution to understeer due to rigid body
aligning torque

The equations used for each of these factors are:

W W T. g57.3
K = £ ‘) =Cf - _fe (22)
f fe u
Co(X . + X))
where A] = -t p; m
SS
C
(Y%
and ‘fe ~ (T+‘A‘]>
W T ¢57.3
_r _ r
Ko = ¢ u (23)
r
C K
K5 7 KylKerg * - K ) = KK KD (24)
XX
- 2 ) 2
fe r

where
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frs

rrs

distance from total vehicle c.g. to front axle

distance from total vehicle c.g. to rear axle
total vehicle weight

wheelbase (a+b)

weight on the front wheels (wf = bW/4)

weight on the rear wheels (wr = aW/g)

twice the cornering stiffness of one front tire
twice the cornering stiffness of one rear tire
front pneumatic trail, ATf/Cf (see Note 2)
rear pneumatic trail, ATr/Cr (see Note 2)
mechanical trail

twice the camber stiffness of one front tire
steering system stiffness

roll angle per g of lateral acceleration

front roll steer coefficient (positive for a positive
roll angle (roll to the right) producing a positive

steer angle (to the right))

rear roll steer coefficient (positive for a positive

roll angle producing a positive steer angle)

average front wheel camber angle per degree . of

roll angle
numerator time constant = m a u/nCr57.3
forward velocity

effective front time constant

roll steer effect (Krs = Keps - Krrs)

camber effect (Kry = CYKY¢/Cfe>
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(Notes: 1) for roll equilibrium

Ko-Whi¥ -
v® s 9

where ws = sprung weight
h = height of sprung mass c.g. above the
roll axis
Kp = Keg ¥ Ky - Weh

where Krf = roll stiffness of front suspension
Krr = roll stiffness of rear suspension
W_h
= - S (ur
then 6 = 7 (g )
r
wsh
and K¢ e degs/g

r

2) The aligning stiffness of the front tires is given by

AT, =

£ Cf X

pf

for the rear tires

The largest contributor to understeer comes from K]. The
influence of steering system compliance is to increase K] or, effec-
tively, to increase the value of front cornering compliance. Typical
values of K] range from 8 to 11 degs/g (with A] representing the
influence of steering compliance, caster, and tire torques estimated
to equal approximately 0.25 for cars with power steering or rack-
and-pinion manual steering.)*

The quantity K2 represents the influence of the rear tires and
the Toad on the rear wheels in determining the value of a vehicle's
understeer/oversteer gradient. The quantity K2 and the numerator

*Estimates of vehicle performance parameters for many 1977 sub-
compact, compact, and intermediate size vehicles are presented
in Appendix D.
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time constant, Tr’ defined by STI in Reference [1], are closely
related*, viz.,

Wr K2u

u i} u _
(57.3) ~ gCr (57.3) = ¢57.3 (27) .

am
T =

r 2 Cr
Typically, K2 ranges from approximately 5.8 to 8.0 deg/g, corres-

ponding to Tr values between 0.23 and 0.32 seconds at 50 mph.

The quantity K3 indicates the influence on understeer of the
most significant roll-related factors. -For the cars surveyed in this
study, the estimated roll angle per g lateral acceleration (K¢) varied
from 5 to 11 deg/g. '

The roll steer gquantities, K and K, are not usually given

in published specifications and tEZ; oftenrz;ange with vehicle loading.
For many cars the influences of front and rear roll steer tend to
cancel one another. Accordingly, the influence of roll steer may not
be known accurately, but it may not have a large effect on under-

steer [10].

Usually, the most significant contribution to K3 comes from the
camber stiffnesses of the front tires if these tires are of bias or
bias-belted construction. In this regard, radial tires tend to have
much less camber stiffness than bias or bias-be]ted tires [14].

The roll-related terms in Equation (7) add approximately 1.2 to
2.6 deg/g to the understeer. The influence of the roll-related terms
is reduced by increasing the roll stiffness of the vehicle.

The rigid body aligning torque terms that make up K4 total about
0.5 deg/g of understeer. This is a small effect but it is fairly
constant from car to car and always acts to increase understeer.

*For a simple non-rolling vehicle model, the quantity W _/C. is the
"rear cornering compliance" introduced by Bundorf and [effert [9].
Recognizing this, much of the work presented in [1] can be related
to that of [9]. Furthermore, the work presented herein can be
readily related to the original definitions used in the cornering
compliance concept.

36




3.1.2 Changes in Understeer Due to Changes in Vehicle or Tire

Factors. The quantity K] depends upon the load on the front wheels,
the cornering stiffness of the front tires, and the factors contri-
buting to a torque balance in the steering system. In estimating the
performance of particular vehicles, knowledge of the steering system
stiffness is not generally available. An estimate of the influence
of steering system stiffness on understeer can be obtained using
representative numbers. For example, if

KSS = 200 ft-Tbs/deg

ATf + CaXm = 50 ft-1bs/deg
and wf/cf = 8 deg/g

then A] = 0.25 and K] = 10 deg/g

However, if KSS were actually twice as large as originally estimated,
that is, 400 ft-1bs/deg (which is not an impossible error given the
data available in the literature), then, all else being equal,

Al = 0.125 and K] = 9 deg/qg.
Roughly a factor of two increase in KSS corresponds to a 1 deg/g change
in understeer.

It is believed that vehicles with rack-and-pinion manual steer-
ing systems have steering system stiffnesses nearly equal to those
of typical power steering systems. However, data presented in [17]
indicate that conventional manual steering systems can be at Teast twice
as compliant as power steering systems. Going back to the previous
example with KSS = 100 ft-1bs/deg (to represent a manual steering
system) yields A, = 0.5 and Ky =12 deg/g, which indicates an esti-
mated 2 deg/g increase in understeer in changing from power steering
to manual steering.
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The cornering stiffness of typical passenger car tires depends
upon vertical load. For most passenger car tires Ca increases as
vertical load increases up to the rated load of the tire at the
specified inflation pressure. This characteristic of passenger car
tires tends to moderate the influence of changes in vertical load on
K2. Nevertheless, changes in vehicle loading can significantly in-
fluence K2. Currently published vehicle specification data [18] indi-
cate that front seat load is nearly equally distributed to the front
and rear tires and approximately 80 to 85% of the rear seat load is
reacted at the rear tires, or for three large, rear-seat passengers
the vertical load on the rear tires could be increased by about
400 1bs over the load with a nominal condition of two front-seat

passengers.

For example, the Toad on the rear wheels of a compact car could
change from 1800 1bs to 2200 1bs with the addition of a load equi-
valent to three passengers in the rear seat. Using data for an E78-14
tire (tire number 063 in [19]) yields:

1

K2 = o7 - 6.9 deg/g at 1800 1bs (900 1bs/tire)
and ‘
Ky = (—)—]—2—2 - 8.3 deg/g at 2200 Ibs (1100 Ibs/tire)

These results indicate that a 25% increase in load on the rear wheels
will cause approximately a 19% increase in K2 corresponding to a
1.3 deg/g reduction in understeer.

Without the influence of Ca varying with vertical load, a 25%
increase in vertical load on the rear tires in the previous example
would have caused a 25% increase in K2, yielding a 1.7 deg/g reduction
in understeer. The curvature of the relationship of cornering stiff-
ness to vertical load and the values of vertical load involved for
a particular vehicle determine the value of the change in K2.

It should be emphasized that (1) tire cornering stiffnesses are
the most significant factors determining K, and K, and (2) tire
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replacement practices, especially if either the front or rear set
of tires are replaced with a different type of tire, can have an
important influence on K [10, 14]. For example, if E78-14 bias-
belted tires (similar to tire no. 063 in [19]) are replaced by
ER78-14 radial tires (similar to tire no. 032 in [19]), Ky changes
from 6.9 deg/g to 5.4 deg/g at approximately 1800 1bs Toad on the
vehicle's rear wheels.

‘Tire inflation pressure also affects cornering stiffness and
there is interaction between the influences of load and inflation
pressure on cornering stiffness [14]. 'Genera11y, for moderate tire
loads, the cornering stiffness does not start to fall off drastically
until inflation pressure drops well below 20 psi. Example test
results for a G78-14 tire (tire no. 460 in [19]) are as follows:

Cold Inflation Pressure at 1032 1bs

psi Ca (1bs/deq)
18 154
25 167
32 178
at 1374 1bs
18 145
25 167
32 196

These data can be used to evaluate W/Cu as a function of psi and

load, viz.,
at 1032 1bs
Cold Inflation Pressure)

. W/C(l
psi deg/c
18 6.7
25 6.2
32 5.8
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at 1374 1bs

(Cold Inflation Pressure)
W/C
si o
P deg/g
18 9.5
25 8.3
32 7.0

Inspection of these results indicates that for a nominal inflation
pressure of 25 psi holding inflation pressure within +6 psi will
maintain K2 within 0.5 deg/g at 1032 1bs Toad per wheel while at
1374 1bs Toad per wheel the inflation pressure would have to be held
within +3 psi to keep K2 within approximately +0.5 deg/g.

At present we do not know of a large set of tire data which can
be used to evaluate the generality of the results just presented.
However, it is straightforward to derive the following expression
which can be used to estimate the influence of inflation pressure on
K

X
. aK2 aCOt
AK2 = 55; 3psT ApSi (28)
where EEE, = Eg
aC c °
o [¢]
aC
apgi is the influence of inflation pressure on
cornering stiffness,
Ca is the cornering compliance for a single tire,
and AK2 is the change in K2 due to a change 1in

pressure equal to Apsi.

Or, by rearranging (28),

C

.o_ | o ' . .
Apsi = %, (aCa/aps1) |AK2| (29)
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where +Apsi is the tolerance in pressure determined by
a selected tolerance in K, (that is, |8Ks 1)
and Ca and K2 are nominal values for a
particular vehicle.

Vehicle parameters for estimating K¢ are genera]]y available
[18] with the exception of h, the distance between the roll axis and
the sprung mass c.g. The roll steer quantities are not generally
available, particularly the front roll steer parameter, Kfrs' Example
values for the rear roll steer are given in [20]. It is estimated
that Krs is usually less than 0.1, meaning that for K¢ less than
10 deg/g the roll steer effect is usually less than 1.0 deg/g. (This
effect can be small, almost 0.0 deg/g, if Kfrs and Krrs tend to cancel
each other [10].)

The quantity Kry in Equation (24) depends upon tire properties
and KY¢ which is the side-to-side average change in camber angle per
unit change in roll angle. The quantity KY¢ varies from vehicle to
vehicle from approximately 0.7 to 1.0 with an average value around
0.88. For bias and belted-bias passenger car tires the ratio of
camber stiffness to cornering stiffness is approximately 1/6. Accord-
ingly, K. = 0.18 for Ay =0.25. If Ky = 10 deg/g, for example, then
the camber term may contribute approximately 1.8 deg/g to a vehicle's

understeer.

Examination of vehicle specifications indicates that for some
vehicles equipped with radial tires large caster angles on the order
of 3 or 4 degrees are used. This practice compensates for the loss
of understeer due to the relatively low camber stiffness of radial
tires. The significance of caster angle, which determines the mechan-
jcal trail, Xm’ depends upon the steering system stiffness.

The addition of an anti-roll bar to a suspension adds an addi-
tional roll stiffness approximately equal to the roll stiffness due
to the suspension springs [20]. For typical vehicles the front roll
stiffness (for a vehicle without an anti-roll bar) may be approximately
twice the rear roll stiffness and the addition of a front anti-roll
bar will increase the total roll stiffness by about 60%. For example,
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the addition of a front anti-rol1 bar to a vehicle with K¢ =10
deg/g could result in K¢ being reduced to about 6 deg/g. If the
original vehicle had 2 deg/g of understeer due to roll-related fac-
tors, then the roll stiffened vehicle (in this example) would have
1.2 deg/g of understeer from rol1. A penalty for this additional
roll stiffening accrues from the rough ride experienced when one
front wheel hits a bump or chuckhole and the other front wheel is on
smooth road. Nonetheless, for typical vehicles, the addition of an
anti-rol1 bar can lead to about a 10% increase in steady-state gain
resulting from a 16% decrease in understeer.

This section has presented numerous examples to illustrate the
influence of various vehicle parameters on understeer. Usually a
number of design factors contribute to the overall understeer of a
particular vehicle, and, accordingly, any of a number of design
factors could be modified to change the yaw rate gain of a selected
vehicle. Nonetheless, changing steering ratio is conceptually the
simplest way of changing yaw rate gain. Furthermore, NG is virtually
the only design parameter that can be used to alter yaw rate gain
without having any effect on vehicle transient response characteristics.

3.2 Relationships Between Vehicle Characteristics and the Transient
Response Specifications

A theoretical foundation for the vehicle dynamics requirements
to be used in this project was developed in [1] using a two-degree-
of-freedom model for the non-rolling vehicle. The vehicle model
presented in [1] can easily be related to the analysis presented in
References [9 and 21], in which the cornering compliance concept was
used to provide an understanding of the basic vehicle factors
influencing transient response. Nevertheless, experience in this
project at attempting to match vehicle test data with a two-degree-
of-freedom model indicated difficulties in matching the initial yaw
acceleration and the time at which the maximum yaw rate response to
a rapid, ramp-step steering input occurs.
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The difficulties were associated with the treatment of the roll
degree of freedom which is either neglected or handled quasi-
statically in the two-degree-of-freedom model.

By using a simplified three-degree-of-freedom model,
the roll mode was seen to have a significant influence on
the time and the magnitude of the maximum yaw rate response. In a
dynamic maneuver, like a ramp-step steering maneuver, the timing of
the understeer properties due to vehicle roll (that is, the camber
forces and the roll steer effects) determine the time and magnitude
of the peak yaw rate response.

Nevertheless, a two-degree-of-freedom model which includes roll
effects in an approximate manner will be presented hereinafter to
provide an analytical understanding of pertinent factors influencing
transient yaw response. The simplified three-degree-of-freedom model
used for data matching experiments is described in Appendix E, and
complete descriptions of three-degree of freedom models can be found
in the fundamental work of Segel [15, 22] and in Weir, Shortwell,
and Johnson [16].

