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HANDLING PROFERTIES OF DIVERSE AUTOMOBILES AND
CORREIATTION WITH FULL SCALE RESFONSE DATA®

Roger H. Hch and David H. Weir!
Systems Technology, Inc., Hawthcrne, California

ABSTRACT

Driver /vehicle response end performance of a variety of vehicles in
the “resence of aerodynamic disturbances are discussed. Steering control
is emphasized. The vehicles include £.i: size station wegon, sedan, com-
Pact sedan, van, plesup truck/camper, and wagon towing trailer. Driver/
vehicle analyses are used tc cstimate respons. and performance. These
estimates are correlated with full scale date with test drivers and the
results are used to refine the driver/vehicle models, control structure,
and loop closure criteria. The analyses and date indicate thet the driver
adjusis his steering control properties (when he can) to achieve roughly
the same level of performance despite vehicle veriations. For the more
disturbance susceptible vehicles, such as the van, the driver tightens up
his control. Other vehicles have haudling dynamics which cause him to
loosen his control response, even though performance degrades.

INTRODUCTION

Past reports of driver/vehicle studies at STI have emphasized system
structure, dominant (inner loop) driver control properties, and correlations
with simulator and full scale response and performance data (e.g., Refs. 1-5).
Recent driver/venicle analyses have involved a wider range of vehicle handling

properties, and the corresponding full scele data have provided a better appre-

ciation of the factors involved in estimating outer loop closure and path per-
formance properties. These results are illustrated here following a brief
backgrrnd summary.

Assumptions and Analytical Approesch

The analyses l.vclve the application of an empirically-fouaded theory of
driver centrol which is based on the more g.nersl manual control theory.
These theuries aand models take into account a combination cf:
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® Guidance and control requirements related to good
stability and path following, regardless of the
type of controller

® Driver-centered requirements wiiich account for the
preferences and limitations of the human driver

The driver responds to a composite of visuel stimuli derived from the full
visual field. These stimuli are selected such that the driver's coatrol
action serves to fulfill the guidance end control needs of the driver/vehicle
system. Typically this means that more than one feedback loop will operate
simultaneously (e.g., heading engle and lateral position), resulting in
multiloop control,

The driver's response can be modeled using & quasi-linear model which
cousists in general of three components: a set of describing functions with
paremeters which depend on the system und situation; a set of rules which
tell how to adjust the parameters; and en additive remnant.

The rationale of driver equalization can be discussed most siwmly by
using en approximate "crossover model" (e.g., Ref, 6), Experimeata. da‘a for
a wide varlety of both single and multiiocp situations lead to the cunclusion
that the driver adjusts his describing function, Yp, in each lcop such that
the open loop function, YpY¥e, comprising the effective vehicle dyramics, Yo,
and the driver in the vicinity of the gain crossover frequency, we, for that
loop has the epproximate form:

wpe™det

Tg¥e = 5z ()

Here 7 is an effective pure time delay which includes the neuromuscular
dynamics a8 well as any net high frequency vehicle lag. The crossover fre-
quency (wp) is the product of the driver and vshicle gains. In multiloop
situations the effective contro®‘ed element dynamics, Y., will include the
effects of all the other loops closed. The form of Eq. | emphasizes that the
driver characteristics in each looo are tallorad to the specifics of the
control situation and the wvehicle.
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The remcant is that part of the driver's output which is not linearly
correlated with the input , and its major source appears to be nonstationarity
in the driver's behavior. Wuen the driver's output is treated as & power
spectrum the remnant can be considered as a driver-induce’ - redhand random
"noise” injecteq at the driver's ocutpus, For vehicle contiu. situations
involving reasonable handling dynemics he remnant will .2 small compared to
that part of the driver's response involve! in regulating ageinst the external
disturbance. For that rcason it car often be seglected in making performance
estimates and comperisons. Some svidence of remnant is seen in the ful’.
scale comperisons, shown subsequently.

As noted, multiloop control inveolving more than one feedback stimulus is
ap.ropriate to satisfying guidance and contrel, and driver-centered, require-
ments. Prior research (e.g., Refs. 1-5) has ghown that the system of Pig, 1
i3 representative. This involves a rrimary feedbeck loop of vehi~le heading
angle (¥), plus an outer loop of lateral deviation (v7). These perceptusl
cues are operated on by the driver describing functions (Ypy and Yp') (A
produce & steer angle correction (by).

