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A bstract

The Variable Dynamic Testbed Vehicle (VD T'V)
is presently being developed by the Na-
tional Ilighway Traflic Safety Administration
(NHTSA). I is being designed to have a “steer-
by-wire” front steering system and an indepen-
dent rear steeri ng system.  These steerilg; sys-
tems cnable the VDTV to emulate the diree-
tional control characteristics of a broad range
of passenger vehicles. In this study, a “1n odel-
following” control method i s used to modify
both the steady-state and transient lateral re-
sponse characteristics of a slllall-size VDTV t{o
match those of compact-sizc and Inict-size vehi -
cles. For two classes of steering inputs considerced
imthis study ( “pseudo- step” and “sinusoidal” ),
the model-following control design mecthod al-
lowed the VDTV ioaccurately and robustly track
the lateral responses of the target vehicles over a
range of forward Speed.

Key Words: Four-whecl-steering,  model-
following control incthod, reference model control
mecthod, stcm-by-wire, variable dynamic vehicle.

Introduction

‘J o stud y the corrclation between vehicle re-
sponse characteristics and driver commmands rel-
alive to crash avoidance, the National Highway
Traflic Safcly Administration’s Office of Crash
Avoidance Rescarch (OCAR) has at its disposal

a com prchensive set of tools and facilities. These
include the Vehicle Rescarch and Test Center,
and the (currently being developed) National Ad-
vanced Driving Simulator.  ‘Jo augment these
tools andfacilities, OCAR has defined its concept
of a Variable Dynamic Testbed Vehicle (VDT'V).!
"T'his vehicle wil be capable of emulating a broad
range of autom obil ¢ dynamic characteri stics, al-
lowing it to be used in developing collision avoid-
ance systems, and conducting drivirl~;-related hu -
man factors rescarch, among other applications.

Vehicles with “programm able” response char-
acleristics have been proposed and developed in
the past. Inthe 1970’s, anexperimental vehicle,
called Variable Response Vehicle, was developed
by the General Motors Corporation for vehicle
handling rescarch.? 1t had independent clectro-
hydraulically controlled front and rear steering
actuators andafront steerillg;-feg] system. ‘'J] wesce
controlled systems enabled it to emulate a vari-
cly of directional control characteristics. In the
1990's, a similar rescarch vehicle, called Simula-
tor Vchicle, was developed by the Nissan Motor
Company.® Both yaw ratc and latera acccleration
response characteristics of this vehicle could be
varied independently via software changes to the
controlalgorithms. It was usc(® to study there-
lationship between a driver’s perception and the
actual vchicle handling quality.

To emulate both the lateral and longitudinal
responsc characteristics of a broad range of vctli-



cles, the “mmechanical” stecering, suspension, and
braking subsysteins of a “passive” vehicle must
all be made programmable. To emulate the lat-
cral response characteristics of vehicles,an earlier
study®® indicated that the VYTV nust have a
steer-by- wire front steering controlled system and
an independent rear steer ng controlled systemn
(i.e., four-wheel-steering). Iiquipped with these
controlled systeims, the lateral response charac-
teristics of the VYTV canbe conveniently altered
via the governing control algorith ms.

In Reference 5, a parancterized {feedforward
plus feedback four-wheel-steering control algo-
rithin, pictured in Figure 1, was used to alter the
lateral responscs of the VI YTV:®
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Ybge(s) — K,r(s) (1)

1lere“s” is the 1 ;aplace operator, and the vari -
ables 6y and r are the front stecring command
and the filtered yaw rate of the vehicle, respec-
tivel y. The feed-forward gain, K, feedback gain,
K,,and the time constants 77 and 7, of the lead-
lag compensator arc programmable parameters
of this controller. Appropriate] y sclected, these
control paramecters allowed us to vary thelateral
responses of the VDTV to approximate those of
target vchicles.

Inthis study we investigate whether the “emn-
ulability” of the VDTV could be improved with
an alternative control architecture. In particular,
a modcl-following control incthod was used to al-
ter boththe steady-state and transient lateral re-
sp onses of asmall-size VDTV (a Yord Fscort) to
matchthose of a co~llpac.t-size BBuick Skylark as
wcll as those of a Inid-size Ford Taurus. The cf-
fectiveness and limnitations of this control design
method in achieving the goal of modecl matching
arc reported here.