Similar to the situation presented in Section 3.1.1 (pertaining
to steady-state yaw rate gain), numerous vehicle dynamics considera-
tions and lengthy algebraic manipulations are required to develop
the differential equations describing vehicle résponse in transient
(dynamic) maneuvers. However, only the basic equations and assump-
tions will be given here before presenting the final results. The
intent is to concentrate on the implications of these results with
respect to the requirements of this steering controllability project
rather than to emphasize their derivation.

The equations of motion used in the simplified two-degree-of-

freedom model employed herein are:

m(v + ur) = Ff + Fr (30)
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is the mass of the vehicle

=3

where
v is the lateral velocity
u is the forward velocity
r is the yaw rate
F. is the lateral force from the front tires
F_is the lateral force from the rear tires
[ is the yaw moment of inertia

a - X

Qv
1}

pf

o
i

b+ Xpr

The forces are given by:

Ff = -Cfaf + CYKY¢¢
Fo = Gy
where Gp is the slip angle of the front wheels

a_ 1is the slip angle of the rear wheels

¢ is the roll angle of the sprung mass

The steering system is treated "quasi-statically" using the following
equation for a moment balance in the steering system:

§
_ _SW _ - - (-
0 = Kgg (- 0p) = CK oKy = (Craglhy ¢ Xo)) (32)
Or, by rearranging (32)
T O X.)
5 T W, ~ X * K (33)
G SS SS

A major assumption of this model is that roll motion can be
treated quasi-statically using the following equation:
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Whur
o = *K;—'(ng (34)
Wsh
(Tet K = —— , radians)
¢1 Kr

Equation (34) is the same expression as that employed in the steady-
e state analysis. Comparison of transient responses calculated with

a two-degree-of-freedom model employing (34) with calulations from

a three-degree-of-freedom model indicates that the rolling vehicle
will respond é 1ittle more quickly in yaw than predicted by the two-
degree-of-freedom model. Example calculations show that the peak

yaw rate response to a ramp-step input is obtained sooner in calcula-
tions including roll dynamics than in calculations employing the
quasi-static assumption. Nonetheless, the frequency response of the
two-degree-of-freedom model is expected to match approximately the
frequency response of the thiree-degree-of-freedom model throughout
the mid-frequency range [2] while only failing to match at the higher
frequencies excited by rapid steering inputs.

(The front and rear s1ip angles, o, and o needed for computing

f
tire forces are defined in the steady-state analysis presented in

Appendix C.)

Based on the considerqtions and assumptions just presented and
neglecting small terms resulting from rigid body aligning torque
effects, the following expression for the yaw rate transfer function
is obtained.

r

ris) _ 6sw_ss

' - 7 7 AN
e nlu m(aCe #b7C.) + I(Cc +C )-u A5K¢]m
: Gr (C C 2)5 * Gr C..C2 S+
fe'r fe"r

(Tr s+ 1)

(35)




where r_ is given by Equation (4)

SW|SS
Gr = NG (the steady-state gain to a
SW|(SS "reference" front wheel angle) .
A5 = (aA2 - bA3)/g in which .._'
C. CK X
- _ _fe m
Ao = Ceekers - X * 0K
sS
A3 - CrKrrs

The numerator time constant is Tr’ as defined in the steady-state
analysis (even though roll effects have been included). The terms in
the denmominator of (35) can be used to express the natural frequency
and the damping ratio in terms of vehicle parameters, viz.,

1 mlu
> = G (36)
2t _ Grm (a2C, +b2C ) + l(c + ) - u? ALK (37)
o ) fe " v’ " m'fe r 57¢]

Fortunately, earlier work by Bundorf and Leffert [9] indicates
useful means for interpreting Equations (36) and (37). First, con-
sidering natural frequency, let

I = abm(1 + k')

where -0.1 < k'< 0.2 for typical cars [9]. Then (36) can be
expressed as

] Gr2

2 KK, (1+Kk") (38)

u
w2 u (957.3) 12
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Furthermore, for k'= 0, 52.2

K@Juz
|(K1+K2),>>| g (Kz Cfe

r
N, ——
G Sewls

2 5 (D) = e (39)

Equation (39) allows one to estimate the damping ratio, z,
from steady-state gain, steering ratio; wheelbase, and velocity.
This estimate for ¢ could possibly be 30% lTow in an extreme case
in which the roll-related factors are large. However, damping ratio
is not a crucial factor in this project, that is, vehicle design is
not tightly constrained by the requirement that C'SO (i.e., z at
a vehicle velocity of 50 mph) be greater than 0.5 as specified in

[1].

Using Equation (39), a "worst case" estimate of damping ratio
can be made for passenger cars with yaw rate gains meeting the
requirements of the specified performance space. The Tower boundary
of the required performance space is at r/dsw ss = 0.14. For a
subcompact car with a wheelbase of approximately eight feet and a
steering ratio of 19, Equation (39) yields a worst Case damping ratio
(at 50 mph) equal to 0.54. Accordingly, it is estimated that for
typical vehicles (of subcompact, compact, or intermediate size) the
damping ratio will be greater than 0.5 (at 50 mph) if the yaw rate

gain falls within the specified performance space.

Equation (39) is in the most convenient form for working with
measured values of steady-state gain. However, it can be restated
in terms of understeer as follows:

]
1+ u<kK

S [————7—] (40)
9257.3>
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(Note that damping ratio is independent of steering ratio as should
be expected.)

For 50 mph, ¢ = 0.5, and & = 8 ft (a subcompact car), Equa-
tion (40) is satisfied if K = 8.3 deg/g. For passenger cars with
wheelbases greater than 8 feet and values of K Tess than 8.3 deg/g,
the damping ratio will be greater than 0.5. For a neutral steer
vehicle K = 0 and ¢ = 1, as indicated by Equation (40). Thus, it
is estimated that at 50 mph over the range of damping ratio between
0.5 and 1.0 (0.5 < ¢ < 1.0), vehicles can vary from highly understeer
(K = 8.2 deg/g) to neutral steer (K = 0.0 deg/g).

The given constraint on natural frequency is that W at 50 mph
be greater than 3.0 rad/sec. For examining the relationship between
vehicle parameters and W, it is convenient to re-express (38) in
the following form.

u? 1/2 1 u?
E [] i K((g2517).3):| i} [ * K573 J
n | T O TRV
r'fe KiKo (Gar—5)2 (14K

1/2

(41)

By examining the results of the survey of typical cars presented in
Appendix D, it is seen that the following conditions are almost
always satisfied: K > 3 deg/q and KK, < 80 (deg/g)2. Using these
numbers to calculate natural frequency for a vehicle with ¢ = 10 ft,
k'= 0, and u = 50 mph yields a very conservative lower bound of

“n {50 mph 238 rad/sec for currently-produced subcompact, compact,
and intermediate size automobiles.

Theoretically, the effective time constant, Te’ now used to
define the boundary of the optimum region can be evaluated in a
straightforward manner, but this requires measuring or evaluating
numerous vehicle parameters. Consequently, the quantity Te is easier
to determine directly from full-scale vehicle experiments than from

an analysis based on measured or calculated parametric data.
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Nevertheless, an understanding of the factors influencing Te
can be obtained through consideration of the following form of the
yaw rate transfer function.

‘S_r—l (T jw + 1)
SW|SS

=

r{jw i
Sgeldu) T Ly 4 (285, 4 1
n

Nl s

= [g
€

where
w is frequency

j is the complex number v-1 , and
E}—— , T, Wy and ¢ are as defined previously.
sw'ss

(It should be emphasized that a vehicle speed of 50 mph (73.33 ft/sec)
applies throughout this discussion.) The phase angle, ¢y’ of the
yaw rate transfer function (42) is given by:

6. = tan-](Trm) - tan”! 22w (43)
y o (1 -(-%)2

For ¢y = -45°, that is, for w = wg = 1/Te, the properties of the
tangent function can be used to deduce the following equation from
Equation (43):

'l 22_:(1)

W
3 L 2 n_ =2 L
wg + (Tr ZCwn)we + Tr wn)we Tr 0 (44)

Equation (43) can be solved numerically for Wg if Tr’ r, and
w, are known. Nevertheless, it provides insight to consider solving
for Te graphically. Figure 8 shows the phase lead obtained from the
numerator term in (42) and Figure 9 shows the phase lag determined
by the denominator of (42). For given values of Tr’ z, and vy, the
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frequency at which -45° phase shift occurs can be found using
Figures 8 and 9 and a trial-and-error approach.

Inspection of Figures 8 and 9 indicates that if ]/Tr <ups
then Wy W This result can be shown readily from the following
simple analysis. At = W, the denominator of (42) yields 90° phase
Tag for all values of damping ratio. If ]/Tr is less than Wy then
the numerator of (42) yields more than 45° phase lead at w = W
Consequently, the value of w at which 45° phase lag occurs must be

greater than'mn.

The foregoing discussion can be used to develop an estimate of
vehicle characteristics such that Te will be within the boundary of
the SPS. Examination of the SPS indicates that if Te (for a parti-
cular vehicle) is less than 0.238, then the effective time constant
will be small enough. (The inequality Te < 0.238 sec'] is equivalent
to the inequality we > 4.2 rad/sec where Wy = 1/Te.) Accordingly,
if

]/TP < wn

and

w, > 4.2 (46)

then it follows that Te < 0.238.

For current domestic vehicles ]/Tr is less than Wy Even at
neutral steer (K=0) with K2 = Ky and k' = 0, Equation (41) indicates
that W, = ]/Tr' For values of K > 0, w, will be greater than ]/Tr
if the difference between K2 and K] is not too large. To quantify

the magnitude of the allowable difference, let F] 5 = K]. Then from
(41)
1 [1+Ku2/9257.3 1/2
“n Tr F](1+M)
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Thus, for k'= 0, w, is greater than ]/Tr if

(1 + K u2/9257.3> :
Fl 7

or if

(1 +Ku?/9257.3) > (K,/K,) (47)

Combining the approximate result for z2 from (40) with (47) yields
the restriction

1
(z2) K, > K (48)
for 1/Tr < wp (at 50 mph) for ¢ evaluated at 50 mph.

Calculations based on the estimates made in the vehicle survey

nlSO mph > 4.2 and
> 1/Tr will nearly always be satisfied for typical sub-

(Appendix D) indicate that the inequalities w
“nlso mph
compact, compact, and intermediate cars. In general, if K] is
considerably larger than K2, the value of understeer, K, will be
large, .implying that the damping ratio at 50 mph will be relatively
small (but larger than 0.5). For the values of cornéring compliances,
K] and KZ’ applicable to typical cars, the natufa] frequency at 50
mph will be greater than both 4.2 rad/sec and ]/Tr'

In summary, it appears from this analytical consideration of
vehicle dynamics that currently produced subcompact, compact, and
intermediate cars have transient response properties at 50 mph which

satisfy the specified performance requirements on z, w

n’ and Te.
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4.0 VEHICLE TESTS

Two series of vehicle tests were conducted for this research
study. The first series, referred to as the preliminary tests,
were conducted on the vehicles tentatively chosen as subjects for
the modification program. Generally, vehicles were chosen because
the analytical work conducted during the vehicle survey indicated
that they were probably outside or near the boundaries of the opti-
mum space. Preliminary tests were conducted to confirm these
analytical results and to precisely identify the dynamic character-
istic of the test vehicles. Later in the study a verification test
program was conducted on the test vehicles which had been selected
and then modified to conform to the SPS. These tests were conducted
in order to verify that the accomplished modifications did indeed
result in vehicles whose dynamic properties placed them near the
center of the SPS. Also, cursory closed-loop handling tests,
using both modified and unmodified vehicles, were conducted to con-
firm that modified vehicles were acceptable highway vehicles and to
tentatively judge the handling value of the modifications.

The preliminary test program consisted totally of open-loop
testing designed to measure the handling qualities gérmane to the
SPS. The verification test series consisted of these same open-

Toop tests plus a series of closed-loop tests. In the following sub-
sections, these test programs will be described under the headings:

Test Equipment and Instrumentation
Test Procedures and Results
Open-Loop Tests
Closed-Loop Tests



4.7 Test Equipment and Instrumentation

The instrumentation package used in the vehicle testing measured
five operating variables, viz.:

1. Steer angle (measured at the input end of the steering

column), 8ec

2. Steering wheel torque*, TSw

3. Yaw rate, r
4. Roll rate*, p
5. Velocity, V

In addition, on-board analog computations were performed to
make the following signals available:

1. Yaw acceleration, r
2. Steady-state lateral acceleration, rV
3. Steady-state turn radius, V/r

Data signals were recorded on magnetic tape using an on-board
FM tape recorder. A light beam oscillograph was also installed in
the test vehicle so that recorded data could be played back, on
Tine, providing a visual check on data system integrity. Later,
the tapes were also played back into a hybrid computer where the
data was ultimately reduced via an automated process. In the field,
an additional "control voltage" level was also recorded on one
channel of tape. This signal is used to indicate the mode of system
operation (calibrate, standby, test, etc.) to the computer reduc-
tion program. The control signal level could be selected by hand
or could automatically be switched from standby to test via a "drag
switch" arrangement installed on the test vehicle. This automated
system was used primarily to lessen driver burden during closed-Toop
testing. A second advantage was to precisely locate the vehicle on

*Steering wheel torque and roll rate transducers were employed
only in the verification test program.
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the test course for purposes of data evaluation.

Both steering-wheel torque and steer angle transducers were
incorporated into a "variable ratio steering-wheel Timiter" (VRSWL)
fitted to the vehicle steering column. The device is shown mounted
in a test vehicle in Figure 10. In addition to the two transducer
functions, this device also allows for simple and quick variations in
the overall steering ratio and provides a steering-wheel stop mech-
anism for open—1oop, step-steer tests. By selecting the appropriate
set of change gears for installation in the device, gear ratios
between steering wheel and steering column may be varied from 4:1
to 1:4.

