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QAifficulties which include fai -
or / P siring and interpolation with elready low confi
mwmmmm mmi Amtsmnmmnmumm lmm dence, dudbicus data and small differences between large uacertain nuabers
(Ref, 2). In spite of these difficulties, enough measurements now exist to

Duane T. McRuer, David H. Weir, Henry R. Jex,
Raymond E. Magdaleno, and R. Wade Allen® support some key rules for multiloop human opsrations (Refs, 2.4). When

Systems Technolugy, Inc,, Hawthorne, C«1lifornis thess rules can Le applied to specific situations, the fundemental 4iffi.
culties can be bypassed and muich sicpler measurements can be aade which
ABSTRACT nonetheless reflect the signficant multiloop human control charscteristics

(Refs, 5-6). In thin paper these techniques are epplied to the prodlem of
Multil response properties of controllers are, in general, very
difficult :gpobtain becfule an independent forcing functicn is nesded for driver steering control.
each describing function to be measured, and interpolation procedures muy
be required to obtain intermediate describing functions at common frequen-
cies. Even then, a certain amount of untangling is rc7iired before the
final r:sults are obtained. When the loops which wre closed and the nature
of +the 1escribing fur~tion forms adopted in each 1léop are known or hypothe-
sized, matters can *.: made - .ch sir-ler. Then, the quactitative values of
the individual describing functions :en reaiily be identified using approe
priate closed-loop describing function measures and decomposition procedures.
Two exumples are provided for the measurenent of driver/vehicle multiloop
response properties using a single disturbance input, The validity of the
procedure is basel on current multiloop operator adjustment rules and is
made plausible by comparison with experimental data.

The object of control in the driver/vehicle systes is the sutomobile,
Its dynamic cherscteristics for essentinlly constent speed ateering mansuvers
can adequately be descrided by equations of motion involving side velocity, v,
heading rate, r, and roll angle, 9. The roll mode is least important in nominal
maneuvers and mauy of the roll effects, such as roll steer and cember thrust,
can be partially ancounted for in the lateral velocity and heading degrees of
freedom, Accordingly, the conatant velocity latersl-directional character-
istics can often adequately be approximated bty the two-degree-of-freedom set:

.-, Up = Yp v Yg
- 8 ()
-'V - 'r r “J
Approximate values for the stability derivatives in terms of vehicle Pare-

meters and the key vehicle trsnsfer functions for control inputs are summarized

in the sppendix. More complete sutomobile descriptions in six degrees of free-
dom are provided in Ref, 7.

The mo.t common man/machine system in use today is e driver and an

automobile, yet remarkably little 1s known empirically about the details

of driver dynami~ responses and how these interact with the vehicle dynamic
characteristics, For instance, only one study of lateral control has bsen
reportel where driver describing functions were messured in an actual car
‘Ref. 1}, and less than half a dozen studies have even been concerned with
measurements in a simulator situation. A primary resson for this lack of
attention resides in measurement difficultiss due to the multiloop nature of
most driver/vehicle system contro. situations of interest, The difficulties

GERTA JON ANV 39V ONIGEOAEd

stem from the need for one independeut input for eacn describing function to That 1 :: :::h' driver. Driving tasks are often multiloop in nature.
~» measured, to the many couplings vetween the vehicle's state variables, ‘e to.;ul ver responds to more than one vehicle motion quantity, The
to signal-to-noise problems, and last but no'. least, to dats manipulation 4 tiloop driver models is the fundamental comcept of menusl vehicular
control analysis: that the operator constructs feedback loops about the effec-
‘President and Technical Director, Principal Research Zngineer, Principal tive controlled element. The feedback quantities svailable to him for possidble
Research Engineer, 3enior Research Engineer, and Senior Research Engineer, use consist of thoses
respectively.
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® Directly sensed within the general visual fielad.
® Observable via visual displays.
® Directly sens.d using modalities other than vision.