Vehicle Dynamic Model

A vchicle handling model that the author had
developed, VEHDYN, is used in this study. The
lateral dynainics of a vehicle are modeled in VI
HDYN using the approach suggested in Ref. ‘[ .
This imodel includes vehicle yaw, roll, and 1ateral
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Figure 1: A feedforward plus feedback 4WS algorit 1

degrees of freedor 1. Since the pitch degree of free-
dom dots not significantly aflect handling, it was
not included in this model. 1 ence, the states of
this vehicle model arc: yaw rate, side-sljl~ angle,
roll rate, and roll angle.

Ior sim plicity, VEHDYN uses a lincar tire
model. Latcral forces and aligning, torques gerier-
ated by the tires arc computed as functions of tire
slip and cainber angles. This tire model aso in-
cludes the effects of vchicle roll angle 011 both the
camber and tire angles. Results obtained with
VEHDYN arc accurate up to approximately 0.3
g’s of lateral acceleration. Beyond that, modcls
that include both the tire saturation cffects and
suspension nonlinearities must be er nployed.

Inthis study, VEHDYN is augmented withthe
following steering actuator dynamic models:
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1 lere, &y and 6, arc the front and rcar wheel an-
gles, while é;, and é,. arc cormmands sent to the
front and rcar steering actuators, respectively.
The front wheel command éy, is related to the



driver steeri ng wheel angle 6sw:é ;= Ssw /Ns,
where Ns is the steeri ng ratio. Yor two-wheel-
steeri ng vehicles, there is no rear wheel command
(i.e., 6, = 0). For 4WS vchicles, the rear whecl
command is determined by a control algorithm
such as that giveninequation (1 ). The time cor I-
stants of the front and rear stecring actuators arc
75 and 7,, respectively. The bandwidths of these
actuators arc both assumed to be 15 1 lz.

Tistimated values of vehicle parameters used in
VEHDYN, for three passenger sedans are sumina-
rized in Table 1. Paraincter values i that table
arc estimated using data givenin, amoung others,
Ref. 8. Lincarized tire paramcters arc estimated
using data givenin Ref. 9, arid arc summarized
in ‘Jable 2.

Model-following Control Design Method

The model-following control design method is
sometirnes caled a reference model control design
mcthod. With this method, the desired transicent
response requirements of a controlled systemn arc
first translated into a transfer function which is
the reference modcl. For example, we might want
the percent overshoot (M,) and 5% sctiling time
(5) of the vehicle’s yaw rate responsctoa “step”
steering wheel command to be less than 1 0% and
0.5 scconds, respectively. That is:

A4P = CXp {» --\/]7!;?‘(2} -< ]0% (4)

s B/Cwn < 05 S 5

where  and w,, arc the damping ratio and nat-
ural frequency of a scc.ol]d-order systemn, respec-
tively, To meet requirements 4 and 5, the ref-
erciice nodel must have the followi ng steeri ng
whecl angle to yaw rate transfer function:

r(s) o GOy ,
s (5) (©)

8%+ 2w, s - w?
with ¢ > 0.59, w, > 10.2 rad/see, and G,.s(0)
is the stmcly-state gain of the transfer function.
Steering comminands that arc applied to the vehi-
cic arc also applied to this reference model. The
difference between the outputs of the vehicle and
the reference model is used in a control law to
drive the vehicle’s output to closely approximate

Greg(s) -

Table 1: Vehicle Parameters

Vchicle Escort Skylark “Taurus
class small compact midsize
wheel
L ast 2.39 2.62 2.69
(m)
track
width 1.40 1.40 1.55
(in)
c.g. to
front 0.83 0.94 0.95
axle (i)
.8,
height 0.51 0.54 0.56
()
weight 1007 1262 1419
(kg.wt.)
incrtia
(kg-1?)
ron 328 431 573
pitch 1535 2032 2553
yaw 1545 2082 2687
I 684 828 1206
stiffnesst 490 381 935
_ ) _
roll
damping 42.1 53.5 60.1
l\’ms)
v deg - -
steering 17.0 17.6 17.0
ratio

1 frol,t/rear axle.

the reference model output. I this way the de-
sired transient respornise requirenments arc met.

In the present application, this controller de-
sign methiod is used to force the transient re-
sp onse of the VYTV to ¢ oscly approximate that
of a target vehicle. The reference model is now
the transfer function of a particular target vchi-
cle. The idea is illustrate in both IMigures 2 and
3 for two- whecl-steering and {four- whecl-stecring
V1) JV’'s, respectively.