A schematic diagram of the instrumentation system appears on
Figure 11. A more detailed description of test vehicle equipment
and instrumentation appears in Appendix B.

4.2 Test Procedures and Results

In the following two subsections, specific procedures for the
open- and closed-Toop test series will be described. In the case
of both test series it was necessary to carefully control both tire
condition and vehicle loading condition since both of these variables
are known to influence the vehicle handling properties of interest.

For all vehicles tested, loading consisted of driver plus
instrumentation. The instrument package weighed a total of 280 1b,
and the majority of this mass was located in the front passenger
seat. (See Appendix B for specific details.) Tests were conducted
with gas tanks in a 1/2 to full condition.

Tire conditions were also carefully controlled. In the pre-
lTiminary test series, tires installed on the vehicle by the rental
agency were used if (1) they were consistent with the OE tire for
that vehicle in size and construction type, (2) the same tire was
installed on all wheels, (3) the tire was judged to be in good
condition for testing. Otherwise, tires were replaced to meet these
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conditions. For the validation testing program, in which a Timited
number of vehicles were tested, new OE tires were installed. Tires

were inflated to the vehicle manufacturer recommended cold pressures.

The resulting hot pressures were determined and inflation pressures
maintained at this Tevel throughout testing.

4.2.1 Open-Loop Test Series. The purpose of the open-loop
test series was to provide data for the determination of handling

properties of the subject vehicles, be it a modified or unmodified
vehicle. Of most immediate interest was the measurement of the two
properties, yaw rate gain, r/Gsw, and the equivalent yaw rate time
constant, Te,* where both values are determined for 50 mph vehicle
velocity and for linear regime performance.

Data was obtained from two test procedures, viz.:
1) "“Step" steer tests
2) "Pulse" steer tests

Procedures for these tests were as follows:

1) Step steer tests. With the vehicle initially traveling

in a straight line at a steady speed of 50 mph, the

driver displaces the steering wheel as rapidly as possible
up to the level predetermined by the setting of the
steering-wheel stop mechanism. This level of steer input
and the 50-mph speed level are maintained until the
vehicle has established and maintained a steady-state

turn for several seconds. This procedure is repeated
twice each, for steer inputs corresponding to i.860,

8y 11.260, and 11.460 where 60 is predetermined as

follows.

*Te is defined as the inverse of the frequency at which 45° phase
shift occurs for the vehicle's yaw rate transfer function. Early
in the program, the numerator time constant, Ty, was used. How-
ever, both time constants are derivable from similar vehicle data.
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A "cone course" consisting of a narrowly confining lane
of a constant, 668-foot radius curve of sufficient length
to provide several seconds of steady-state turning at a
speed of 50 mph, is established. (This arc, traversed at
50 mph, produces .25 g lateral acceleration.) A skilled
driver negotiates this course at a steady velocity of 50
mph, repeating the procedure several times for turns of
both directions. During these runs, the driver observes
(via the index steering wheel described in Appendix B)
the Tevel of steady-state steer angle required to negotiate
the course. (Steering level may also be observed via
recorded data, although the precision obtainable in the
field using this method may not be satisfactory.) The
observed steer angle is defined as 8y

The steady-state response of the vehicle to this test

series is used to obtain a measure of the vehicle's yaw
rate gain. The transient response of the vehicle to the
step-like steer inputs is transformed to the frequency
domain and is used in evaluating the vehicle time constants.

2) "Pulse" steer test. With the vehicle initially traveling

in a straight line at a steady speed of 50 mph a series of
both right- and left-hand steering pulses are input to the
vehicle. Magnitude of the pulses are in the range of
steering inputs used in the step steer tests of the same
vehicle. Rate and spacing of the pulses are varied by

the driver over a wide range in an attempt to obtain
strong frequency content throughout the 1 to 10 rad/sec
range. The procedure is repeated four times.

Steering input and yaw rate response data gathered from
these tests are transformed to the frequency domain and
are used in obtaining Te for the vehicle.

Data from the open-loop step steer and pulse steer test pro-
cedures discussed above were digitally processed by Fourier transform
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methods to obtain tabulated yaw rate to steering wheel angle vehicle
transfer functions. The transfer function information consisted of
yaw rate gain and phase angle tabulations versus frequency. The
effective time constant, Te’ for each test was obtained by noting
the frequency, Was at which 45° of phase shift occurs. The inverse
of this value is, by definition, Te.

Appendix A discusses in greater detail the methods and programs
used for analyzing the two test responses. The step responses were
processed by a Fourier technique used by Samulon [23] as derived
from earlier work by Bedford and Fredendall [24]. The pulse steer
inputs were processed by a standard Fourier series transform. The
Te values obtained for a given vehicle from the two separate test
procedures and analyses were in close agreement. Table 4 summarizes
the Te values obtained from both step response and random steer input
tests for several vehicles.

Table 4. Yaw Rate Effective Time Constant
Results of Preliminary Test Series.

Effective Time Constant

Te (sec)

Vehicle Pulse Steer Step Steer
Ford Pinto:

Manual Steering - 14

Power Steering .16 .15
Plymouth Fury:

Manual Steering A7 .19

Power Steering .18 .19
Chevrolet Nova: .16 17
Buick Skylark: .18 .15

In addition to the Te calculations for each vehicle, steady-
state gain values were obtained from the step steer tests. Changes
in the steady-state yaw rate were divided by the corresponding changes
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in steering angle for different levels of steer and then averaged.
Table 5 shows the steady-state gains as evaluated for each vehicle.

Table 5. Steady-State Yaw Rate Gain Results
of Preliminary Test Series

Yaw Rate_Gain

Vehicle (sec)”]
Ford Pinto:
Manual Steering 12
Power Steering .16

Plymouth Fury:

Manual Steering .09
Power Steering 13
Chevrolet Nova: 15
Buick Skylark: .18
Ford LTD II: .18
Plymouth Aspen .18

During the course of the testing, a modification of the stan-
dard step steer maneuver helped facilitate the yaw rate gain calcu-
lation. The modification was to initiate the step steer not from
a straight course or zero steer level, but instead from a small
steer angle level. The purpose of the initial small steer angle
was to take up any play in the steering system and thus provide a
more definite initial reference condition. A substantial improvement
in consistency was noted in the run-to-run yaw rate gain calculations
using this test procedure.

The yaw rate gains and the effective time constants measured for
the modified and unmodified Pinto, Skylark, and Fury used in the
closed-loop test program are plotted on a graph showing the boundaries
of the optimum space in Figure 12.
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4.2.2 Closed-Loop Test Procedures and Results. The plan
for this project allowed for a "cursory" closed-Toop vehicle test
program only. Thus, relatively simplistic test methods were

necessary. A procedure in which the driver was requested to guide
the vehicle through a tightly restricted cone course was chosen as
the primary closed-loop test method.

The course was designed to elicit both transient and steady-
state vehicle response within the 1inear (up to ~.3 g) performance
regime. The attempt was made to arrange the course such that the
driver would input steering time histories with strong frequency
content up to and beyond the ]/Te range (4~6 rad/sec). Further, the
course was designed to represent a significant, but not overwhelming,
challenge to the driver in terms of cone strikes such that this
parameter could be used as an objective measure in comparing perfor-
mance attained with the modified and unmodified cars.

The general layout of the course which was chosen is shown in
Figure 13. The course was designed to be run at a vehicle speed of
50 mph. The curved portion of the course is a constant radius (670
ft) turn which, at steady-state, produces lateral acceleration of
.25 g at 50 mph. The lane changes also produce approximately .25 g
Tateral acceleration when taken at 50 mph. Although they do not
require high acceleration, the lane changes are sufffciently short
as to elicit relatively abrupt steering inputs. The step transitions
from straight section to curve and then back to straight also require
step-Tike steering changes which have relatively strong frequency
content at the Tevels of interest.

The width of the lane used in the course was determined empiri-
cally. Prior to actual testing with each particular vehicle, two
test drivers (not those used in actual testing) drove the course
repeatedly, adjusting lane width until the desired degree of diffi-
culty was attained. In testing, the lane width was maintained the
same for both the modified and ummodified versions of a particular
car, but was varied for each of the three test cars.
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Referencing lane width to the overall track width of the
vehicle (see Figure 14), the lane clearance for the cars tested
was: (1) Plymouth Fury, 9 1/2 inches; (2) Buick Skylark, 8 1/2
inches; (3) Ford Pinto, 6 inches.

(OO

Overall Track Width
/2 Lane —= ~——1/2 Laone Clearance

Clearance

Figure 14. Cone course lane clearance.

Several observations with regard to these clearances should be
noted. First, it seems somewhat surprising that the lane clearance
resulting in a challenging, but negotiable, course is so small. The
course was constructed using 84 cones, yet with the small clearances
indicated above, the average number of cone strikes per run for all
drivers and all cars was just 6.1. In addition, the test drivers who
determined the course width found that small deviations from the
values given above produced substantial changes in difficulty. In-
creasing or decreasing total lane width by 1 1/2 inches was found to
significantly alter the difficulty factor. Increasing the lane width
by three inches was found to result in a course which was easily
negotiated with no cone strikes, while decreasing the width by three
inches increased the number of cone strikes many times over.

65




It was not possible to examine this sensitivity in any depth
in this program, but it should be noted that if the initial indica-
tions of such high sensitivity hold true, there may be important
ramifications upon the usefulness of this testing method. First,
high sensitivity would require very accurate cone placement if the
results are to be dependent on driver-vehicle performance rather than
cone placement accuracy. A more subtle point is that this sensitivity
puts in serious question the ability to make meaningful comparisons
between cars.  Consider Figure 15 which represents a vehicle passing
through the curve portion of the cone course at speed. Note that in
the figure, as is generally true, the vehicle has assumed some non-
zero sideslip angle (8). Thus, it is clear that the actual clearance
which the vehicle has in the lane is a function not only of vehicle
width and lane width, but also of vehicle Tength and sideslip angle.
In fact, for small B

LC = LW - (W +pg - VL) (49)

where
LC s Tlane clearance
LW s Tane width
VW is vehicle width
VL is vehicle length

Even for small vehicles, VL may be on the order of 100 inches and B

on the order of 1°. Thus, g+VL may have an effect on lane clearance
on the order of two inéhes, and as noted above, two-inch changes in
lane clearance have been found to be of significant magnitude. It
would seem that if vehicle-driver performance is to be compared across
different vehicles, with number of cone strikes as the criterion,

then lane clearance should be equal between vehicles. Figure 15
implies that this requires considering vehicle Tength and sideslip
angle as well as vehicle width in choosing lane width.

66




For small g

Lane Clearance = LW - (VW + g - VL)

Figure 15. The effect of vehicle sideslip on lane clearance.
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Using the very simple "bicycle" model of a vehicle, it may
be shown that for steady-state tUrning,

57.3b alW u?
B = - — (50)
R QCQR gR

for small B and where CaR is the cornering stiffness of the rear
tire and u is the Tongitudinal velocity. Or, using the cornering
compliance concept,

where Dr is the rear cornering compliance of the vehicle.

From these two equations it is seen that g is dependent on
turn radius, vehicle geometry, velocity, and rear cornering compli-
ance, where, in the real vehicle, this last factor is dependent on
vehicle weight, Tongitudinal c.g. position, rear tire and rear suspen-
sion properties, as well as vehicle roll stiffness. A1l these fac-
tors affect steady-state sideslip angle. These, and others, affect
transient g performance. It would seem, then, that the term g-VL
of Equation (49) is, in fact, most difficult to evaluate with suffi-
cient accuracy for comparative test purposes.

It is of further 1nterest‘to note that, as a consequence of
Equation (51), each individual vehicle possesses one speed at which
steady-state g becomes zero, regardless of turn radius. That is,
from (51)

| [57639 bq1/2 (52)
B= r

Figure 16 illustrates this point through a plot of 8 versus u for
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a variety of R values. Thus, it would seem that a cone course test
could be "tuned" to favor a particular vehicle through the choice
of velocity.

Figure 16. Steady-state sideslip angle as a function of velocity
for several turn radii.

A11 these facets should be considered (and explored further)
in comparative testing of driver-vehicle systems. In this program,
however, comparisons are made only between unmodified and modified
versions of the same vehicle—mnot between different vehicles. Fur-
ther, the modifications were made to steering ratio only, one of
the few vehicle handling properties which can seemingly have no
effect on the g-VL term of Equation (49).

Four experienced drivers and one expert driver were used as
drivers in the closed-loop portions of the vehicle testing activity.
The experienced drivers were taken from the HSRI staff, and although
they were all experienced drivers in the normal sense, none were
experienced as "test drivers." The expert driver was an experienced
and successful road racing driver.
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The following procedure was used with each driver* in evaluating
each of the three vehicles chosen for modification.

A test day began at approximately 9 a.m. with the subject
driver and an observer leaving the HSRI facility in the instrumented
vehicle. At this time, the VRSWL installed in the test vehicle
would be fitted either with a 1:1 ratio, thus making the vehicle
"unmodified," or with the ratio, chosen as a result of preliminary
testing, which resulted in the desired yaw rate gain for the modified
vehicle. The first 20 minutes were spent in ordinary in-town driv-
ing, generally in residential areas. Fo]]owing this period, approxi-
mately 20 minutes were spent in freeway driving on the way to the
test facility. Immediately upon reaching the facility, the driver
was requested to rate the vehicle using the rating sheet shown in

Figure 17.

EXCELLENT — minimal campensation (effort,
anticipation) required to maintain
desired (attainable) performance

|
T

— GOOD — mild compensation required

FAIR — moderate compensation required
- POOR — significant compensation required °

—+ NEARLY UNCONTROLLABLE — excessive control
demands, cannot maintain adequate control

Fioure 17. Rating sheet for general driving.

*A11 four experienced drivers were used in testing the Fury, while
three were used in tests on the Pinto and Skylark.
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The driver and observer then proceeded to the handling area
where a cone course had been laid out previous to their arrival.

Two cone courses were involved in the vehicle tests. One was
the "full course," discussed above and shown in Figure 13. A
"short course" was attained by eliminating the lane changes.* This
was done by changing the 3-foot offsets, shown in Figure 13, to zero
rather than by removing cones. This course produced simplier and
more easily interpreted tape recorded data with well established
initial and final conditions of zero yaw velocity.