Quantities which cen be perceived from the fixated visual field will show
no scanning penalties, whereas those which require instrument scen or nodi.
fication of the fixation point will introduce decrements in some driver
iynamic features. FPFor lateral steering control the feedbacks are derived
from the gencral visual field and possibly supplemented by non-visual
modalities, The feedback guantities actually selected by the driver will
be thoss needed to satisfy the guidance and control needs and certain
driver-centered requirements. The guidance and control needs are situation-
specific, In the steering case, they involve an outer loop for lateral
position control and an appropriate inner loop to provide damping for the
low-frequency mode formed by virtue of closing the lateral position loop.
These requirementsa are, of course, essentially independent of whether the
controller is animate or iuanimate.

The driver-centered requirements are central to the manual control, as
opposed to the general control, problem. The human propensities and behavior
asdociated with these requirements must be discovered by experiment. From
the data available (Refs. 2-4), a series of adjustment rules similar to those
for single-loop manual control systems can be stated., Thess include:

i. The feedback loops preferred are those 'mich:

a. Can be closed ' th minimum operator equalization,

b, Require minimum scanning.

¢, Permit wide latitude in variation in the coperator's
characteristics,

7. Where distinct inner- and outer-loop closurss can be
defined by ordering the bandwidths (1.e., the higher
the bandw.dth, the more inner the loop), a series
multiloop structure applies.

*. The adjustment of the variable gains in each of the
loops is, in general, similar to that which would be
used by a skilled automatic control designer who has
availablr the sume feedback entities, To a first
approximation:

a. The crmasover model is directly applicadle to many
inner loop closures,

P-139 -395-

b. The crossover model also holds for the cuter lcop
with the proviso that the effective controlled-
alement treansfer function includes the effects of
all the inner-loop closurss,

4, When scanning is aot present, the remnent is primarily
associated with the inner loop snd is essentlielly the
same as that for a single-locp systwn squivalent to
the inner loop alone,
Other rules apply *c situations where scanning is present; these are not

pertinent hers.
DRIVER/VEHICLE SYOTEM STRUCTURE

The combination of driver and vehicle into an appropriste control system
for lateral position can conceivably be accomplished using s wide variety of
fesdback q‘untit!:el. A number of these have been investigated theoretically
in Refs. 8 and 9. One of the most likely possibilities when guidance and
control requiremerts, driver-centersd requiresmants, availability of cues ir
the visual field, and interpretation of such experimental evidence as driver
eye movements are considered is an outer loop in lateral position, y, and an
inner locop involving sither path angle or heading angle. Additionally, peth
rate and heading rate ariy pertinent for higher-fregquency comtrol action,
When all evidence is taken into account, « very likely structure for meny
driving tasks is that shown in Fig. 1. In equation form, the quasilinsar
model for the driver is:

By = Yy(Jo)y(Jolve(e) = Yy(Jov(iw) + Ty(3nIn(se) (2)

“.he describing fuiction, YyY¥y, characterizes the driver's operations on
functions of the position error, wheress Yy slons represents the driver's
operations on functions of heading angle. The portion of the driver's
output which is not lineerly correlated with any disturbance or commend
inputs is ncdeled by the remnant, n,

It is important to note that the above presumed structurs in no way
implies direct perception of sither lateral position or heading angle as
such, but only that tha driver responds in part to some function of these
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Figure 1

varishles as sensed from the available visual field and non-visual codalities,
In other words, slthough Bq. 2 18 expressed explicitly in terms of lateral
position and heading sngle, any othsr possible feedbacks which eve 1inesr
functions of y and v ere alsc handled izplicitly,

When y end y actuslly are the direct functicns used by the driver in
the experimental situation of interest, then in the light of the multiloop
principles listed above heading should be an inner and latersl position en
outer 1oop, and the low- and mid-freguency characteristics of Yy should be
a simple gain and those of Yy & gain plus time delay. BSince some vehicle
dynesiics pressut challenges walch are readily overcome with heading rate,
the higher-frequency porticn of Yy should include a lsed, This can be con-
sidered as either high-frequency lead generation on ¢ (with iittle or no
degradation in effective time delay) or direct semsing of yaring velocity,
The latter is pertinent for supra-threshold values of yawing velocity, », as
sensed by the vestibular system, Thus, the driver dynamics which we will
ultizmately use are given by:

Y,

y * &
Yy = Ko ¥ (w4 1)