‘I'able 2: Tire Data

Vehicle Fscort Skylark Taurus
tire Pig8s/ | Piss/ 1205,
00R14 751{.14 6oR15
loading! 658 808 917
(kg.wt.) 349 454 502
cornering 633 | 705 1051
stiffness 433 509 794
(g1
aligning
torque 11.8 145 16.4
stiflness 6.3 8.1 9.0
ey )
camber 21.0 27.4 54.5
stiflness 9.6 13.2 41.0
()]
aligning
torque/ 12 15 1.6
camber 0.6 0.8 0.9
()

{front arid rear wheels,
1 front and rcar wheels, cach wheel.

In Figure 2, the VI)T'V’s yaw rate is mca-
surcd continuoually by a gyroscope and is coin-
parcd with a desired yaw rate profile. That yaw
rate profile is computed onboard using the steer-
ing wheel angle to yaw rate transfer function of
the target vehicle, together with the measured
VD'TV’s steering wheel displacement profile, The
deviation between the measured and desired yaw
rate profiles is used to control a steer- by - wire ser-
vomechanism. Ina steer-by-wire arrangement,
the steering wheel is mechanically disconnected
from the power steering gear and an clectrical sig-
nal generated by the modcel-follow ing controller
becomes the input to the front steering actuator.
Inthis way the yaw rate response of the VDTV is
adjusted continuoually to mat chithat of the tar-
get vchicle.

Onc adinissible class of control laws that could
be used to implement the above concept is:

u(s) = 1'(s) bsw(s) - Cls)y(s) (M)

It has one output, u, the control signal to the

VD'TV’s steering actuator, and two inputs, the
incasured steering wheel connmand, dgy, and the
measured output, y(c.g., yaw rate). The transfer
functions 7'(s) and C(s) denote the feedforward
and feedback conitrollers,respectively. If Gy(s)
denotes the transfer function of the VI)T'V, from
the control imput u to the measurcment y, then:

y(s) = Gv(s)u(s),
= Gy (s)T'(s)osw (s)
- Gv(s)C(s)y(s) (8)
y(s)  Gv(s)T(s)
' ; 14 Gv(s)C(s)
- Grugl) (%)

where G, ; denotes the input-to-output trans-
fcr function of the target (or reference) vehicle.
One solution of 7'(s) that satisfies (9) is: T(s)=
{ 6 (s) 1 C(s)} Gre(s). The controller architec-
ture that implements this particular solution is
summmnarized by the following equations and de-
picted in Figure 2.

Gres(8)bsw(s) (10)

feedforward

1

Yre(8)

u(s)

~

GV (8)Gres () Bsw ()

- C(s) {y(s) - ¥res(s)} (11)
N~
feedback

V

Anadvantage of using the feedforward controller
is to achicve quick system responses to steering
whecel commands. The feedback controller will
ensure good tracking, even in the presence of ex-
ternal disturbances.

Instcad of using the vehicle yaw rate measure-
ment, other vehicle’s measurements such as its
lateral acceleration (at the vehicle’s eg. ), sideslip
angle (at the front or rcar bumper),and roll angle
could also be used. Lateral acceleration is mea-
sured using an accclerometer, and sideslip angl ¢
is measured using an optical scnsor.

In Figure 3, a model-following controller for
a VDTV with boththe steer-try-wire andfour-
wheel-steering servomechianisins is  illustrated.
Here, boththe VD 'I'V’s yaw rate and lateral ac-
celeration are measured and compared with their
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Figurc 2: A model-folJowing VDTV with SBW

counterparts that are computed on board using
two transfer functions: steering wheel angle to
yaw rate and stcering wheel angle to lateral ac-
celeration. Jirrors between the desired and mea-
sured vehicle’s yaw rate and lateral acceleration
arc used to control both the front and rear steer-
ing actuators. The implementation of this modecl-
following controller is relatively more involved,
but typically yields better results (see "¥inul -
tion Results”).

Implementation Issues

The following issues must be considered inim-
plementing the model-following controller.

« Using nonlinear approximate vehicle
models.

The block diagram depicted in Figure 2
is useful for explaining the modecl-following
concept, but the system cannot be imple-
mented as it is shownin that figure. This
is because the inverse VDTV vehicle model
Gy (s) is generally not realizable. However,
the cascade combination of the target ve-
hicle model and the inverse VDTV vehicle
modelinthe following equation is realizable
ii” the relative order of G.s(s) (the degree of
(1es(8)’s denominator polynomial - the de-

[yl

Figure 3: A modecl-following VDTV with SBW and 4WS

gree of (4r.5(s)’s numerator polynomial) is
larger than that of Gv(s).