Initially, the test observer drove the vehicle through the
course with the test driver on board to introduce him (her) to the
course and the test area in general. Then, beginning with the short
course, the test driver was allowed to practice driving the course
in both directions until he (she) satisfied himself (herself) that
he (she) was ready.

At this time, six runs (three in each direction, alternating
direction from run to run) were made through the short course. The
number of cone strikes were recorded for each run, and data was taken
on magnetic tape throughout. The entire practice and test procedure
was then repeated using the full course. This time, however, ten
test runs of alternating directions were made.

Upon completing the course driving, the driver was again asked
to evaluate the car, this time using the rating sheet of Figure 18.

Following a break for lunch, this entire procedure, starting
with 20 minutes of in-town driving, was then repeated with the second
chosen gear ratio installed in the VRSWL.

Results of the closed-loop, driver-vehicle test series consist
of cone strike data, an objective measure, and the subjective ratings
which the drivers made with respect to both general driving and cone
course driving.

*This short course was not introduced into the program until the
second test vehicle. Thus, it was not used during testing of
the Plymouth Fury.
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i

EXCELLENT — very easy to
accomplish

-+ Impossible to accomplish at
task speed

Figure 18. Rating sheet for cone course.

Cone strike data is presented in Table 6, and subjective data
in Table 7. The subjective data results from converting the sub-
jective rating scales, shown previously in Figures 17 and 18, to
linear scales ranging from 0 to 10 (zero being "good," and 10 "bad").
It should be reiterated that these data, especially cone strike
data, should only be used to compare modified and unmodified versions
of the same vehicle. Further, note that the scatter in number of
cone strikes from run to run, as indicated by the standard deviation
values given in Table 6, is substantial, and detracts from the

significance of this data.

The mean data from these tables have been reduced and presented
in a graphical form in Figures 19 and 20. These figures present
the data in a normalized form. For each driver-vehicle-measure
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Table 7. Subjective Rating Data*

General Driving Rating Cone Course Rating
Vehicle Driver**  Unmodified Modified Unmodified Modified

Plymouth A 3.1 4.0 5.0 6.8
Fury B 1.4 3.1 7.7 2.9
c 1.5 6.2 2.6 2.0
D 7.1 5.2 7.4 7.4
; 2.7 3.6 3.6 4.7
Ford A 3.6 5.8 1.1 0.9
Pinto B 0.0 7.5 2.7 2.9
D 3.0 3.8 1.5 0.9
: 2.7 2.8 2.0 2.4
Buick B 3.0 5.8 4.3 1.8
Skylark c 2.5 5.5 5.0 4.5
D 4.0 5.8 1.4 1.7
E 4.7 7.6 2.3 5.9

*Small values imply a good rating; Targe numbers imply a bad rating

**Driver E was the "expert driver."
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Cone Strikes Subjective Rating.
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combination, the measure attained in the unmodified vehicle is used as
a normalizer for both unmodified and modified vehicle results. Thus,
unmodified vehicle measures are always normalized to a value of 1 and
become the reference for comparison. When the normalized value for
modified vehicles is greater than one, then the performance measure of
the modified vehicle was "better" than the same performance measure

for the same unmodified vehicle. If the normalized value is less than
one, then, of course, the performance measure was "worse." (This polar-
ity requires that the normalizing procedure be the inverse of the usual
procedure, as shown in the example below.) The resulting normalized
data is displayed on a log scale. (This scale produces a visual effect
which makes a X2 or X 1/2 change, for example, appear as the same
magnitude.) As an example of the normalizing procedure, consider cone
strike data for driver A in the full course driving the Pinto. The
average cone strikes per run are

Unmodified Vehicle: 4.1
Modified Vehicle: 1.6

The resulting normalized values are:

- Unmodified Vehicle: 4.1/4 .1
Modified Vehicle: 4.1/1.6

1.0
2.6

In Figures 19 and 20, the normalized data is -presented in two
forms. Figure 19 groups the data by test vehicle and performance
measure, each group having one line plotted for each driver. This
figure readily demonstrates the effect which the modification had on
each performance measure for each vehicle. Figure 20, on the other
hand, groups the data by test vehicle and driver with a 1ine plotted
in each group for each performance measure. This figure would indicate
the effect which the vehicle modification had on each driver-vehicle
system as interpreted by the various performance measures.

From Figure 19, it can be seen that the modification made to the
Plymouth Fury did not appear to have consistent effect across drivers.
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In fact, the distribution in cone strike results appear remarkably
even. Only the subjective evaluation of general driving shows a
definite downward trend. Interpretation of the drivers' verbal remarks
would indicate that their disapproval of the modification, as indi-
cated by this measure, resulted from increased steering torque

requirements.

The Pinto suffered in the general driving rating due to modifica-
tion, also. And, again, the drivers indicated that this was a result
of the increase in required torque. However, cone strike data, at
least for the full course, would indicate an improvement due to the
modification. Other results for the Pinto are mixed, although there
appears to be a downward trend for cone strike data for the shortened
course.

Once again, the drivers' disapproved of the modification made to
the Skylark. This time, steering effort was considered too light and
steering gain, particularly for in-town, low speed maneuvers, was con-
sidered to be too small. Other measures for this vehicle are quite
scattered.

Figure 19 serves to illustrate an interesting point, namely, that
a given driver-vehicle system does not necessarily yield consistent
results across. the several objective and subjective measures used here.
Only the expert driver tended to produce consistent results across the
various measures. For the other drivers, opinion and cone strike
performance did not generally show agreement in trends.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This research project has endeavored to address practical con-
siderations associated with applying the research findings obtained
in NHTSA programs [1, 2] to the steering controllability of domesti-
cally-produced subcompact, compact, and intermediate size automobiles.
It was the purpose herein to identify reasonable techniques whereby
such vehicles could be made to fall within the boundaries of the Speci-
fied Performance Space (SPS), as defined by those studies.

The work which was undertaken has led to a series of conclusions
which Tend themselves to organization under the following two major
classifications:

1) Conclusions regarding individual vehicles and/or the
vehicle population (specifically, subcompact, compact,
and intermediate size vehicles) and their relationship
with the SPS.

2) Conclusions regarding the SPS specifically and its
place in the developing art of the objective charac-
terization of vehicle handling quality.

Even though the expressed objectives of this research project were
directed toward obtaining conclusions which would fall within the

first category, conclusions of the second type were a natural result
of this effort.

Conclusions drawn from this project are listed below according
to these two classifications.

1. Conclusions regarding the relationship of vehicles to the
SPS.

a) Most domestically-produced passenger cars of the sub-
compact, compact, and intermediate sizes fall within
the SPS.
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b) Vehicles of these sizes show very little variance in
Te{SO’ one from another, and generally fall comfortably
within the specified range for Te|50'

c) These size vehicles, when equipped with manual steer-
ing, often fall outside of the SPS because they tend
toward unacceptably low values of r/65w|50' The large
value of overall steering ratio which is necessary because
of steering effort considerations, is the cause of this
low gain.

d) Some intermediate vehicles equipped with power steering
fall outside of the SPS, again because r/ésw'SO is too
Tow.

e) A reasonable modification to move vehicles which are
outside of the SPS (because of low yaw rate gain) into
the space is to lTower the steering ratio. In the case
of manual steering cars, this reduction is easily accom-
plished by changing to a power steering gear.

f) Steering ratio is virtually the only vehicle parameter
which can effect a change in steady-state yaw rate gain
without causing changes in transient yaw response.

g) In-use factors, especially those deriving from loading
and tires, have an effect on vehicle performance in the
dimensions of the SPS. Changes in in-use factors can
cause individual vehicles to cross the boundaries of the
space. Thus it would be necessary to constrain the in-
use factors if a vehicle's position relative to the SPS
is to be maintained over time. -

2. Conclusions regarding the SPS specifically.

a) The SPS, and especially the research efforts which led
to its development, make a significant contribution to
the developing art of the objective definition of vehicle
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hand1ing qualities. However, the SPS (as well as this

art in general) does not éppear to be sufficiently developed
as to be adequate for the general identification of handling
quality.

b) It is possible for vehicles, whose yaw response properties
lie within the SPS, to have widely varying, and possibly
unacceptable, levels of understeer (oversteer).

c) Vehicles which have similar yaw response properties at
50 mph, as defined by the SPS, may have widely varying
yaw response properties at other velocities.

d) Many vehicle response properties (other than the yaw re-
sponse properties which constitute the SPS) need considera-
tion in evaluating vehicle handling quality.

In a separate area which does not fit conveniently into the above
classifications, this program has found that

The use of the precision cone course and resulting cone
strike data for the evaluation of driver-vehicle system
handling performance within the linear range is of
questionable validity.

5.2 Recommendations

-Recommendation:

Efforts should be made to establish the safety significance of
the SPS through a study of the accident record.

Discussion:

The preceding "Conclusions" section points out that, in large
part, vehicles presently being manufactured conform to the performance
specifications developed in NHTSA research studies [1, 2]. Given that
subjective ratings by drivers have played a major role in establishing
both the performance space specified by that research and the current
design practices of vehicle manufacturers, this finding is not parti-
cularly surprising. It is valuable to note, however, that this study
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has identified vehicles which fall within the SPS and other vehicles
that fall without. It would then appear that there is a potential
mechanism for evaluating the safety significance of the SPS through
the comparative evaluation of the accident records of these two sets
of vehicles, even though problems related to the significance of the
results due to the influence of other, uncontrolled variables could
be very large.

An approach which would eliminate some of the uncontrolled
differences in vehicles would be to compare vehicles of the same basic
model but differing in certain mechanical features such as power
versus manual steering, radial versus bias tires, and/or a front anti-
roll bar Vversus no anti-roll bar. Clearly, it would be necessary to
(1) test the various versions of the vehicle models to be studied to
establish their relationship to the SPS, (2) maintain the vehicles so
that their relationship to the SPS did not change significantly in
use, and (3) study a sizeable sample of these vehicles to attempt to
remove the influences introduced by the varying characteristics of the
drivers involved.

«Recommendation:

As a preliminary step to further handling research, closed-loop,
driver-vehicle handling test methodologies which (1) yield objective
measures of driver-vehicle system performance and (2) provide an
assessment of the control difficulties associated with particular
vehicles should be developed.

Discussion:

It is of interest to note that the boundaries of the SPS have
been set largely through the subjective ratings of drivers. Pre-
sumably, then, the SPS defines a set of vehicle hand1ing properties
which drivers Tike. It is not yet well established, however, that
this same set of vehicle properties are necessary for safe handling
characteristics. Indeed, the fact that drivers are adaptable to the
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characteristics of the vehicle they are driving and can compensate

for broad differences in vehicle characteristics might suggest that
"safe" handling characteristics may cover a significantly broader range
than "likeable" characteristics. Accordingly, future research efforts
might search for an outer region in which control properties become
unacceptable, rather than for an inner region in which they are

"optimum."

One manner in which the safety significance of the SPS might be
examined through accident data analysis has been suggested above. For
purposes of safety-related vehicle handling research, the development
of closed-Toop vehicle handling test methodologies which would yield
6bject1ve measures of safety-related driver-vehicle handling perfor-
mance quality would also be desirable. It is recognized that the
safety-relevance of objective measures obtained on the test track is
extremely difficult to establish. Nonetheless, the state-of-the-art
of driver-vehicle performance testing appears severely wanting relative
to the need for objective data.

«Recommendation:

Investigations should be undertaken to examine the significance
of the many other vehicle factors which might contribute to Tinear-
regime handling quality. The SPS concept should be appropriately
expanded according to the results of such investigations.

Discussion:

In connection with further research into the control quality of
vehicles in the normal driving range, it would appear that more broadly
based investigations are called for. The subject under consideration
appears to be most complex with a Targe number of inter-related pro-
perties contributing to overall handling quality. In the future, it
will be necessary to consider at least (1) both lateral acceleration
and yaw rate response times, (2) the influence of the amount and timing
of roll-related properties, and (3) the importance of the level and
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nature of steering torque or "feel" prior to the establishment of

firmly based handling performance specifications. Even though the

SPS, as currently defined, represents a useful, interesting approach,
its definition should be expanded and/or revised according to the
findings of future research into these areas. Furthermore, vehicle
performance over a range of velocities should be examined and specified.

«Recommendation:

Research on vehicle handling as it is affected by the transition
from the Tinear range through the nonlinear range to the limit of
turning performance should be undertaken. The findings derived there-
from should be incorporated in any evolving vehicle specification

scenario.

Discussion:

Overall handling quality, specifically safety-related quality,
would certainly appear to involve more than the normal driving regime.
In addition to closed-loop control in normal driving, NHTSA has in the
past sponsored research studies addressing the 1imit performance of
passenger cars [13, 25]. In those studies, vehicle handling test pro-
cedures (VHTP) were developed and used to examine open-loop perfor-
mance with the idea of seeing if vehicles possess response character-
istics which are uncontrollable in extreme maneuvérs. That is, do
vehicles reach a 1imit response beyond which driver skill and
experience is of little avail?

Two maneuvers which only involve turning, viz., a rapid turn
(called "trapezoidal steer") and a reverse steer or lane-change maneuver
(called "sinusoidal steer") have been included in the developed test
procedures. Of these two turning maneuvers, the lane change is be-
lieved to be more realistic since it can be related to driver-vehicle
control situations on typical roads.

Directional response in emergency turning maneuvers is partially
dependent upon the vehicle characteristics (including tire character-
jstics) used in the definition of the SPS. The yaw rate conditions
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prevailing during the initial phase of a drastic steering maneuver

are determined by the linear-range yaw-response properties (that is,
the SPS) of the vehicle. At the start of a steering maneuver the
front wheels generate a side force causing the vehicle to yaw. As the
vehicle yaws and starts to sideslip, the rear tires generate forces
providing additional acceleration in the direction of the turn. For

a controlled turn to develop, the front and rear tire forces must pro-
duce a yaw moment balance appropriate for the desired turn. How the
transition from rapid yaw acceleration into yaw moment balance occurs
is crucial in establishing a good turn.