(3)

More extensive high-frequency characterization cen be used with appropriate
changes in 7. For example, when distinctions are to bs drawn between different
power stesring systems, or when the effectsa of alcohol on the neuromuscular
system ars t0 e considared, & more extensive analytical description of the
asuromusular system cat be adled to Yy with 7 adjusted accordingly,

If interpretation of date obtaimed using these specific forms ave in
reagonable acoerd with analytical inplications, then this would be strong
indirest evidence that the driver used ¢ snd y feedbacks directly in sccomp-
lishing the particular driving task considersd. If, on the othsr hand, Yy
quummmM-mcmcuummchmcmwu
forras, then sltcrnate feodbacks should be considered.

-219~
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GENERAL SYSTEM EQUATIONS

In the study of driver/vehicle interaction in steering tasks, & mmber
of system inputs require consideration. The most obviocus are the lateral
positional command, y,, and external dfsturb 8, n, & 86 they are
representative of actual roadway conditions. As shown in Pig. 1, y. 18
actually present in the driver component of the closed-loop system, i.e.,
the lateral position command actuelly acting on the system is to some extent
driver induced. The general character of the command is, however, Aestermined
by the roadway, lane pattern, obstacles to be avoided, etc. It cen be as simple
as & prescribed pathway with narrow tolerances and as complex as & tortuous

way through freeway traffic. The external disturbances can arise from the

atmosphere, snch as yawing velocity, rg» OF gide velocity, Vg gusts, from
roadway-induced disturbences, or from specially-contrivea force and/or moment
generators attached tu th._ vehicle (e.g., & rccket)., In addition to these
inputs into the driver/vehicle system, various test disturbances are of interest
for specia! measurement applications. The three most common are indicated in
Fig. V. The first, &4, is a front wheel steer angle applied in series with
the driver's steering wheel input. The 84 input is readily applied in actual
or simulated cars by the addition of an extensible link or other differentisl
device into the steering system. The heading and path disturbances, 'd and Yar
are primarily of values in simulator applications, whe-w these signals are
readily added within the equations of motion, These test disturbances enter
the equations of motion at the locations shown in Fig. 2, They can, for
example, be readily applied to the servo drive of a .elevision camera used

to generate the visual scene from a model landscape, as in Refs, 10 and 11 .

The equations of motion for lateral position and heading with these forcing
functions and disturbances and using Yy and Y, for generality are given by:

Y
(1+7,1,6,5) 108k y 1 Ugfs O} Yro08 88 of v,
%
v ) Ye
11008 (1e1000)] | v o 1 of vyoel reed of []e
n
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Figure 2, Test Disturbarse Entry Looations

in Vehicle D mamica

The front wheel iteer angle is providei by the auxiliery equation:

5 = By + Yyytol(Yc y) + Yvoa(n -¥) ()
The closed-loop system responses of heading, lateral position, and front
vheel steer angle are given as functions of ths forcing function and dis-
turbances in Table 1., The multiloop character of this system is indicated
by the sum of Y,008 and Y,Y,0,0f in the dencminator and the presence of
the coupling mmerstor terus, OYf and GYF, shown in the y and y mmerstor
expressions (Ref. 12). The two wriass on the denominator indicate that two
loops ars closed.

Closed-loop descriding Junction measurements can bs made using any of
the forcing functions or disturd.nces, or combinations of these which are
independent. Becauss the remnant acts as a continuous power spectral dene
sity, it will tend to contaminate any such measurements as e nolse. Kuwever,
42 input powsr is largs w compared with the remnant when both are reflscted
to a point of interest in the system, this contamination will be negligible.
In any event, it can generally : assessed directly by consideration of the
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TABLE 1
CLOSED-LOOP SYSTEM DYNAMICS

Denominator:
U¥y Y,
] +-—l+-3‘ 05]

D" = 1+Y'c‘(GX+Yya{) - 1+Y'GBGK[ =

y Numerator:
v Y% o
Dy = YyY*G.Ggyc + (1 ’Yvalob)yd + chlcgn + %ad * W’{*Yt"a"ﬂ)ﬂ +\ = Yyhs "5 /va

v Numerator:
v ¥ \] \ vy ( G‘a'
D" = Yy! GelsYe = Yy‘! 'Gseby a * Y*G.Gbn + ngd + (an +YvaG.an5)1| + {1 +¥y¥'¢la T)'d