Farlicr 011, we mentioned that one advan-
tage of using the feedforward controller i's
to achicve fast vchicle responscs to steer-
ing wheel commands. This advantage is re-
tained even if wc usc rcducccl-order approxi-
mations of the transfer functions G.s(s)and
Gre 1(5)Gy' (9. Also, notice that both the ref-
ercnce vehicle model and the inverse W) )TV
model could be nonlincar without causing
any stability problem because they only ap-
pear in the feedforward path. Accord ingl vy,
the modecl-following design methodology i's
cqually applicable in situations where it is
important for the VI)YI'V to track important
nonlincar dynamic behavior of the target ve-
hicle (e.g., load transfer and tire force satu-
ration in high-g mancuvers).

¢« Nell-1~li~lil~lllll~ phase systems.
Let Gv(s) * Ny(s)/Dv (s), where N*(s)

and Dy(s) are the numerator and de-

nominator of the VDTV transfer function,
respectivel y. Similarly, 1 et Gres(s) S

Nyes(5)/ Doy (), T(s) £ Ny(s)/Dr(s), and



C(s )ﬁNc( )/Dc(s). Substituting these re-
lations into equation (9) give:

Ny (s)Nz(s)Dc(s)

CI
De(s){Dv(s)Dc(s) + Ny(s)

——

No(s)
Nres(s
Diyes(s

Looking at the numerators on both sides of
the equation, if a factor of Nv(s) is not a
factor of N,.; (s), thenit mnust be a factor
of Dy(s){Dy (s)Dc(s) -{ Nv(s)Nc(s)}. That
is, it must be cancelled by a closed-loop pole.
Since the closed-loop systein must be stable,
it follows that only stable zeros of Ny (s )may
be cancelled. Hence, the proposed model-
following mcthodology docs not work with a
Gy (s) that has one or more unstable zero’s
(non-minimum phase system). The trans-
fer function of the VIYT'V’s steering wheel to
sideslip angle, at high speed, is non-minimumn
phase. Hence, special care must be taken in
using the sideslip angle measurcment in the
model-following control method.

(12)

« Sensitivily to modeling errors.

It is unrealistic to assume that the VDTV
1mmodel used in the feedforward path of the
modecl-following controller is highly accurate.
Th ercfore, it is important to understand how
modeling errors will influence the closed-loop
stability prop ertics of the controlled vehicle.
To this end, let us assume that the model-
following design is bascdona VD T'V’s trans-
fcr function Gv(s). Let us further assuine
that the trucmodel of the VDTV is GY(s).
It was proven in Reference 10 that the closed-
loop system is stable if the modcling error is
boundcd as follows:

| Gv(jw) - GV (jw) ISI CGw) |71 (13)
where | R | denotes the modulus of the comn -
plex number K.

One way to interpret {his inequality con-
straint is as follows. lLet C(s)=- K, asimple
proportional controller. The following trade-
off must then be made insclecting Kp:

-l Kp is large, the closed-loop bandwidth
is increased, and the VDTV output will
track thatl gencrated by the target vehicle
niodel very closel y. However, t he error
between the true VDTVinodeland that
used in the model-following controlier
must be very small to ensure closed-locq)
stability.

- If K{p is small, the requirement 011 1modecl
accuracy is relaxed, 11 owcvcl”, the resul-
tant VD'V output might not track that
of the target vehicle model very well.

« Model-following Index.

Inthis study, the “modecl-following” quality
of the controller is determined using the fol-
lowing time-domain performance criterion Jy:

alto {,g’_@ Yres(1)}7d
T fo yrcj(t)dt (]4)

Here, y(t) is the VD'T'V response to a steering
conmmnand 6sw(l), and y,cs(t) is that of the
reference vehicle 1hodel. T'wo classes of stcer-
img commands arc used in this study. The
first class consists Of step steering commands.
Since a true step is physically impossible, the
steering command is ramped to its stead -
state value at anuniform rate of | 20 degrees
per second. The resultant mancuver is com-
monly called a J-turn ma ncuver. The scc-
ond class consists of sinusoidal stecring comn-
mands. This class of stcering commands is
used frequently in lane change mancuvers.