Further research on the transition from the 1inear range through
the nonlinear range to the 1imit of turning performance appears
valuable in order to gain an understanding of the events which can lead
to loss of control in attempted turning maneuvers. Previous closed-
Toop studies [6] have shown that drivers are capable of applying inputs
which will lead to loss of control at the Timit for particular vehicles.
But means for assessing the performance capabilities of the driver-
vehicle system in extreme maneuvers have not been established [4].

Both open- and closed-loop results for evasive performance tests (lane-
‘change maneuvers) are needed to illuminate meaningful, objective
measures of vehicle dynamics characteristics which are pertinent to
vehicle control in accident-avoidance maneuvers. Until the interaction
between driver control and vehicle dynamics characteristics in evasive
maneuvers is well understood, our knowledge of steering controllability
will be incomplete with respect to safety-related accident-avoidance
considerations.

Specifically, further study of driver-vehicle system performance
in evasive, lane-changing maneuvers is suggested. Even though the
lane-change maneuver has been used in many studies with only Timited
success [26], it still appears to be a promising maneuver to investigate
in the future. With regard to the type of maneuver involved, the
results of this study indicate that a precision, tightly-constrained
lane-change course is not appropriate for comparing different vehicle
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types or models. Accordingly, a course arranged to challenge the
responsiveness of the vehicle in avoiding an obstacle while allowing
a fairly reasonable space laterally (such as a lane width) for re-
covering the original direction of travel appears to be a good
candidate for further study.

-Concluding Recommendation:

Implementation of vehicle handling performance specifications
is not recommended at this time, pending further development as ampli-

fied above.
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APPENDIX A
DATA ANALYSIS PROGRAMS

This appendix contains descriptions of the data analysis
methods used for determining the effective time constant, Te’ from

the step-steer and pulse-steer yaw rate responses.

A.1 Step Steer

The method used for obtaining the Fourier transforms of the
yaw rate step response was based on that used by Samulon [23], and
earlier by Bedford and Fredendall [24]. Samulon's technique approxi-
mates the given response by a sum of (sin x/x) functions. The
Fourier transforms of the individual (sin x/x) functions are then
computed and summed to obtain the total Fourier transform. Bedford
and Fredendall used the same approach but approximated the response
by a sum of step functions instead.

Using Samulon's notation, if F(t) is the measured yaw rate
response, a discrete approximation is given by

:ii sin f (t-nt)2n
=0 An f (AFnr)Zn : (A.1)

where
1 1is the sampling interval

f. is the highest frequency component in F(t), (Hz)
An are the amplitudes of F(t) at the sampling points.

It can be shown that the complete Fourier spectrum of the
given F(t) expression (A.1), summing over all terms, is given by

:ib Al e ! (A.2)
R A.2
n=0 c ch
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where w s frequency in radians/second, (w = 2rf).

By expressing the same transform in terms of first differences
of A, B, = A - A . Equation (A.2) becomes

©

of) = ——L o D e IMI/ATL (A.3)
J4fc s1n[§-?zﬂ n=0 c

In response to an ideal step function, (A.3) is divided by
1/jw and becomes the transfer function,

(F) = ——S— 2 B e MIAT L (A.4)
s1n(2 . ?~) n=0 c

This is the same result obtained by Bedford and Fredendall
with the exception of the gain correction term,
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and the constant time delay correction term, e .

Equa-
tion (A.4) represents the exact Fourier transfbrm of the ideal step
response provided the response contains no frequency components
greater than fc. Bedford and Fredendall's result (without the

gain and phase correction terms) is a good approximately to Equation

(A.4) in the Tower range of the frequency band (0, fc).

HSRI used Equation (A.4) to calculate the Fourier transforms
of the yaw-rate step response with a correction procedure added to
account for an actual ramp-step input instead of the ideal step
input assumed by Equation (A.4). The correction procedure princi-
pally affects the phase angle calculations and appears as a phase
lead term given by

90




- -1 1 -coswk _ wk
Ap = tan T =5 (A.5)
where k is the delay between two ramp functions, the sum of which

yield a ramp-step function (see Figure A.1).

The correction term of Equation (A.5) is derived from the
Fourier transform of the ramp-delayed ramp sum shown in Figure A.1.

A more fundamental approach is to view the response to a
ramp-step input as the response to a pure step input starting mid-
way through the ramp portion of the ramp-step input as shown in
Figure A.2. In most cases, this method gave nearly identical
numerical results as the above procedure and Equation (A.5).

Interestingly, the result of Equation (A.5) suggests exactly
this procedure. That is, a pure step input advanced k/2 seconds
would produce a phase lead term of wk/2.

A.2 Pulse Steer

The pulse steer responses (for example, see Figure A.3 in
Section A.4) were processed by a conventional Fourier transform
method. The finite Fourier series for both input and output was
calculated and tabulated in terms of gain and phase as a function
of frequency. The yaw rate to steering angle transfer function
was then obtained by dividing the output gain by input gain and
subtracting the input phase angle from output phase angle. The
resulting transfer function gain and phase was then curve fit by
a weighted third-order least squares procedure.

The Fourier series expression for a function, F(t), assumed
periodic over an interval, T, and represented by N equally-spaced
samples (F(tp), p=0,1,...N-1) is given by
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Ramp Step Input

Figure A.1.  Ramp-step input.
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Ramp - step input
— — — Response to ramp- step

eeeeces Pyre step approximation
to ramp -step input

Figure A.2
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N-1

= ~9-+ A cos -—-kt + B, sin gﬂ-kt) + é—-cos gIT—'Nt
2 - k T 2 T
(A.6)
with the Fourier coefficients Ak, Bk defined by
N-1
1
Ak A F(t cos T Tk tp 5 k=0,1,...,N (A.7)
p=0
N-1
1 2n _
Bk =N ] F(t )sin 7 k tp ;  k=1,2,...,N-1 (A.8)

The gain, G, and phase angle, v, for F(tp) at a frequency k
is provided by the Fourier coefficients Ak’ Bk:

The power, P, at a frequency, k, is given by
P=A2+B2 = (2 (A.11)

Applying this method to the pulse steer yaw rate response and
corresponding steering input, the transfer function for yaw rate

to steer, Y ., is given by

rs

= I -
Y = e - Vg (A.12)
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where

Gr = yaw rate gain

G6 = steering angle gain
v T yaw rate phase angle
b T steering angle phase

Equation (A.12) was used by HSRI to calculate the yaw rate/
steer angle transfer function. Depending on the nature of the
input provided by the driver, various input power spectrums occur
over the frequency band of interest. 1In order to improve the

estimate of the transfer function, Y __, a third-order weighted

ré
Jeast squares curve fit was applied to Equation (A.12). The least
square weights were selected in proportion to Gé, or the square

root of the input power.

A.3 Advantages/Disadvantages of the Step and Pulse Steer Methods

1) The step-steer method yields better steady-state (d.c.)
and Tow frequency information. The pulse steer is less reliable
in the Tow frequency range for two reasons: (a) lash or play in
the steering system prevents accurate calculation of the d.c. and
Tow frequency components of the yaw rate; and (b) relatively low
level turns are necessary in combination with the pulse inputs to
guarantee a vehicle response within the linear range while also
providing yaw rate and steering input signals large enough with
which to calculate (ratio) the steady-state gain.

2) The pulse-steer method provides more reliable mid- and
high-frequency information since the input is designed to contain
a more evenly distributed power spectrum. This method is also
Tess susceptible to external disturbances (wind, road) unrelated
to the steering input, which are reflected in the output. While
these external disturbances are often small, their frequency content
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is generally spread over a wide frequency range, thereby capable
of contributing far greater error to the total input spectrum of
a step + external disturbance than of a pulse steer + external
disturbance.

3) The step steer method requires a higher digitizing rate
to minimize the error associated with not knowing the exact start-
ing point of the input because of its discrete representation.
Depending on whether sample i or sample i+l is considered the
start of the input, a maximum phase angle shift of + wt/2 can occur.
This phase shift can be reduced by increasing the sampling frequency
during digitizing. A sampling frequency of 60 Hz was used for most
of the step steer data processed during the course of this project.
In contrast, the pulse steer tests were digitized at 20 Hz primarily
to avoid any potential aliasing effects arising from wheel hop fre-
quencies in the 7-10 Hz band. However, this sampling rate can be
Towered by effective analog filtering prior to digitizing. If the
frequencies of interest are less than f, the analag filters can
be set at f and the data digitized at 2f or more to avoid aliasing.

4) Even though the step steer requires a higher digitizing
rate for data processing, it requires less test time and space to
conduct. While 2 or 3 seconds is adequate for the step steer, at
least 10 seconds of test time is desirable for the pulse steer in
order to achieve adequate resolution in the frequency domain.

5) The digital storage requirements for the two methods are
comparable. While the step steer requires less time per test, it
does require a greater sampling rate thereby generating an equi-
valent amount of data per test as the pulse steer method.

6) The degree of scatter in the transform results for the pulse
steer test can be traced directly to the quality of the steering
input power spectrum. A curve fit routine which accounted for power
differences of the input signal greatly enhanced the appearance and
consistency of the raw transform results. The main source of
scatter for the step steer results appeared as external wind and
road disturbances.
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A.4 Pulse and Step Steer Examples

Figures A.3 and A.4 show the steering angle (Gsw) and yaw rate
(r) analog signals for a representative pulse steer and step steer
test with the Chevrolet Nova. These signals were digitized at 20
and 60 Hz, respectively, and stored on magnetic tape. A digital
computer program processed the digital versions of these signals
using the aforementioned methods. The corresponding Fourier trans-
form output of the digital program is shown in Figures A.5 and
A.6.

The top portion of Figure A.5 shows the raw transform (periodo-
gram) prior to a third-order least squares curve fit. The corres-
ponding least square weights (constrained between 0.2 and 2.0) are
shown in the rightmost column. A weight value of 1.0 corresponds
to a root input power equal to the average root power over the
frequency interval. The Tower portion of Figure A.5 shows the
smoothed or curve fit results. In this example, 45° of phase shift
occurs at 6.3 rad/sec yielding a Te of 1/6.3 or 0.16 seconds.

Figure A.6 shows the digital output from processing the step
steer test of Figure A.4. The top portion of Figure A.6 shows a
segment of the digitized steering and yaw rate time histories at
the time of the step steer input. The lTower portion of Figure A.6
shows the transform output with 45° phase lag at 6 rad/sec or a
' Te of 0.166.

The arrows marked "1" and "2" in the upper portion of Figure
A.6 show two alternate starting points for the transform calculation.
Arrow "1" shows the starting point of the steering ramp-step input.
If this point was used as the starting point a k value of 0.16
seconds would be used in the transform calculation, as discussed
above. If instead}the mid-point of the ramp was used as the starting
point (arrow "2"), a k value of 0.0 would be entered (equivalent pure
step). Both methods yield the same transform result.
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Figure A.4. Step-steer test - Chevrolet Nova.
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Pulse-steer results.

Figure A.5.

99



$
r SW

e,

LET . 0

.

o

4
L 1K=
=R E ENDNT
i PRI L
el .- -
- CE
i 1

Dl

RO
u

£

T = e s e

L ramp,

10 sample @
.016 sec

= .16 sec.

e b
a Il
R
s B0

u

Joonoenopg

4 T
L
. -

bt ek et s

fod e fe

L

[

ER o .L sy

f—t ek feeh ek feen
i

(A

Figure A.6. Step-steer result.

100



APPENDIX B
VEHICLE EQUIPMENT AND INSTRUMENTATION

An instrumentation and equipment package, designed to be
quickly and easily installed in each test vehicle, was developed
for use in this project. A schematic diagram of the system is
presented in Figure B.1. As seen in the figure, input variables

K
response variables measured were vehicle velocity (V), yaw rate

measured were steer angle (GSS) and steering-wheel torque (T

(r), and roll rate (p). Additionally, on-board analog computation
was used to generate steady-state lateral velocity (Vr), path curva-
ture (r/V) and yaw acceleration (r) signals. These signals (a
maximum of 6 at one time) were recorded in the vehicle using an FM
magnetic tape recorder. The recorded data was also played back on
line and displayed to the driver via a 1ight beam oscillograph, thus
providing an immediate visual check on total data system integrity.

In addition to 6 data signals, a "control signal" consisting of
selectable D.C. voltage levels was also recorded on one channel of
tape. Later, when taped data was reduced using a hybrid computer
facility, this signal was used to control the automatic processing
routine. Control signal voltage levels generally were determined
by driver-operated switches. Additionally, a "drag switch" mounted
to the fifth wheel assembly was used to switch between "standby"
and "test" modes. The "switch," seen in Figure B.2, consisted of
two spring-steel straps dragging on the ground and a piece of alum-
inum sheet fixed to the ground. When the vehicle passes over the
sheet, the switch is closed momentarily and the resulting pulse can
be used to trigger a switching circuit. During closed-loop, driver-
vehicle experiments, aluminum sheets were placed at the entrance and
exit of the cone course. Use of the switch frees the driver from
having to perform this task and further provided precise information
on the data tape regarding the position of the test vehicle on the
course.
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In addition to the fifth wheel/switch element, the instrumen-
tation system was organized into four major physical units, viz.:

1) Recorder Unit

2) Gyro/Electronic Unit

3) Motor Generator

4) Variable Ratio Steering Wheel Limiter (VRSWL)

Installation of each unit was sufficiently simple that the entire
package could be installed in a rented vehicle in a few hours with
virtually no restoration required upon removal of the package.

Both recorders were mounted as a unit in the front passenger
seat and anchored with seatbelting. The gyro/electronics package
was mounted as a heavy steel plate with adjustable legs which were
ground to a sharp point. For the linear regime maneuver used in
this program, the weight and sharp feet provided more than suffi-
cient anchorage when the package was placed on a carpeted floor
area. The motor generator was mounted on a standard roof rack.
Photographs of the various elements of instrumentation appear in
Figures B.3 through B.6.