Aerodynamic
Disturbance

I
Yp' L:al. Yc w -
| vEmicLE
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[m————

Figure 1. Driver/Vehicle Syctem Block Diagram

Pat127

1.04..

The driver descriting functions in Fig. 1 can be quaatified by using
a sequential applicalion of the crossover model; beginning with !p'Yc in
the inner loop end then considering tpyyé in the outer loop, where Y¢
denotes the effective vehicle dymamics with the heading angle feedback
closed.

Vehicle Dynsmics

The controlled element {vehicle) 4ynsmics are a major task variable.
The lateral-directional properties pertinent to steering control were
modeled ueing 3 degree of freedom linear equations of motion. For a
eingle vehicle the variebles are:

® Lateral velocity (v'
® Heading rate (r)
® Roll angle {(p)
Two additional degrees of Ireedom result when a towed trailer is edded, {.e.:
® Trailer tow angle (n)
® Trailer roll angle (@)

The equations of motion and corresponding tr-wnsfer functions were quantified
using chassis and tire data and verified by full scale teste. The resulting
hoading angle and lateral position transfer functions are given in Table 1.
The vransfer functions are:

v _ M
5 - "=
ML

R ——

v
Sy 52A

Note that the denominator free s terws are nov <hown im the table for
simplicity. Further details on the equations and wvehacle properties are
given in Ref. 7.
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TABLE 1,

SUMMARY OF VEHICLE TRANSFER FUNCTIONS

TRANSFER FUNCTION POLYNOMIAL

LATERAL D
VEHICLE HEADING NE:MERATOR, L DEVIATION DENOMINATOR, 4
ey NUMERATOR, 821
1972 Wagon 22(3.8)[.22, 10.7) 11(7.0)([.30, 8.0][.01, 8.7] | .z5(.70, 4.u1[, 24, 11,3)
1572 Wagon 92(3.1)[.26, s.b] x | mo[.27, b.7](.29, 6.9] x [ ¥[1.0, 3.2][. 24, 4.1] x

Plus Trailer

{.16,8.31[.18, 10.2]

[.07, 8.2][.15, 8.3]

[.16, 8.3][.23, 11.0]

Conpract Sedan

2.6(2.2)[.53, 15.2]

21[.13, 7.51[.20, 7.5]

au(L73)(8.1)[.62, 16.6]

Truck/Camper

21(k.1)[.21, b.7]

14(5.0)[.17, 4.71[.15, 6.3]

.75(1.0, 4.0}[.15, b4.6]

1972 Sedan

31(4.0)[.2, 9.8]

270(.33, 7.71[~.03, 8.1]

41,53, 6.2](.43, 15.9]

Imported Van

607(“08)[-52, 13-1‘]

7%[.17, 9.0][.18, 9.2]

370,64, 4.6][.48, 13.3]

The shorthand notation for polynomial factors is:

Als2 + 28uws +

‘105~

A(s + a) 1~ written A(a);

w2] is written A, ]
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Figure 2. Driver/Vehicle Response Properties for Heeding Control,
1972 Station Wagon at 60 mph
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7r the vehicles shown in Table } the required equalization cun be
accounted Jor in Ypys> and the driver time delay, T, can be included there,
also, by virtue of the "series" structure in Pig. ), The effective forcing
function bandwidth resulting from a typical aerodynamic disturbanc {s
about 1 rad/sec for the vehicles shown in Table 1,

Driver/Vehicle Response Analyses
and Full Scale Compariscns

The procedures and mo: ° ~utlined above were used to estimate the
vesponie and performance of th several driver/vehicle systems ip the
presence of a bus-induced aerc /mamic disturbance. In the 4a{scussion the
analytical results are shown, t an -he computed performance rasults are
compared with the recorded full . -ale time responses, The 1972 atation
wagon 1s treated first in some detall, as the base case, This is followed
by the results for the other vehicles,

1 tion Wagon — Tue driver/vehicle response properties (YNYC)
for the heading loop are shown in Fig. 2. A root locus plot is on the laft
and a frequency response (Bode) plot is on the right. The vehicle dynemics
(¥e = §/%,) are taken from Table 1., A suitable Pade spproximation is used
for the driver time delay term, e~TJ®, The nominal result in Fig, 2 is for
driver lead equalization (Tp) of 0,14 sec and & net driver time delay of
0.2, sec. The amplitude rutio of the frequency reaponse plot shows that
th2 lead of 0,1L 3ec satisfies the equalization needs of Eq. ! and makes
the .lope =20 dB/dec (corresmonding to }K/Jo|) in the mid frequency region,
For this amount of driver lead squalization and no disturbsnce input the
driver time delay (1,) is about 0.35 to 0.k sec; and the corresponding zero
phase margin crossover frequency, we,, 18 asout 4,2 red/sec. The prosence
of the disturbance {ncreases the driver'. neuromuscular tension and reduces
T ¢ about 0.2 sec; resulting in about 25 deg phase margin (4,) and 5 a8
gain margin (K;) for the same crossover frequency, we, = 4,2 rad/sec, The
nominal driver describing function in the heading loop for the 1972 station
Wagon becomes:

tp, = Tk + 1)eTr I (2)
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In practice, a high frequency lag (Ty # 0.01, say) 2an be used to complete
the eqializer,

Heading and roll "modes™ are shown on the root lecns of Pig, 2. These
refor to the roots of the vehicle characteristic equation, and they are
asaoccisted with the corresponding hesding and roll dynemics of the basic
vehicle. For sxemple, the natural frequency end damping ratioc of the roll
mode is detemined largely Uy the springs, shock sbsorters, and sprung Rass
inevtial properties of the vehicle,

The effect of changing ths driver's response properties can be inferred
from Pig., 2. Decreasing driver lesad equalization will result in & decreass
in crossover freaquency for constant stadbility margins. This will reduce
closed loop system bandwidth and degrade performance, Similar results ocowr
for incressed Ariver time delay, or with increased leg from the vehicle's
dynamics,

Closing the heading loop, above, is the first of two analyticsl steps.
It results in an open "outer lcop” effective zontrolled element (Y.} which
is to be ccmbined with the driver's describing function for letersl deviastion
control (YW)' Closing this cuter loop by again applying the crossover model
of Bq. ) is the second step, Tha cpen outer loop system block diagrem is
shown in Pig. 3. The driver/vehicle rsponsa properties for latersl
deviation control are shown in Fig, L,

I

VER |
% Yl s
@—- Yp' 4” [
)~ hase——— N

———
|

Figure 3. Block Diagram for Analysis of
’ lsaunl Deviation Control
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The frequency response shows a  oad region of K/Juw=-11ke emplitude
ratio which will allow the driver to » » proportionsl control and vary
his latecal 2eviation loop gain (pr'l (var a considerable range d ending

on his closure criieria.

Jelection of the outer loop crossover frecrency (“’cy) in Pig. b can
depend on several factor.. Withir limi*s, hijher crossover frequencies
glve a wider driver/vehicle system bandwidth which improves perforvance
by reducing lateral deviation error. The penalty associated with this i3
a1 increase in driver worhload, and he will (when he cen) adjust to some
lavel of ~ontrol which gives acceptable lane keeping performance, If the
_roszover frequency becomes too high performance will deteriorate because
of reduced path damping and stability margins. For some vehicle handling
dynamics, the quality of the respcnse becomes poor for crossover frequencies
well below the stability limit, as a result of undesirable interaction between
the directional modes. In summary, the driver will increase his level of
activity (crossov: r fraquency) to achieve vhe desired level of performance,
ac long as he does not encounter undesirable vehicle handling properties in

the process,

In view of these factorc, the estimated value of uc, becomes 0,46 rad/sec,
which corresponds tc¢ Ypy a 0,005 rad/ft for this vehicle. Largey values of
4g,, would uct reduce the stability margins but they would result in poor
re‘sponse qualities, as follows, Consider the effect of increasing the cross-
over frequency in Fig. 4. For low value: of weys the lateral devistion and
headi~g mode roots are well separnted on the root iocus, resulting in rela-
tively simple response qualiti:s which are dominated by the lateral deviation
mode. As diey is increased, the closed-loop ruots of the lateral deviatlon
and heading modes approach each other., This results in a more complex,
fourth order disturbance response, consisting of a combination of the two
modes. Physically this means that the pra.tical region of control is
restricted by an undesirable interaction of lateral deviation and heading
loop modes, although the region of stable control ie large.