& Nunsrator:
Ugrl
* NG ¢ By = YG,(f0Y+al)y 'YV“!("' s )'4

D" = Y,Y.Ouv, Y,Y,0ev4



relazive power at the frequencies involved. One of the tricks in multiloop
measuremerc i8 to select a family of describing functions which indicate
high sigual-to-noise rstios over particula (different) frequency ranges,

The fundamental meas.rement problem is to determine Y., Y., and remnant
power spectral densities, Op,. In principle, to obtain Yy and Yy separately,
two independent i{wputs will be required. As noted already, the early work on
multiloop human operator measurements had to use several independent inputs
because the general nature of quantities such as Yy and Yy were to be dis-
covered, HNow that we have somz appreciation for at least the likely fomm of
these quantities, as given in Eq. 3, a simpler procedure can be used with only

one input. The inputs to be considered shc id satisfy two fundamsntal criterisa:

® The clcied-loop describing functionz should have a large
frequency range over which signal to noite ig high, i.e.,
reonant power should be small compared to forcing function
or disturbence power at common points with the systenm.

® The closed-loop describing functions shculd be differ-

entially sensitlive to Y, and Y, in different frequency

bands 50 that the properties of Yy ind Yy can be readily

untangled.
for these reasons, the principal Aisturbarces and forcing fuactions that have
been used ure y., 34, ¥g, a0d y,. f(ae first two are applicauic "o both actual
vehicles on the road and simulator operations, whereas the latter two are
suitable only in a simulator. Meazuremerts with a disturbaiuce, while having
great value in peculiar situations, tend to be extraordinarily muadled because
of the coupling features introduced vis the coupling numerators. It 1s better
to stay with finputs acting directly within one of the loops rather than a
aisturbance which is diffused into both loops vii complex vehlcular couplings.

Two particular esamples will be illustrated in more detail below, These
are describing functions measured with a steering or witbh a heading disturbance
as the test input.

TYPICAL DESCRIBING FUNCTIONS WITH 9/RERING DISTURBANCES

The front wheel steer angle response with & steering iisturbance as the
sys* - foreing characteristic and remrant is given by specialization of
Tadbie 1, l.e.:
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3 = [8q + YyG4n) (%)

1
Y+ Y'G,(og + Yyag)

At frequencies whers remnant effects can be considersd negligible, an effective
open-loop system can be formed by considering By as the imut and & the error,
Then the quantity 8y/6~1 parallels the quantity (I/E)-1, which is equivalent
to the open-loop transfer functiom in a single-loop systea. Performing this
operetion gives:

%‘1-1 - !,G,(Ggﬂt,ﬂ{)

sl +52)
(1)
- Yw[‘ +E‘¥I ’?%l“l"g

- Yo,
where og
Uy, Y.
Yv[‘ + L ;,z]

fd

Here the quantity Yl‘, {s seen to be obtained by taking the closed-lcop
response measurement, 8/34, inverting it, subtrecting 1, dividing out the
known trensfer function of the stesring linkage and vehicls, G,of. Y3 is
particularly sirple in form in that the driver’s heeding describing function,
Yy, 18 a maltiplicative fastor, while Yy enters into the bracketed axpression
in a relatively simple way,

At this point, let us examine the propertiecs of the brackated expressions

(8)

in Eq. 8. In terms of the lateral squations of the automobile, this is given
by:
P-139 -403--
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o Yy [s2 + 2(tw)ys + of)
'4+ch'—v = 1+Yy¥ 8(!*1}?5 (9)
B

Using the relationships developed in the appendix for the two-degrees of

-3

KE s(;"@]';)

freedom equations this * ecomes:

1Y, G—*} = 1+ Yy (10)
5

The roots of Eq. 9 can be read.ly evaluated if {t is viewed as the resuit

of a loop-closing operation in which the tranefsr function, Yy{ }, 1is the
open-loop transfer function. At this point, vz oring to bear the multiloop
operator adjustment rule: previously described and subat’tute for the general
outer-loop driver describing function, Yy, the much wore specific form, Ky.
A system survey which shows the roots of 1 + K.’{ } 1s given in Fig. 3. The
Bode root locus therz indicates the closed-liop roots as the driver gain, Ky,
is varied. The conventional root locus, which shows the same effects, is
remarkable in that it is an example from practice ot an academic anomaly,
i.e., the damping of the quadratic zeros is approximately the same as the
heading transfer function numerator inverse time conatant, 1/T,. This
approximation 18 exact{ for the two-degree-cf-freedom lateral-directional
equations when the z axis radius of gyration, k;, is equal to the geometric
mean between the car dimensions, a and b,

The path loop is the outer loop, so typically the gain, Ky, is relatively
low. Then, a nominal zero 3B line on the Bode root locus would be as shown
in Fig. 3. The o-Bode (locus of all real roots) is essentially on the low-
frequency asymptote at this point; cnnsequently, one of the roots will be
given almost exactly by:

3y = =Uoky (1)

Because of the peculiar approximate relationship between 2(lw)y and 1/Tp,
the sum of the >losed-loop roots is constant in spite of the variation in
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gain (this is not, of course, true for s gensral Open-loop system with a
quadratic mmsrator and dencminator). Under these special circumatances,
the second root will be given by:

9y = =(1/Tp = Ky)
-—I/T;

(12)

With these literal spproximate factors, the velus of 1 + x,(o{/a{) becomes:

G Al i)

1 +Ky¥ JID(T;-J(D*I) (13)

When the forr for Y* provided by the multilacp adjustment rules is used in
conjunction with Bq, 13, the total describing functionm, !{,, is seen to have
the form:

| UoRyRy[szd + 1)(‘,% + 1)1&'-3» + 1)e'-1“" -
= Jo{Tpdo + 1)

An asymptotic Bode plot of this is shown in Pig. b, Here, it will be noted
that the 1oercquency asymptote defines the cuter-loop gain mniqaely, while
ths mid-frequency horizontal asymptote 1s just the gain, Ky. The breakpoint
between the very lowefrequency and mid-frequency asymptotes is UgKy. The
high-frequency brgakpoint gives the indication of any immer-loop leed. Actual
data are presented on Pig. 5. They show the came characteristic concave-
upward basket-like shape of the eketch of Fig., 4, Quick approximations to

the values of Ky, K, and 1/Ty are resdily obtaind by fairing in the asyaptotic
plot. By keeping in mind the shape and functionsl relations involved in the
asymptotea, comparativy descriding function data and parsmeters can be directly
assessed by eymball,

Precise values for the driver characteristics are most .esily determined
with an optimal curve-fitting routine, The routins adjusts the Yi, peramsters
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|K¢las including the effective time deley, 7, to simultansously fit emplituds emd
phase. An example curve fit is alsoc saown on Fig. 5 (alhough the Tp, Tp
dipole in Bq. 14 was not included for simplicity).
As & practical matber, the messuremsnts are quite simple to obtein with
- - sums of sinusoida and on-line describing function messurements. These sre
UoKy 1] 1 then ivexpensively reduced and curve-fitted ou a routine btasis, Thus, the
T T T previcusly highly-complex multiloop reduction procedures ere reduced to en
elementary and inexpensive set of operations. The chaps of the data further
Figure 4. Asymptotic Sode Plot for |Yp| confirme the miltiloop descriding rules pressnted earlier, in that the date
behave according to the predictions.
b '};‘;’;; P10 P jf-;f G B - w (radifsec) i]’rlt‘r_;_glg Y3 data can be interpreted ia alternste ways which are helpful vhen
1'-2‘13'; - : i o -~ l‘ft ! ‘ s el el o bt fL Hij-——= I considering actual perceptusl structures which the driver may be using. For
N e S ¥-—- T i . o . .
‘*‘; , ,T, .:, RIS el & r 32h i Iii:,li'” -1 - Y ! l f -'__’j: example, excellent single-loop driver/vehicle systems result when the driver °
R e it | 1 S ek ! { H 1s assuped to ac’ on the "time-sdvanced lateral daviaticn,” y(t+%), or the
Lol g \C'\ ‘r!:?;zf%—'—f‘- | :5i"'_” "gin.point-heading” error, y;. Both are shown in Fig. 6 and both involve an
L_a.!*;’ 1 ‘ A B N il Sl o ! 12 i aim point st & distance, R, down the road. With the first:
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In this interpretation, the low-frequency lead breakpoint in Fig. 4 is Just
1/T, Thus:

VT = UKy = Ug/R (16)
Note that:

K, = /R (1)

the inverse of the aim point distance down the road., With WL’ the aim point
neading error:

e

vy v +y/R (18)
If the composite feedback quentity, Y, (v +Kyy), in Eq. 2 is identified with
v » them K, is simply /R, just as sbove, With either of these variables as
the basis for control, there is an effectively single-lcop closure, with the
kinematic relation 1/R corresponding to Ky, and 1/UgKy or R/U, to the low-
frequency lead time -~onstant.

DESCRIBING FUNCTIORS
WITH HEADING DISTURBANCE

The closed-loop heading-to-heading-disturbance transfer function as
obtained from Table 1 is:

T (19)
1+ Y*Gslcgiv + E!) + EBI c;g]

When this . considered in a fashion similar to that above, i.e., when L7
i3 taken as an input and ¢ as th2 error of an equivalent singie-loop feed-
back system, then the effective inner-loop describing Ifunction, (¥,/¢) —1,

becomes:
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{e0)
vhere

v,
1+_°8¥I

(e})’

]
[2)

A4

Here, the effestive vehicle transfer function, [GY]', is the transier function
for the velicle as seen by the heading loop as an outer loop, i.e., it reflects
the lateral position loop closure. If, now, we insert the appropriate forms
for vehicle end driver multiloop characteristics, Eq. 2C becomes:

e Vo ~dory
o, . UM(UOKYH) (TW+ "e Gg(am) (21}
¥ Jo 1 +xyxv('rmm+ e "7V 6f( k)
3o

An asymptotic Bode plot or this functicn is shown in Fig. 7. Here egain the
path loop dominates the low-frequency characteristics, while the heading
inner loop is more cignificant at higher frequencies. In Fig. 7 note that

the pole at very low-frequencies is non-minimum phase; hence, the phese curve
starts at =270 deg. This pole arises from the terms in brackets in Eq. Zzi.
This function can be used directly to fit data, as with the stesring input
considered previously. Typical data frow Ref. 11, as well as some unpublished
data from that seriss of experiments, is shown in Fig. 8. These data indicate
a value of UgKy of about 0.37 rad/sec whereby the low-frequency lead time con-
stent is about 2.8 sec and, for a speed of 88 ft/sec (€0 wph), the "eim point
distance™ would be about 240 ft,
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~+ upper middle to high frejuencles, the effective vehicie transfer
far. *lon, {G!', 1s hardly afected by the path closure. Thus, at these
frag.oncles:

Y
fnb, L Ge

[«]

o
n
n
~

B YvGSGE at higher frequencies

The 2river's heading response describing functinn, YV’ ran then be isolated
from tne equivalent open-loop system lLigh-frequency prrperties by vemoviug
the <nown vehicle aad stearing subsystem dyhamic charecterisrices, Gaﬂg.
Typical data, from Ref. '%, are snown in FirR. 9, These demonstratc clearly
the 1ifference between Subject B and Subject F ir that only the .atter uses
~igh-frequency lead generation. Again, the fac that data, rsuch as shown
in Figs. % and O, tend to follow the trends predicted using the multiloop
adjustment rules proviaes further verification,

Finally, an interesting comparison of the features of describing functions
ovteined from heading vs. steering disturbances can be seen in the low~-frequency
regions of Figs., © and 8. The Y; steering disturbance case has K, effects
chang’ng the low-frequency amplitude while the phase is insensitive (etarting
it =)0 deg for any value of Ky). Just the opposite cccurs for the heading
ilsturbance case in Fig. B where the amplitude {3 relatively insensitive,
whiln whe phase curve moves directly with ¥y.