The VRSWL performs four functions, viz.:

1) Provides an easily altered gear ratio between the
steering wheel and the input (steering wheel) end of
the steering shaft.

2) Provides an adjustable 1imit stop mechanism for
steering-wheel motion.

3) Provides for the measurement of the angular dis-
placement of the input end of the steering shaft.

4) Provides for the measurement of steering-wheel
torque when equipped with the steering torque
transducer described below.
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Figure B.6 illustrates the VRSWL mounted in a test vehicle.
Figure B.7 shows a side view of the device. To install the device
in a test vehicle requires the fabrication of two simple parts.

A steering shaft adaptor for mounting the VRSWL to the steering
shaft is fabricated from the hub of an OE steering wheel. A reac-
tion frame bracket which anchors the reaction frame to the drive
shaft tunnel (see Figure B.6) or the "A-pillar" is also required.

The gear ratio function is attained using two pairs of change
gears.* Referring to Figure B.7, Gear A is keyed to the steering
shaft and drives Gear B which is keyed to Gear C. Gear C then
drives Gear D which is keyed to the steering wheel but is free to
rotate on the center shaft. By proper selection of the gear sizes,
hundreds of ratios between at least 4:1 and 1:4 are available. In
the field, ratios may easily be changed within a few minutes.

An adjustable stop mechanism provides a steer angle limiter.
The stop is easily adjustable by the driver and may provide a limit
to steering wheel travel within approximately a +720 degree range.

Steering angle is transduced at the input end of the steering
shaft using a potentiometer geared (using anti-backlash instrumen-
tation gears) to rotate at twice the shaft rate. Shaft angle, rather
than actual steering wheel angle is transduced in order that gear
ratio changes made to the VRSWL do not affect calibration and/or
displacement range of the transducer (for a given vehicle maneuver).
Since the gear train of the VRSWL is very rigid and since provisions
have been made for eliminating virtually all lash from this train,
input shaft angle and steering wheel are simply proportional
according to the VRSWL ratio chosen.

A special steering-wheel torque transducer (Figure B.6) was
designed and constructed for use under this project. The transducer
was specifically designed for use with the VRSWL.

The transducer, itself, is cylindrical in shape and consists of
a rigid inner core and concentric outer ring connected by four radial

*Boston Gear Series GB or equivalent.
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flexture beams. Two of these beams are strain gauged to provide

a four-active-arm bridge sensitive to torques about the longitudinal
axis of the transducer. A modified steering wheel attaches to the
outer ring as does the steering-wheel limiter mechanism. The in-
put gear of the VRSWL is keyed to the inner core. Thus, the trans-
duced torque consists only of torque which is input to the steering
system. (That is, driver-applied torque which is reacted by the
Timiter mechanism is not included in the measurement.)

The transducer also incorporates a self-contained electronic
unit which can be seen in Figure B.6. This package includes ampli-
fication and shunt resistor calibration circuitry.

The four element telephone-type cable, seen in Figure B.6, pro-
vides for the input of plus and minus 15 volts, for signal output,
and for electrical common. In the vehicle testing done in this
project, none of the drivers felt that this cable arrangement was
at all bothersome. This was largely because none of the test
maneuvers required more than +90° steering-wheel angle motions.

For larger motions, a slip ring arrangement might be preferable.
Since signal output is already at an amplified level, slip rings
should not significantly affect signal noise level.

Specifications for the transducer, as verified by physical
calibrations conducted in June of 1977, are as shown in Table B.1.
The reference axis system employed in the table is shown in Figure
B.8.
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Figure B.8.

Steering torque ltoad cell reference
axis system.
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Table B.1. Steering-Wheel Torque Transducer Calibration Data.

Full Range Input MX: 600 in-1b

Calibration data for strain gauge bridge only:

Color Code (four element ribbon wire between bridge
and electronics):

Red: +Excitation
Black: -Excitation
White: +Signal
Brown: -Signal

Primary Sensitivity*:

MX: Gain: 4.27 mv/v @ full range

Linearity: +.25%
Hysteresis: .25%

Cross Sensitivities*:

to F.: 0.00 mv/v @ 100 1b (0% of full scale)

X
to Fy: 0.01 mv/v @ 100 1b (.25% of full scale)
to FZ: 0.00 mv/v @ 100 1b (0% of full scale)

to My: 0.00 mv/v @ 600 in-1b (0% of full scale)

to MZ: 0.07 mv/v @ 600 in-1b (1.75% of full scale)

System Calibration:

Equivalent output using the installed shunt calibration
resistor as obtained by depressing "Calibration" push-
button: 304.5 in-1b

*Instruments used 1imit the resolution of calibration to 0.0]
mv/v or approximately 0.25% of full scale.
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APPENDIX C

DERIVATION OF NONDIMENSIONAL PATH-CURVATURE GAIN
REFERENCED TO STEERING-WHEEL DISPLACEMENT

There are at least two approaches to deriving the path-
curvature gain of an automobile in a steady turn. One approach
consists of writing the 1inear equations of equilibrium in stability
derivative form and solving for the gain of interest. A second
approach consists of expressing the kinematic relationship existing
between the slip angles and the radius of the turn in terms of design
variables. This latter approach is adopted below since it bet;er
permits the analyst to relate to the physical process that is involved.

The objective of this analysis is to derive the path-curvature
gain of a vehicle that is free to roll and is steered by a steering
wheel which is connected to the front wheels by a flexible or com-
pliant steering mechanism. Although the aligning stiffness of the
front tires will be taken into account in expressing moment equili-
brium within the steering mechanism, the influence of aligning
moments on yawing moment equilibrium will be neglected. As is usually
done, the radius of the curved path will be assumed to be very large
relative to the wheelbase and the track width of the motor vehicle.
In this event, all angles are sufficiently small that the kinematic
condition of turning and the equations of equi]ibrium can be written
as if the vehicle possesses zero width with the right and left tires
collapsed into an equivalent tire exhibiting twice the stiffnesses
of the single tire.

If the angles between the velocity vectors (at the center of
tire contact of the front and rear wheels) and the longitudinal axis
are designated, respectively, as By and By the assumptions adopted
above lead to the following kinematic result for the steady turn,
viz.,
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B'I '62 = »Q-/R

where

wheelbase
radius of the steady turn

R

On adopting the SAE sign convention, one can write that the slip
angle of the front and rear tires can be expressed as

S I B
9 = B 6
where
aps Gy = slip angle of front and rear tires,
respectively
5], §, = steer displacement of the front and rear

wheels, respectively

On combining the above expressions, one obtains
a-l + 61 = 0!.2 - 62 = Q/R (C.])

Equation (C.1) constitutes the kinematic geometry (see Figure C.1)
that must be satisfied in a steady turn. ‘

An expression for path-curvature gain can be obtained by
substituting in Equation (C.1) for oy 6], %5 and 62, respectively.
Below, the slip angles are obtained from the requirement that equi-
1ibrium be satisfied simu]taneousiy along the y axis and about the
roll and yaw axes. The front-wheel steer angle, 6], is found from an
equation which expresses equilibrium about the steering pivot and the
rear-wheel steer angle, 62, is found from an equation expressing roll

equilibrium.
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Notes:
Wheelbase -{
Radius of turn - R
ﬁz has a negative value for the geometry indicated here
B, has a positive value for the geometry indicated here

/

x/R+1r/2-Bl + /2 +,82=7r
or ’BI_'BZ= /R

Path of Rear Wheels

.
—
(——_——-

—

B8y

Fiqure C.1. Kinematic geometry for a high-speed steady turn.
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Side-force and yawing-moment equilibrium require that

Fy + Fyp = mir

y1

afF,-bF = 0

yl y2

where

lateral force at front and rear tires, .

1’ y2 respectively

m = mass of the vehicle

V = forward velocity
r = yaw velocity
a,b = distance of the total center of mass from

the front and rear axles, respectively

On letting Ca1 and l’)m2 represent the cornering stiffness of the
front and rear tires and C  represent the inclination stiffness of
the front tires (the rear tires will be assumed to be constrained

to a nonrolling rear axle), the above equations of equilibrium may
be written as
3y =
Ca-'a] + CY 5 ¢+ Ca2a2 mVr
(C.2)
Y 47 - =
where
gl- = rate of front-wheel inclination per unit fo]] o
¢ displacement of the sprung mass .
¢ = roll angle of the sprung mass .
In a steady turn, roll equilibrium can be expressed as
L¢¢ - msth =0
such that
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¢ = 7 (C.3)
¢
where
mg = mass of the sprung chassis
h = height of the center of mass of the rolling
chassis above the roll axis
L, = roll moment acting on the sprung mass per
¢ unit roll displacement of the chassis

On substituting Equation (C.3) into (C.2), we can solve for
the front and rear slip angles, respectively, and obtain

C.ay s
_omvr [b, T 5y m "
4 C ) L
a.l ¢
(C.4)
. a mir
2~ v C

(Note that Ca and Ca are negative quantities and consequently oy
and az'are ne&ative a%g]es when the vehicle is turning to the right
such that it has a positive yaw rate.)

On assuming a solid rear axle that steers.whenAthe sprung mass
rolls, we can write that

- B S Eig 6 = .Eiz_ msth (C.5)
" 2 3¢ 3 L¢ )
ot Moment equilibrium about the steering pivot can be expressed

as the summation of the torque deriving from the "windup" of the
steering mechanism and the torques deriving from the tire-road inter-
face. If front roll steer, due to kinematic interaction between the
path of the steering knuckle and the path of the tie-rod end, is de-
fined as 36]/a¢, steer moment equilibrium can be expressed as
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86] BMZ ' By
Kss|:sw' (61'3?‘1’) +§E—)]°‘1+xc Ca]°‘1+cy s ¢ =0

(C.6)
where
KSs - = torsional stiffness of the total steering
mechanism :
6; = steering-wheel displacement divided by the
W overall gear ratio
aMZ .
55—) = aligning stiffness of the front tires
1
Xc = mechanical trail produced by caster angle
(positive when the tire contact center is

rearward of the steer axis)

On substituting for o and ¢, respectively, and solving for the
front-wheel displacement, 8y Equation (C.6) yields

36, m oM m
1 sy __Z) c &x sy
5= g 4mpupdRe_m 1 sa /1 (b, yee m e b
1 SwW L K C ) -L c 4
o) SS a] o

(C.7)

On substituting in Equation (C.1) for ays Ops 8y and 8,, as
expressed by Equations (C.4), (C.5), and (C.7), respectively, one obtains

Since r = %-, the above equation transforms into the following

expression for the nondimensional path-curvature gain, viz.:
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/R _ 1

8! m
SW d S 36, m
% U o I
) (e R
/979_ oy o oy ) ¢
_ 2 [8 cog:l_mg____Z_m _mg_ 3o Y 3¢ M
Ca] Kss 9 Ly Ca] Kss 'L¢
(C.8)

Note that all terms are nondimensional, with V/Y2g being the vehicle
Froude number and each term within the braces having the dimensions
of radians per g. Starting at the left, the first two terms, within
the braces, define the understeer contribution deriving from rear-
and front-wheel cornering compliances. The third term defines the
understeer deriving from the inclination of the front wheels and

the fourth term defines the understeer produced by front roll steer.
The fifth and seventh terms yield the understeer caused by the finite
compliance of the steering mechanism and the sixth term defines the
understeer caused by roll steer of the rear axle. If the design
variables are such that they produce an understeer effect rather than
oversteer effect, all terms within the braces are positive with the
exception of the first term.

In order to demonstrate the relative magnitude of the terms
within the braces, we shall calculate their numerical values corres-
ponding to the design properties of a representative vehicle, namely,
the Ford Pinto. (The relevant design properties of the Ford Pinto
are given in Table C.1.) Equation (C.8) yields the following result:

W/R 1
- 2
T +( v ) {-.1099 + .1170 + .0274 + .0060 + .0460 + .0142 + .0091)
/a9
(C.9)
- ] (C.10)
2 .
1+( v ) £.1098}
/ag
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Table C.1

mg = 3031 1b

a/e = .478

b/s = .522

C = -13,523 1b/rad
*

C = -13,179 1b/rad .
%2

CY = 3094 1b/rad
dy/9¢ = 0.8

ms/m = ,879

h = 1.48 ft.

-L¢ = 26,358 ft-1b/rad
aMz/aa)] = 1585 ft-1b/rad
x = .0217 ft.

K. = 4775 ft-1b/rad
0.04

-0.095

Q Qo
(o] O

n —
~ ~
Q Q
- -
i 1]
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APPENDIX D
STEADY-STATE YAW RATE GAIN AND ROLL/G OF LATERAL ACCELERATION

D.1 Introduction

In this appendix, calculated values of yaw rate gain at 50 mph
(r/ésWISO) and ro11/G of lateral acceleration (K¢) for a wide range
of U.S. made automobiles are presented in tabular form. In addition,
calculated estimates of transient response parameters (z, W and Te)
evaluated at 50 mph are included.

The steady-state yaw rate gain is sensitive to a host of
vehicle parameters such as steering system stiffness, steering gear
ratio, roll stiffness, and the cornering stiffnesses of the tires,
while the presence of a roll stabilizer bar has an appreciable effect
on Ko. Calculations were hence made for both, standard models as
well as models equipped with such optional equipment as power steering,
radial tires, and roll stabilizer bars.

D.2 Vehicle Parameters Used in Calculations

Values of various vehicle parameters used in the calculation
of K¢ and r/65w|50 were obtained from the specifications published by
the Motor Vehicle Manufacturers Association [18] and-data reported
by Basso, G.L. [20]. Tire properties were obtained from a report
published by Calspan Corporation [19]. For certain cars, such vehicle
parameters as steering system stiffness and roll steer factor were
not available. Estimates based on parametric values of other similarly
sized cars were made in such instances.

Clearly, the validity of estimates of vehicle performance
are no better than the accuracy of the parametric data available.
Hopefully, future government research programs will provide more
knowledge of parametric values, especially with regard to steering
system stiffnesses and roll-related factors.