The disturbed vehicle's sensitivity to aerodynamic inputs also affects
the driver's outer loop control effort. More sensitive vehicles require
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higher crossover frequenciez to maintain e given rangs of pesrformence. The
station wagon is relatively inssnsitive so this factor did not override the
response quality considerations described obove,

The estimatead driver/vehicle response characteristics, plus the aerc-
dynamic disturbance date of Ref. 8, ware used to compute the driver control
and vehicle motion time responses for e given situation, Comparisons of
such computed results with corresponding full scale dats are given in
Fig. 5. The tast conditions invelved the 1972 station wagon pessing an
intercity btus in about & =20 deg crosswind at a speed of 7 mph (bus 56 and
wagon 63), The rominal (undisturbed) bus-vehicle centerline separation was
about 12 ft, In the full scale dats of Fig., 5, ths mean front wheel steer
angle is given by 3y, Uo is the station wagon speed, r is the heading rate,
and |WV] and XWV are the magnitude and angle of the wind relative to the

moving car. The lateral deviatiocn of the station wagon relative to its
nominal lane conterline is given by y;. Tha data derive from the Ref. 7
study,

The lateral daviation results show sxcellent agreensent, as do the iow
frequency variations in driver steer angle. The higher frequency remnant
in steer angle, B, and heading rate, r, ocours at tha inner locp cross-
over frequency., As discussed, driver remnant can be included in the driver
model when desired, but its effects on performance are minimal, as jllustrated
by the good match between the analytical and full scale lateral deviation
time histories. This agreement in the lateral deviation comparison confirms
the choice of outer loop crossover frequency shown in Fig, b, wgy, = 0,6 rad/
ssc,

Staticn Wagod Ping Tredlsr — Addition of the aingle axle travel traller
to the station wagon had a considerable effect on both the basic handling

dynamics and the response of the driver/vehicls system to a bus-induced
disturbance.

Root locus and frequency response plots of the heading loop driver/
vehisle dynamics are shown in Pig. 6. Comparsd to the station wagon alone,
the main effect of adding the trailer is to increase the mid frequency phase
lag of ths vahicle dynamics (Y,) which tends to reduce the attainabdle driver

P-137



| - Steer Angle B S

SRR S

- 20- Lateral 7
yl |o- Deviation {,,;f

———"-_‘

o

) _o- LT Full Seate - [ TILITIIans
1?.2|g_‘ T e Zuulsfa'e, R R :*Hr
Te0= \nalytical | -~ iy X
. R i I ’:;": ':‘;—_f:f':_:. T’L—HT* I)

B AR S s -“:::i‘:-m S Sy ‘“H*

;T . . - __A_‘__ "

(mph) O—- —- — .

v Relotive Wird Ma nitude ~ -7 T +
T gnitude. = - Jsee
e T T T s T T L T LT

R D e e e o S Wy G SR Y S G VOr S § e e —t—
- YT Y STy v LARLANER N SR A A M )

— -+ e semer
ideg) 20 Relative Wind Angle - - =— WVemcle =6% mph
Corom et e s b 21 @ Separation
S e R iy 5 - 23 deg
' 5- Heading Rote _. |Run No.720620-43
(deg/sec) Y e AR S
-5 . S
Figure . Comparison of Analytical end Pull Scale Results,
1972 8Station Wagon Passing Intercity Bus
P-vi? «198~

~l1f-

crossover frequency. [The differsnce in apsed betwean 60 and €5 mph has

only s small effect on the vehicle dynamics.] Application of the previously
discussed driver model rules resulted in a heading loop driver lead (TL) at
0.33 sec, and a driver time delay (7) of 0,25 sec, Comperison of th+ open
loop haading roots of the station wagon (Pig. 2) with the wagon plus trailer
(P4g. 6) shows that the trailer results in two additional modes (trailer

roll and tow engle). The trailer tow angle mods is ssen to be lightly damped,
and this causes the initial instability as the driver {-creases his inner loop
crossover frequency. Note that the station wagon heading mode remairs quite
wsll damped for all values of driver gain. FPhysically this means thut the
driver may bs relat.vely unaware of large oscillations of the trailer. This
analytical interpretation was borns cut in the full scale tests wheru tne
driver comments indicated he was unaware of the typically large trailer
oscillations,

The characteristics of the outer loop driver/vehicle response properties
for the wagon plus trailer are shown in Fig. 7. Again, simple gain control
(Kpy) 1s adaquate in the outer loop, and the crossover frequency (uey) is
limited by the vehicle's handling dynamics,

An examiple comparison of full scale data and analytical results for zero
crosswind is ehown in Pig. 8, and the agresment is seen to be quite good. The
tow angle ia n, The lateral deviation trsjectory’ (yI‘) in Fig. 8 shows that
the traller tends to move towards the bus in a zero crosswind condition, while
the station wagon alone (and all other tested vshicles) tended to move sway
from the bus in this wind condition. This difference results from the sero-
dynemic disturbance of the trailsr.