CONCLUSIONS

The point of view taken in this paper permits the simple and routine
estimation of the mcre significant driver characteristics in steering control
ty 1=, ihe ‘undamental difficulties of multiloop measurements are avoided by
tailorine the driver loop structure per the currently understood multiloop
human operator adjustment rules, The simplifications so obtained permit
Tiltiloop ~ar/driver situations to be analyzed as easily as gystems which
ar> -3sentially single loop and single input.
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NOMENCLATURE

a Distance of mass center aft cf the front axle

b Distence of mess center Jorward uf the rear oxle

Gg Steering linkage transfer function

Gg Vehicle trensfer function between steer angle and lateral
velocity !

cg Vehicle transfer function becween steer angle and heading
angle

I, Vehicle yaw moment °f inertie

K, Yehicle radius of gyration, ﬁz—z/—m

Ky Driver gain for lateral position control

Ky Driver gai. for heading control

m Vehicle mass

n Driver remnant

r Yauing velocity (heading angle rate)

8 Lapluce transform complex varisble

Uy Nominal forward valocity

v 3ide velocity

y Lateral position of mass center (relative to an inertial
frame)

Yo Lateral position command to driver

¥4 Lateral position disturbance

YY Driver describing function for latersl position control

Yo, Sie force due to front tive slip angle

Y“Q Side force due to rear tire slip angle

Yv Driver describing function for heeding angle control

Y Path angle

4 Front wheel steer angle

P-139
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1 3teer angle disturbance
s Driver steering wheel :ngie
4 General external disturhance
Ta Effective time delay
Heading angle
3 Heading anglc isturbance input

rrequency
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APPROIX
LATSRAL-DIRECTIORAL VENIOLE DYNAMNICS
The two-degressof-freedom lateral-directional ~quations for a cer are

given in Eq. 1. The stability derivatives are defined in terms of vehicle
and tire design parameters by the cxpressions below.

ty = ﬁ; ("aq +Y°e)
“v - W‘i S (bYCQ - lYa,‘)
(=)
%% 1, - ;ﬁ;(w,?-.y“‘)
3%
w F Np = T_U':o (Q?le + b"’Yg,‘,)
L
23
at’) Yb - %Ya‘
|75
Mo Y,
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+ *ransfer functions of interest are:

feqilng Angle:

Ny (s + 1/1,)
a[s? + yge + u?]

oF

|
t:l—o

- N

Gile velo ity:

Yl o+ HTV‘

[3° + 2lyas + .50

v g™ + oF A
L o- ot v s+ pys ¢ g
g 3'[s% + 20yuy3 + Y]
Anere
Py = =T, + N 5 s M =) e
" I 10 0o
"Te s Myt gy 5 Ty = =g Up - Tp)

. . U 0 Uohls |
vy -\lr*?‘—‘{r : e -YV"R;NV = T(T:)

_ 9 (a t by,
T, | al, a e
b map f i ab {1
Yo, T (s e bV = __.(_.) - _.(-.)
o 2z 0 . Izz Tr k? Tr

Ry

It she radiig of gyration in yaw, kz, 18 the geometric mean of the ¢,g, to
axls 1iwern:lons, a and b, then Z’fy,y will be equsl to )/Tp.
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ABSTRACT

AN EXPERIMENTAL STUDY OF THE MOTORCYC'%
ROLL STABILIZATION TASK

David J, Eaton

The stabilization task of the motorcycle rider has been studied
experimentally, using data from actuel roed tests, In each experi-
ment, the test subject, whose upper hody was restrained by a rigid
brace, controlled the motorcycle roll angle by applying a steering
torque to the handiebars. Roll angle, roll rate, steering torque,
and steering angle were recorded for three test subjects, éxreri-
ments . ere restricted to the steady-stete, straight peth, constant

forward speed (usually 30 mph) situation,

The strongest source of excitation to the man-motorcycle
system was found to be the rider's remnant. To minimize bias errors
in identifying a linear transfer function representing the rider,
8 technique developed by Wingrove and Edwirds of the NA! P ;
Research Center was employed, The results are consistent with a
thooretical analysis of the man-motorcycls system, using classical

automatic control theory,