123



D.3 Description of Tabulated Data

Calculated values of r/ésw|50 and K¢ are presented for a
total of 24 cars, of which 8 are of the intermediate category, 11 of
the compact category, and 5 of the subcompact category.

Column 1 contains the brand name of the car and a description
of the optional equipment used. Column 2 contains the steering gear
ratio, while the roll stiffness, K¢, is given in Column 3. Columns
4 through 7 contain quantities which contribute to the understeer
factor as described in Section 3 of the report.* Column 8 contains
the understeer.factor K while the yaw rate gain r/aswiso is given in
Column 9. Transient response parameters (z, W Tr’ and Te) evaluated
at 50 mph are given in the remaining columns.

*K = K] - K2 + K3 + K4

where K1 is the contribution due to the front cornering coefficient
and steering system compliance
K2 is the contribution due to the rear cornering coefficient,

K3 is the contribution due to roll effects, and
K4 is the contribution due to rigid body aligning torque effects.
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Subcompact

CAR

K¢
(deg/G)

KI
(deg/G)

K2
(deg /G)

Ks
(deg 7G)

Ka
(deg/G)

K.
(deg/G)

r/d
(sec")“go

1/ 7T,

Vega

stabilizer standard

Manual steering, front |

22.5

6.5

8.38

6.24

147

0.394

4 00

0.165

0.639

5.44

0.248

4.032

0.160

Power steering,front
stabilizer standard

16.5 —
13.5

6.5

7.55

6.24

1.34

0.374

3.02

0.263

0.692

530

0.248

4.032

0.164

Astre

Manual steering
without front
stabilizer

22.5

9.7

8.98

6.17

2.28

0.36

5.45

0.136

0.58l1

5.82

0.245

4.078

0.149

Power steering
without front
stabilizer

16.5 —
3.5

9.7

7.89

6.17

2.04

0.34

4.10

0.222

0.635

5.68

0.245

4.078

0.152

Manual steering with
front stabilizer

22.5

6.04

8.98

617

.42

0.36

4.59

Q.152

0614

5.51

0.245

4.078

0.159

rPower steering with
front stabilizer

6.5 -
13.5

6.04

7.89

6.17

1.27

0.34

3.33

0.249

0.674

5.35

0.245

4078

0.163

Pinto

(Rack &
pinion
steering)

Manual steering
without front

stabilizer -

24.06

8.07

5.90

2 .48

036

5.0l

0.135

0.592

0.234

4.265

0.140

Power steering
without front
stabilizer

19.04

8.07

5.90

248

0.36

5.0l

o171

0.592

0.234

4.265

0.140

Manual steering with
front stabilizer

24.06

5.83

8.07

5.90

1.59

0.36

412

0.1534

0.629

5.793

0.234

4.265

0.151

Power steering with
front stabilizer

19.04

5.83

8 07

5.90

1.59

0.36

412

0.194

0.629

5.793

0.234

4.265

0.151

Bobcat
(Rack &
pinion
steering)

Manual steering
without front
stabilizer

24 .06

9.02

7718

547

2.46

0.35

505

0.135

0.590

6.56

0.217

4.599

0.132

Power steering
without front
stabilizer

19.04

9.02

7718

5.47

2.46

0.35

5.05

O.171

0.590

6.56

0.217

4.599

0.132

Manual steering with
front stabilizer

24.06

578

7718

Power steering with
front stabilizer

19.04

578

7. 718

5.47

0.35

417

0.152

0627

6.17

0217

4.599

0.142

5.47

0.35

O.1s2

0627

0.217

4599

0.192

Gremlin

Manual steering
without front
stabilizer

Power steering
without front
stabilizer

9.59

9.59

5 .80

0.39

6.70

0.09l

0.539

0.23l1

4.338

0.140

8.29

5.80

0.36

508

0.166

0.592

0.231

4338

0.142

Manual steering with
front stabilizer

6.02

9 59

5.80

0.39

5.76

0.102

0.568

0.23l

4338

0.149

Power steering with

t-hilizer

6.02

8.29

5.80

0.36

425

0.185

0.626

0.23I

4.338

0.152




Compact (ee.1of 2)

Ne

CAR Kp | K Ka | K3 | Ke | K |yl wy | T ITe | Te
(deg/G) | (deg/G) | (deg /G) | (deg/G) | (deg/G) | (deq/G)| (sec!)
Manual steeri
Nova bias ply Yires. 2641 | 6.84 | 1020 | 667 | 1.75 | 048 | 576 |0.107 {059 | 5.11 |0.265]| 3.772|0.173
z'rgg‘:',‘“a Do etad 15.07| 6.84| 922| 667| 1.63 |045 | 4.63 |0.214 |0.638 | 5.031|0265| 37740.174
standar
Mol eern9 | 26.41f 684 819 | 571|098 (037 | 3.77|0.137 |0.676 | 5.442/0.227 | 4.406l0.165
Power steering 15.07| 684| 745| 571|088 |0.35 | 2.97|0.272 |0.719 | 5.367l0227 | 4.406l0.167
M ! i
Ventura | bias ply fres 2640| 7.71 | 10.30| 656 | 2.23 |0.441| 6.41 |0.099|0.576| 5317|0261 | 3.835/0.165
Front P .
S izer | e o tiren 1sio| 771 | 915 | 656 | 204 |0417 | 504 |0.203 |0622 | 522 |0.261 | 3.835|0.167
Manual steering
Omega | bigs ply tires 2616 | 72 | 988| 666| 1.75 [0.43 | 538|0.112 [0609| 509 |0.265 | 37780173
Front -
RELIHA bt 15.1 | 7.2 9.0 | 666 | 1.617 |0412 | 438|0.224 |0.648| 5.0! |0.265 | 3778{0.175
Stk Wonual steerina | 2606| 7.2 | 1004| 6.69| 1.78 | Qa53 | 558|0.110 |0.602 | 5099|0266 | 3761 |0.173
ylar
SHylark .
Front bime oy sires 89 | 72 | 910 | 669 | 1632|0432 | 447 |0.174 |0.644| 5.004/0.266 | 3761|0.175
stabilizer
standard Manual steering .
Manucl stee 26i6| 72 8.36| 5.56|0.512 | 0.37 | 3.68|0.140 |06805| 5423|0.221 | 4525/ 0.168
P e 89| 72 | 75 | 556|048 |0.35 | 2.77|0.224 [0.731 | 5.332|0.221 | 4525|0.17]
Maverick | moe oy e | 29.4 | 722 | 933 | 6.9 | 2316 [0.377| 5832/0.095|0.592| 55%|0.246 | 4065[0.157
F t .
stabilizer | Power steering 21.3 | 722 | 8.21| 619 | 2.11 |0.353 | 448 |0.154 |0.642 | 5496/0.246 | 4065|0.158
standard bias ply tires
Manual steering 294 | 727 | 934| 6.29| 233 |0.38 5.76 {0.096 |0.594 | 5.525/0.249 | 4.00|0.I59
Comet bias ply tires
Power steering -
Front | bias ply twes 213 | 727 | 822 629 | 213 |0.357| 442 |0.156 |0.645 | 5427|0.249 | 4.00|0.160
standard
Manuol steering | 294 | 727 | 9.4 | 6.18 |0.97 |0.42 | 435 |0.114 |0.648 | S5.169(0.246 | 4071|0173
Power steering . | 21 3 727 | 7.92| 618 [0.91 [0.39 | 3.04/0.191 0.713 | 5044|0.246 | 407l 0.176
raaia ires . ) .

<




CompocT (pg. 2 of 2)

CAR N K K, Ko | Kz Ka K LW 4 w, T /T Te
(deg/G) | (deg/G) | (deg/G) | (deqg/G) | (deg/G) | (deq/G)| (sec')
G M ! ri
annf,iia o]l Sheering, 29.4| 788 | 966 | 647 | 109 |047 | 475 |0.108 |0.631 | 5043|0257 | 3889|0.176
Front P :
stabilizer | TOREr S12€TINg, 21.3 | z88| 829 647 | Lol |aa3 3.26 |0.184 |0Q.701 | 4903 |0.257 | 3889|0.181
. M | st i
;oh?m& wt?Pg“:(il’ngeffﬁL3"g 2755 1.4 953 | 6.20 | 3.65 (0364 | 7.35[0.087 (0549 | 596 |0.246 | 4.058|0.146
ar stabilizer »
Bios 1ires 3:??’55'9?’%?32 18.02| Il .4 856 | 6.20 | 3.36 [0.346 | 607 |0.I151 |0.586 | 5.894|0246 | 4.058|0. 146
stabilizer
xg::z'*g;f;:jggw"h 2755 | 6.8 9.53| 6.20| 2.18 |0.364 | 5.87|0.101 [0.592| 5.525|/0.246 | 4058|0159
P r steeri th
front stabiie) “M 18.02| 6.8 8.56 6.20| 2.00|0.346| 4.71 | 0177|0635 | 5443|0246 | 4.058|0.161
Aspen & Manual steering 286 | 6.4 | 1166 | 641 | 230 |0.444| 799 | 0.078|0.536| 5428|0255 | 3.925|0.164
Volare )
T | fower steering 18.7 6 4 970 | 64l .99 [0405| 568 |0.151 |0.602| 5303|0255 | 3.925|0.166
Front . ,
stabilize R
stondord’ Mopual steering | o8 6 6.4 | 10.1 5.62| 095 |0.4l 584 |0.097|0596 | 5.599|0.223 | 4477 {0.163
Powen steering 18.7 6.4 817 | 562| 0.85 |037 377 | 0192 |0679 | 54690223 | 4477 |0.165
wﬂé’@“!uﬁ'fféi?”“g 29.1 | 109 | 956 | 6.02| 2.80 |0398| 674 |0.088|0.561 | 5.916 {0239 | 4179 |0.148
swabilitzer
Hornef . I i
——— | e feering 19.4 | 1009| 829 | 602 | 246 |0.372 | 510 |0.158 |0614 | 5.799|0.239 | 417 | 0.149
Bias tires stabilizer I b o o _ . .
Monual steerng with 291 | 6.5 | 956 | 602 | 1.67 0398 | 561 [0099 [0.596 | 5566|0.239 | 4.179 |0.159
Power steering with -
froms biind 194 6.5 829| 602 | 1.a7 |0.372]| 411 |o0.180 [|0.655 | 5437|0239 | 4179 |0.162
o ouy Sheering 300| 1.8 | 1012 | 6.34| 313 |0.478| 7.38|0082|0528| 594 |0.252 | 3969|0146
Pacer stabilizer
Bias tires 55’#59'#5'5?;,2?9 20.85| 11.8 862| 634 273 [0.44 | 545 |0145 |05866| 58 [0.252 | 3969 0.148
stabiiizer
M | st i ith -~
tromt stobiieer ™ 300 | 74 | 1042 | 634 | 1.96 |0a78 | 6.22|0092 |0561 | 5597[0.252 3.969 |0.157
P t i it
ol esrinavM 508s| 74 | 862| 634| 1.71 | 044 | 443 j0.166 |0.626 | 5434|0252 | 3969 |0.1u8




Intermediate

CAR NG (dz(g/e) (d:'/e) (d:;Z/G) (d:;%) (d:f;}G) (dL(g/G) (::353'450 ¢ n T VT Te
Chevetie [Wihow 75" | 3471 g | 4o | 78 | 093|050 | 553| 0082|0612 | 426 |0310 | 3226|0208
%:553}'3 Wit %er® 11457 | 81 | 994 | 78 | 082|046 | 342 | 0212 |0.702 | 4.07 |0.310 | 3226|0217
2 Rodiol N eor stanizer | oa R | 64 | e | 78 | 074 | 050 | 534|0084 [0.619 | 422 [0310 | 32260211
Four"sropsa " 5% | 64 | 904 | 78 |o0.65 | 0.6 | 325|0217 [0.711 | 402 |0.310 | 3226|0221
Lemans gfﬁ’%ﬁi%’ﬁ"g 325 | 83 |1204| 7.87 |0.96 | 0.52 | 565|0.086|0.608| 425 |0.313 | 3.197 |0.208
"sidbilzer it rear® 1737 | 83 |1036| 787 |0.86 |0.48 | 383|020 |0.681 | 409 |0.313 | 3197|0216
#iites’  |Monual steerinawithl 5 5 | 64 | 1204 | 787 |074 |052 | 543|0089|0.616 | 420 0313 | 3.497[0.211
Pear siabiiaar :ZZ" 64 |1036| 787|066 |0.48 | 363|0204({0691 | 403 |0313 | 3.197(0.220
Cutlass  [front siabiizer end 182-1 84 |1045| 769|088 |0.47 | 4.1l |0.180|0667 | 4.209|0306 | 3.2740.209
Century 3:?75%{"’5&'29 1789 | 84 | 9.62| 772 /0.821 |0397 | 3.12|0219 |0718 | 4067 |0.307 | 3.259|0.217
| Front stabilizer
z?%?gbé'.gne' Power steering with| |2 a9 | g4 | 962| 772|063 |0397 | 2.93|0.225]0.729 | 4006|0.307| 3.259|0.222
Lgfugora E}E?ﬁ'gﬁtz"i:’éiﬂ 2176 | 66 | 1161 | 652|104 |065 | 678 |0.114 |0.576 | 5.02 |0.259 | 3.85940.179
Monaco Zﬂgi'i‘é‘;';eféﬁf”"g 88| 55 | 952 | 585|195 | 037 | 5990094 |0599 | 563 |0.233 | 4301 |0.159
bileer Ef;'é}}i'rfei’)”g 188 | 55 | 836 | 585 | 168 |0.3a | 453|0.170 |0652 | 5.51 [0.233 | 4301|0.161
e * Monual steering Wil 28.8 | 47 os2| 585 | 167 |037 | 570 |0.096 |{0.609 | 554 |0.233 | 4301|0.162
Power steering with| g g a7 8.36| 585 | .44 | 034 429(0.175 |0.663 | 543 |0.233 | 4301|0.164

rear stabilizer

«w
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E.1

study.