Traak/Cenmex — The driver/vehicle respouse propertiss of the truzk/cemper
are given in Pigs, 9«11, The system surveys of the heading and leteral
dsviation loops are presanted followed by & time history of an amelytical/
full scale comparison, The truck/camper heading loop closurs (Pig. 9) s
similar to the wagon plus trailer (Pig. 6). The basic vehiicle dynamics

¥y, refars to dsviation of a point ci the rear bumpar of the trailer.
This h done to account for the effect of trailer tov angle on la’eral
deviation,
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exhibit a lightly damped mode which tends to go insteble as a result of

the heading loop closure. In the case of the t.uck/cemper it is the roll
mode which is critical. This is probahly a result of the high c.g. location
and large mass to roll stiffness ratio of the amper.

Discussion — The driv.r/weshicle heading loop responsc of the van, cou-
pact sadan, and 1972 full size sedan are all similar ia form to the '972
station wagon. The driver response properties for the other vehicles are
summerized in Table 2, Details are given in Ref. 7. Tue lateral deviation
response properties of the van, compact sedan, end 1972 sedan ars simllar
to each other. Unlike the 1972 stetion wagom, their lateral deviation ond
henrding modes are well separated; hence the driver can use s higher cross-
over frequency wi.hout producing undesirable qualities in the response. Tie
outer loop closures were based on considerations discussed wreviously, ema
this wes comsistent with the full scale lateral deviation data. The driver/
vehicle heading loop closures are seen to reflect fairly constant stabllity
marging, in accordance with the driver model and .nalysis procedures. The
crossover frequencies and leud equalization vary somevhat, depending on the
handling dynamics of the vehicle.

The lateral deviation response properties showi in Table 2 vary conslder-
ably. The van shows low stebility wargins and bigh crossover frequencies, while
che 1972 station wagon is just the opposite. As previously discucsed, these
variations depend on the aerodynamic and hundling properties and reflect an
effort on the part of the driver to achieve a desired level of performance.

The performance of the several driver/vehicle systems is given in Fig. 12a for
o bus disturbence ir a ) deg crosswind conditica, in terms of pesk lateral
deviation (5;1). The di’ferences in performance among the seversl vehlcles
generally follow the trend of the vehicle-zlone gust susczptibility (Fig. "2b),
although the variation is not as large. With two excepticns, the peak lateral
weviations nre all in roughly the same performance band for e given crosswind.
This relative insensitivity of overall performance to changes in the comtrol
task and situation is e familiar result in the field of manuel control. I%
reflects a constency of skill, The performance insensitivity is ususlly
achieved by the human controller’s adjustment of hls response to offset
@deficiencies in the vehicle dymemics (as well as other changes in task
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variables). The path performance (e.g., peak lateral deviation) is not
the only element in th: driver's "performance criterion,” however, e d
other factors are taken into account, Hence variations in performance
do occur, such as those evidenced in Fig. 12a by the 1972 station wagon

and the station wagon plus trailer.

Ia the cases where these characteristics are r .asonsbly nominal, the
closures in Table 2 exhibit crossover frequencies about | rad/sac and phase
margins of about £0 Jdeg (truck/camper, compact sedan, 1972 sedan). These
outer luop closures {with 60 deg phase margin) give good path mode stability
and overall performance, simple response qualities with constant closed locp
damping ratio across vehicles, and a reiat ve insensitivity tc chenges in
driver gain. The performance is proportional to driver contrnl effort
Departures from the nominal lateral deviation
response properties for the remaining thr<: vehicles can be surmarized as
follows:

(crossover frequency).

® The 1972 statlon wagon estimates exhibit a somewhat
lower crossover fregquency and larger phase margin in
the lateral deviatfon loop. This is due to the unde-
sirable interaction between the lateral deviation and
heading modes which results as the crosscver frequency
is increased.

® The large nhase margin for uue station wagon plus
trailer also resvits from an undesirable interaction
betwecn the lateral deviation and trajler tow angle
modes as the driver increases the outer loop cross-
over f:.equency (see ..g. 7).

® The reduced phase margin and increased crossover fre-
Juency seen in the van estimate is dw to the large
gust Gisturbance sensitivity which results in a high
yaving moment. The eualyses showed that aggressiv=
closure of the lateral deviation loop tends to stabi-
lize the heading moie which is being excited by the
yaw disturbance.

Tte driver/vehicle characteristics in Table 2 rep:2sent nominel resulta which
art onsistent with the full scale data,
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