The integration time 7" in J,, is a character-
istic timme associated with the steering con -
mand. For pseudo step stecring commands,
1" is sclected to be 2 seconds. This time dura-
tion is longer than the settling time of either
the Skylark or Taurus yaw rate responscs to a
step steeri ng command. For sinusoidal steer-
ing commands, 7' is the period of the sinu-
soidal stecring profile.

The performance index J, is small if y(i)
tracks y,.(t) very closely. Since the feedfor-
ward componient of the model-following cor |-
troller is fixed by the VDTV and reference




vehicle models, the feedback controller C'(s)
i s the only means that we canuse to mi -
n~ize J,. Siinple proportional plus integral
co ntrollers (C(s) = Kp -1 K 7.s) are used in
this study. The proportional gain K was
iteratively adjusted to achievesmall J,’s for
both classes of steering cominands.

« Gain scheduling the controller gains.

Vehicle transfer functions, from the steering
wheel angle to both vehicle yaw rate and lat-
cral acceleration, arc functions of vchicle for-
ward speed. For exainple, the lateral accel-
cration gains of Taurus (steady-st,atc latcral
accelerationin g’s per 50 degrees of steering
whecl angle excursion) at forward speeds of
80, 100, and 120 km/hr arc 0,46, 0.56, and
0.64 g/dcg, respectively. To achicve opti-
mal model-following results, there might be
anced to gain-schedule the controller gains
Ky and K; as functions of the vehicle for-
ward speed.

Onc way t synthesize the feedback controller
C(s) is to determine the optimal values of
Kpand K; over a speed range of interest. A
look- up table can then be constructed from
which appropriate values for K and J{; arc
determined, based upon the ineasured vehi -
cic forward speed. A simpler imethod is used
in this study inwhich a compromised set of
Kp and K; is determined and used for the
entire range of vehicle speeds. This approach
greatly simplifics the implementation of the
controller.

Emulation Results

Three production vehicles were used in this
study because they span a broad rarige of pas-
senger vehicles: Slnall-size Yiscort, compact-size
Skylark, and 1~)id-size Taurus. The small-size 1%s-
cort was sclected as the variable Dynamic Vehi-
cle,and is used to cmulate the lateral response
characteristics of the Skylark and Taurus. Comn-
parisons of pseudo-step responses of the Skylark
to thosc of the VDTV arc given inligures 4,
5,and 6 for controllers using yaw rate, accclera-
tion, as WC]] as yaw rate and acccleration mnca-
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surcments, respectively.  Inulation results ob-
tained with the Taurus are given in Figures 7- 9.
For brevity, timeresponsc results obtained using
other measurcinents, and thosc obtai ned with si-
nusoidal steering commands are not given here.

All the results depicted inliigures 4-9 arc ob-
tained at a forward speed of 100 kin/hr. The
effectiveness of the mod {/(’ following controllers -
canbe judged by computing the indices J, and
1ay,- The magnitudes of these indices for both the
skylark and}'aurus pscudo- step responses, over
a spced range from 80 to 1 20 kin/hry arc sumn -



— LY T Y T T
) v
) B0 Tt e
L4 i ) e e at LR i
k3 e Aaadstasadtiasasstslons g
@ o
® ®
; 4 - Skylark 3 -— Taurus
‘; Escort-based VDTV 3 Escort-based VDTV
0 1L ] 1 1 L -1 ——-1____ -1 .4 0000 Al — 1 S D | | S,
0 06 08 1 12 14 16 16 2 04 0.6 06 1 1.2 1.4 1.6 1.6
T ime [see] T IM8 [see]
1T =Y T T T T T T F’” M t e S St S SRS B S v T —
oy 0251 w0 257
[ c
° o —— - —
b Nttt ®
3 Ld
2: 'y
§ Skylark c&:} — Taurus
5 Escort-based VDTV 5 Escort-hased VDTV
[ [V VSR TR S W SN Y YU S G - = - A 01— L. A
0 0.2 04 0.6 0.6 1 1.2 1.4 1.6 1.8 0 02 04 06 08 1 12 14 16 18
T 1me [see] Time [sec]
Figure 6: Skylark emulation results (yaw rate and accel- Figure 8: Taurus emulation results (acceleration)
eration)
-y ‘*IT—’T . Ty Tt v
6 T T — T T - T LB S S
¥ - e eererers e e
] T o -
g4 T
L,
g - Taurus
g, R Taurus Escort-based VD1V
% Escort-based VDTV
> (] P-4 S O IR S Y S S [P .
N 7 R T S S S T 0 02 04 06 08 1 1.2 1.4 1.6 18
0 0.2 04 06 058 1 1.2 14 16 18 T wne[sec]
Time [s63)
— L S 3 YT £ M | S L et - T T T
F YT T T T T I § T N ’025 -
w0 251 SR b e
o T -
S 02 S .
o
_g 015 - Taurus
® 01 Taurus Escort-based VDTV
30_05 Escort-based VDTV o ‘ T S
0 - _ e , . N 08 1 1.2 14 16 18
0 02 04 06 08 1 12 14 16 18 Timeo [see]
Time [sec)
Figure 9: Taurus emulation results (yaw rate and acceler-
Jigure 7: Taurus emulation results (yaw rate) ation)