Note:
fourth

APPENDIX E

ANALOG COMPUTER SIMULATION OF VEHICLE RESPONSE TO
STEP-STEERING INPUTS

Mathematical Model Used

A four-degree-of-freedom model was used in this simulation
The four degrees of freedom were:

yaw rate, r

w

1)

2) roll angle, ¢
) lateral velocity, v
)

4) wheel angle (front wheel), 8¢

The assumption of a compliant steering system introduced the
degree of freedom (wheel angle, af).

The differential equations of motion are:

1) Yaw Equation:

I r = af

22, £ - bFr - msa]h o + ATf + ATr (E.1)

2) Rol1l Equation:

Ixsp + c¢p + K¢¢ = -(Ff - Ayfmuf)hf - <Fr - Ayrmur)hr (E.Z)
3) Lateral Velocity-Sideslip Relationship:
. Ms . (FTf ' FTr)
v +our + a—-h p = ——F—— (E.3)
4) Steering System:

K S C F C
. SS [ SW FScian(s S S
e = == (52 - 6) - —=sign(8g) - —=(x ¢ + x ) - +=(§,)
f Is Ng f IS f IS pf mf Is f

(E.4)
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The constraint forces acting on the system are the lateral
forces generated at the tire-road interface and are given by the

following equations.
= v._ar
e = (B = ¢ Keng =4 = )0 * Koy

(v _br
Fp = - (u TR Krrs)CRD

E.2 Definition of Symbols Used in the Above Equations

Vehicle Parameters:

KSS Steering system stiffness

IS Steering system mass moment of inertia
Ng Steering gear ratio

CFs Coloumb friction in steering system
CS Viscous damping in steering system
Xof Pneumatic trail of front tires

Xnf Mechanical trail of front tires
IZZT Vehicle yaw moment of inertia

Ixs Vehicle roll moment of inertia

C, Rol1 viscous damping of sprung mass
K¢ Ro11 stiffness

mu ¢ Front unsprung mass

mu,, Rear unsprung mass

me Sprung mass

m Total vehicle mass
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frs

rrs
K

Yé
Variables:

st

Sprung

L o
 — f‘

mass c.g.

Distance of total vehicle c.g. from front axle

Distance of total vehicle c.g. from rear axle

Distance of sprung mass c.g. from total vehicle c.g.

Front tire cornering stiffness (of 2 front tires)

Rear tire cornering stiffness (of 2 rear tires)

Front camber stiffness

Aligning torque of front tires

Aligning torque of rear tires

Front roll steer
Rear roll steer

Camber/unit roll

Steering wheel angle

Front wheel angle

Front Tateral tire force

Rear lateral tire force

Yaw rate
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p Ro11 rate (p = 4)
) Ro11 angle of sprung mass
Front unsprung mass lateral acceleration
Yf (A, =V +ur+ar)
V¥
A Rear unsprung mass lateral acceleration )
Yy (A, =v +ur - br) .
Yp . , -,
u Forward velocity (this is a constant velocity model.

"y" is a parameter of the simulation)

v Lateral velocity

Figure E.1 shows the analog circuit diagram and the differential

equations of motion.

E.3 Vehicles Chosen for Simulation

Simulations were carried out for two vehicles:
1) Ford Pinto [Subcompact]

2) Plymouth Fury [Intermediate]

Five simulations were carried out on each of the vehicles—the five

cases being:

1) Baseline model - car equipped with manual steering,
bias tires, and without stabilizing bar

2) With stabilizer - with addition of front stabilizer
for Pinto and addition of rear stabilizer for
Fury

3) With power steering
4) With radial tires

5) With stabilizer, power steering, and radial tires
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SWmax

7

K. d
SS Swqu
o o max
LNg!0 8fmox Ts §tmax!00
\— 1.
%—mo x| 312
s 301
Crs
Issfmox'oo
3
n
0 (4910
-1 +
‘—Ff/04mg @
A4mg(xm+xE)
Ts Bfrqy 100 Steering System

h§(04mg)

10pmaxIxs nom
(D™
~Ff /4mg

'IOIL“‘ 1.O p/i0Op,
-Fr /4mg pmGX(IXS)an @: =
263 (Zxs)nom
h/{0.4mg) —I;:_—
IOpmoxIxsnom
264,
C"#’/Io(Ixs)nom
. 273
(v +urkag Pmox Kp/10pmax(Lushnom
(Hem—
Myt he + my, hp
’ <|Opmﬂl(lxs)non}
G H fmax @_
(th Myg = bhym,, )f
Ofnax(Tsloom | "o
Roll Equation
Figure E.1. Analog circuit diagram.
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Q "'mox V 'max/ (0Vmox -
- (veur)/dg _l. ) . fv
[\C__{ 49/I0vm_:~ ki
303

Ofﬁ
(veur)/é

~F /0 1.0 Lateral ccceleration of
@ . /Oamq@ [\ o selected point,

Vrurdobeh)p

I,, b O 49
< : ) |°nggux')n
m
(T
"/ "rmax .:
, o
%max/0.4g v-slide slip

“H/fmax =t/
'Ff/0.4mg mQL@
' {3393 ' 353 '

max/ 10fma| 0|32 |

(a=xp¢10.4mg ” _&6)
Tz2z¢ fmax

( : )'Fr /0.4mg @.
(b+xpr)0.4mq f/fmo‘
Ly b L2z fmax ©
3 ) /9Pmax{Ixs! nom @. |

(mg g h 10 Pmax(txs)nom)
L2zt fmax I,

Yaw Equation

@ -AF¢/0.4mg

-ANaj/a
6 f /2 fmax -§/Q tmay

St /@ fmax 200 - F /0.4mg C

<

CFD@fmax
~V/Vmax O] 04mg
Ymax 198
-r/rmax
°'m°*/“°fmux

~V/Vmax @.,r

Vmax /Wy, ST F./04m
- N /08mg
LTS 342 S IIQ @

brmax Yarmay

ofc¥o¥o

\¢

CRD @1
04mg

Aa,/afmcx

T

Slip Angle 8 Lateral Force
Figure E.1 (Cont.)
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Table 1 and Table 3 contain the parameters used in the simula-
tion of the Fury and Pinto, respectively, while Table 2 and Table 4
contain the values of coefficients for the analog computer setup.

E.4

Results

The steady-state yaw rate gains at 50 mph forward velocity
were found to be:

r/st 50
i With With Power| With }Nitg rodiaé
Car Baseline | gyabilizer | Steering | Radial tires sigéfpgoqmdr
S1aDII) E
Pinto 0.1208 | 0.1499 O.1541 0.1625 0.2422
Fury 0.1166 0.1208 | 0.1683 | 0.1333 01916
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Plymouth Fury

Tabie E.|

Steering

Roll Equation

v-side slip

Force

Lateral
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Symbol Units l 3 4 5
TES:
I in-1b-sec 2 35% Boseline .
Cq in-ib/rad / sec 2000 With rer
Cie in-ib 200" siabilizer
K se in-1b /deg 2000% Power steering
Ng — 28.8 8.8 Rodie e
Xp inches .62 .84
: Power steering,
}axm inches -0.112 0.16S | -rrceig;rmsj??rgislizer, 8
Tye Ib-ft-sec? 350 o
Cq‘) ft-1b/rad/sec 800 Yalues estimated
Ke ft-1b/deg 1004 based on Pinto
h ft .84* data.
hy + L06*
gmyf - Ib 235
amyr ib 380
Ktrs 0.02
Krrs -0.05
Kye 0.88
cY Ib/deg 73 i 4
u - ft/sec 733
gmg Ib 3650
mg Ib 4265
Iys nom ft-1b-sec? 350
h B ft |.a8% -
1t 452 —
b ft 5.29
Lzz4 ft- b - sec? 3050
ay ft 0.26
Xp# inches .62 .64 | .84 |
Xpr inches 1.34 1.56 |
AT ft-Ib/deg 46 ST
AT, fi-1b /deg 37 4
Cs Ib/deg 34| 370
Cr Ib/deg 332 34¢€
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Steering

v-side slip Roll Equation

Force

Lateral
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Table E.3
Pinto
Symbol Units I 2 3 4 5
NOTES:
Ls in- Ib-sec 2 30 | = Baseline
Cs in-I1b/rad / sec 1608 2= With front
Cts in- b 240 stabilizer
Kes in-Ib /deg 1500 3= Power steering
Ng — 24 | 19.04 19.04| #= Radial tires
Xp inches .41 P33
S= Power steering
Xm inches 0.26] front stabilizer,
#E_i—nx;?—;—\—s — 30 Eﬂ?—ﬁ% radial tires
CP ft-1b/ rad /sec 480
Ko ft-1b/deg 400 | 750 750
h¢ ft. |.84
hr ft 1.06
gmyf - Ib 147
gMmyr Ib 219
Kfrs 0.1
Krrs -0.1
Kyd) 0.8
L!;;;; Ib/deg 50 70 | 7.0
u ft/sec 73 33
gmg Ib 2665
gm Ib 3031
Ixs nom ft-1b-sec? 235
h ft 1.48 E_EEJE'
N IR 1 I |
b ft 4 1|
Lz2y ft-1b-sec? 1500
a ft 013
pr inches .41 .31 131
Xpr inches I 105|105
AT ft-lb/deg 28 33 33
ATy ft-1b /deg 21 23 | 23
Cy Ib/deg | 244 302 | 302
Cr Ib/deg 232 264 | 264
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APPENDIX F
CONSULTATION VISITS AND DEMONSTRATION

This appendix documents (1) the consultation visits made to
vehicle manufacturers and (2) the "hands-on" demonstration conducted

at the end of the program.

The three consultation visits were conducted in the following
manner. First, HSRI explained the elements of the project. Then,
industry personnel presented their general views. And, finally, a
question and answer discussion took place. The meetings were conducted
informally and no formal statements were solicited from industry

personnel.

The first consultation visit was made on June 7, 1977, to
General Motors Corporation Proving Grounds in Milford, Michigan.
The attendees from General Motors were:

Humphries
. Rasmussen
Bundorf
Riefe
Anderson

v X 4 W

The second consultation visit was made on June 10, 1977, to
the Chrysler Engineering Offices in Highland Park, Michigan. The
attendees from Chrysler were: '

C. Kennedy
E. Kramer
M. Agar

The third consultation visit was made on August 19, 1977, to
the Ford Motor Company Headquarters in Dearborn, Michigan. Those in
attendance included:
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Forbes
Farber
Bergman
Richardson
Schuba
Freeman
Anderson
Chiang

»v > 0V OV 4 = m —

A demonstration, providing the attendees the opportunity to

drive modified and unmodified versions of 1977 models of the Pinto,

Skylark, and Fury, was held on August 31, 1977, at the Chrysler

Proving Grounds in Chelsea, Michigan. Expert drivers from General

Motors, Ford, and Chrysler were in attendance at the demonstration.

In addition to HSRI personnel, the following people attended the

demonstration:

Stan Anderson
Dick Riefe

Roy Nagel

Brian Repa
Richard Rasmussen
David A. Finch
George Yee

Edward G. Kramer
Francis Dilorenzo
Shang-11i Chiang

Saginaw Steering Gear, GM

Saginaw Steering Gear, GM

GM Environmental Activities Staff
GM Research Labs

GM Proving Ground

Modern Engineering Service Company
Ford Motor Company

Chrysler '

NHTSA/CARD

Ford Motor Company

The schedule for the demonstration was as follows:
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STEERING CONTROLLABILITY CHARACTERISTICS
(Project No. DOT-HS-6-01409)

SCHEDULE FOR AUGUST 31, 1977

8:30 a.m. (HSRI) Welcome and Introduction of Contract
Technical Manager
1
- 9:00 Description of the Project and the
- Format of the Demonstration
. ",- 10:00 _ Leave for Chrysler Proving Grounds in
’ Vans Provided by University of Michigan

11:00 Arrive at Test Area for Explanation and
Demonstration of Equipment

12:00 Picnic Lunch

12:30 p.m. Designated Drivers Try the Cars

2:30 Other Drivers Try the Cars

3:30 Vans Depart Chrysler Proving Grounds
for HSRI

4:15 Arrive Back at HSRI - Participants

Depart in Their Cars
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APPENDIX G
SAMPLE TEST DATA

This appendix contains sample test data representative of
the data recorded during each test series and subsequently stored

on magnetic tape.
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Steer

Angle
—600‘_—__T_—_‘__"‘—"':_1—ﬂ"'__'——:':—_ *
L |
[0Ysec N ’ )
Yaw
Rate
~10%sec
oy
Steer
Torque
(in-1bs.)
-200
v
T e N
10%sec -
’T
Roll
Rate OM&’W
| sec ,
~|o°/sec_~_~__j_~}t__#,,-,_,___ﬂ

DRIVER COURSE - FORD PINTO- UNMODIFED
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40°

Steer

(<]
Angle 0

- 40°

10%sec o B AR

Rare = MONC ) A

—10%sec .

DRIVER COURSE - FORD PINTO- MODIFIED
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20 R

Steer
Angle 0

-30°

UNMODIFIED

10 Ysec

Yaw 0
Rate

-10%sec

Steer
Angle

-60°

MODIFIED

10Ysec »)

Yaw
Rate

-10Ysec

DRIVER COURSE - BUICK SKYLARK ’
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60°

Steer
Angle
-60° v
UNMODIFIED
10%sec . ' R
Yaw
Rate
-10%sec - | VA
MODIFIED

10%ec

Yaw
Rate

-10%sec

DRIVER COURSE — PLYMOUTH FURY
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60°
P ‘983
A Steer o N

S e T

Angle
e B
) 0
O%sec___ Tl __ ‘
Yaw 0 / _
Rate o .
STEP-STEER TEST — BUICK SKYLARK- MODIFIED
60 _ __ _
St ol Y
Anegel; O‘—ﬁ&/j\m —!“lﬂ-’a—
v \l \Iv idJ )
-60° I
10 ¥sec R S S T
/ /
Y
Rgre 0 A ‘
-

-10Ysec

PULSE-STEER TEST - BUICK SKYLARK- UNMODIFIED

Highway Safety
‘ Research Institute
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