marized in‘l'able 3. Model-followillg indices for
vchicle responses to 0.25- 11z sinusoidal steering
commands are suminarized in Table 4.

From Figures 4-9 andTables 3-4, we make the
following observations:

o Iiffect of vehicle measurements used in
the feedback loop

If yaw rate measurcment is used, the resul-
tant J, is closc to zero (i.e., perfect matching
of the VI )T'V’sand target vehicle’s yaw rate
responses). The corresponding Jo,, is larger
than J,. If, instead, the lateral acceleration
measurement is used, then J,,, is closc to zero
while that of J, is larger. A VD'T'V with both
yaw rate and acceleration feedbacks has small
modecl-following indices for both yaw rate and
acccleration.

« Using roll angle measurements inthe
feedback loop

Fimulation results obtained using the roll an-
gle measurcment are given in Tables 3 and
4. The model-following index of the vchicle
roll angle (Jg) obtained, not given in Tables
3 and 4, is very closc to zero. However, the
corresponding J, and J,,, arc very large when
comparcd with those obtained with mecasure-
ment of yaw rate, lateral acceleration, or
both. This is nol unexpected, and may be ex-
plained as follows. At a forward speed of 100
kin/hr and with a 50-degree steering wheel
an gle excursion, the steady-state yaw rate,
accelerati on, and roll angle of an Fscort are
13.24 dcg/s, 0.603 g, and -2.89 deg, respec-
tively. The corresponding values for Skylark
arc 10.71deg/s, 0.477 g, and -2.83 deg. Ra-
tios of these two sets of vehicle steady-state
values arc: 0.81 for yaw rate, 0.79 for acccl-
cration, and 0.98 for roll angle. Note that
the gain ratio for yaw rate and that for lat-
cral acccleration arc ahinost identical. 11 ence,
matching the yaw rate responscs of the ve-
hicles is equivalent to matching their lateral
acccleratior respon scs, at least in the steady
state. This explains why both J; and J,,,
arc small when we use only the yaw rate or

only the lateral acceleration mncasurcinent in
the feedback loop. On the other hand, the
ratio for roll angleand that for yaw rate (or
lateral acccleration) arc very different. If the
VDTV steering angle is controlled to achieve
perfect matching invehicle roll responses, the
corresponding matchings of the yaw rate and
lateral acceleration responses cannot be good.
Hence, roll angle measurement should only be
used if the mainobjcctive of the vehicle emnu -
lation is to achieve perfect matching invehicle
roll responses.

. Usingsideslip angle measurements in

the fecedback loop

At a forward speed of 100 kin/hr,the trans-
fer function of the VI) T'V’s steering wheel to
sideslip angle is non-minimuimn phase. Thisis
true rcgardless of whether the sideslip angle
is mcasured at the front or rear bumper. If
the sideslip angle is incasured at the front,
the transfer function zeros arc: -] 3.20 and
-14.014 9.575 rad/s. Hence, it is a non-
minimum phase system!  Tlowever, t rans-
fcr functions at all vehicle speeds below 85
kin/hr arc minimmum phasc. For cxample,
at a forward speed of 60km/hr,the zeros
arc: -3.29 and -13.693 7.56j rad/s. Hence,
the sideslip angle incasurement could be used
in the model-following controller for vehicle
speeds between 40 and 60 kin/hr (cf. Tables
3 and 4). Fimulation results obtaincd using
the sideslip angle mcasurement arc reason-
ably good for Skylark. Thosc obtained with
the Taurus arc poor. Thisis explained as fol-
lows.

At a forward specd of 60 kin/hr, and witha
given steering wheel angle excursion, we can
easily dctermine the steady-state values of
the Fscort’s yaw rate, sideslip angle, and lat-
cral acceleration. Those for the Skylark and
Taurus could aso besimilarly computed. Ra-
tios between Skylark’s and liscort’s steady-
state values arc: 0.90 for yaw rate, 0.88 for ac-
celeration, and 0.80 for sideslip angle. Ratios
between Taurus’s and Fscort’s steady-state
values arc: 0.91 for yaw rate, 0.92 for accclcr-



ation, and 1.39 forsideslip angle. Note that
the three ratios between Skylark and Escort
yaw rate, sideslip angle,and lateral acccler-
ation values arc very close to onc another.
Hence, matchi ng the vehicles’ sideslip an -
gle responsces is equivalent to matching their
yaw rate and]latcral acceleration resporniscs,
at least in the steady-state. 011 thc other
hand, the ratio between the Taurus and Iis-
cort sideslip angles deviates significantly from
those of the yaw rate and lateral acccleration.
Hence, the Taurus’s J. and J,,, obtained us-
ing the sideslip angle measuremn ent are large.

Complementary filter.

The controller structure depicted in Figure
2 dots not guarantee pcrformance robustness
agai nst uncertaintics in the plane model Gy (s).
To achicve model-following, even in the presence
of uncertaintics, we usc the “complementary fil -
ter” approach discussed and used i Reference
] 1 in this study. Sec also the “modeling error
compensation” controller approach discussed in
Reference 12.

[11 the modified controller architecture pictured
inligure 10, a nominal control architecture with
feedforward and fecedback controllers is designed
using steps described above. An additional feed-
back loop (within the shaded area) is added to
this bascline design to compensate for modeling
errors betweenthe true and nominal VI'T'V mod-
cls. 1'he complementary filter produces an addi-
tional feedback signalthatis computed using the
imput and output signals of the VDTV GY,(s),
the nominal V)TV model Gy (s), as w ]] as the
transfer function Ky (s):
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Mecasurc-
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0
0
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0.0
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0.06
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0t
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0.03
0.01
0.03
0.08
0.01
4.18
4.13
4.07
5.39
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0.22
0.84
0.03
0.11
0.61

‘Jable 3 Model-following indices for pscudo-step
steering commands
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(%)
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0.17
0.20
0.24
0.29*'-"
0.41

B:sideslip angle at front bumper,
ay,: lateral acccleration at vehicle’s eg.




‘1'able 4 Model-following indices for sinusoidal

steering comn ands

‘Mcasure- | Speed Skylark | Taurus
ment(s) | (km/hr) | (%) (%)
S g
80 0 0+
100 0 (-
120 0+ 0t
o ‘]“yy
80 0.07 0.26
100 0.11 0.33
120 . | 015 0.41
ey, |80 0.07 0.30
100 0.11 0.39
120 0.15 051
80 ot ot T
100 0 0t
120 0+ 04
Tr & oay, | 4807 0.04 0.03
100 0.04 0.04
120 01 0.01
80 0.27 01
100 0.08 0.01
120 0.02 0.02
- ¢ | 80- - | 447 3.41
100 4.43 3.39
120 4.36 3.37
80 5.71 3.80
100 5.73 3.80
120 5.74 3.79
Bl40 “ |0.09 2.11
50 0.30 4.03
60 114 |8.85
40 | 004 1.70
50 0.20 3.50
60 0.99 8.13
Ky 1
H{(s) (A 4 75)" v (8) (15)

where Ky is a constant. The factor (1+4758)Y
(where N > the relative degree of the transfer
function Gy (s)) in the denominator of 1(s) is
used to ensurc that the resultant compensator
H{(s) is realizable. Since it is desirable to avoid
having high gain at high frequency, the time con-
stant 75 i s sclected 1o be about ten times the
time constant of the VI) T'V’s lateral responses

1

(77 = 10 1msec). The advantage of this multi-
p]c feedback-loop architecture is that the nomni-
nal coutroller and the complementary filter could
be designed independently. The computational
requiremnent is also rcasonable.

To illustrate the effectiveness of the comple-
mentary filter, consider the scenario when the
Fscort-based V)TV is used to emulate the lat-
craldynamics of Skylark using the yaw rate mea-
surement. At a forward speed of 100 kin/hr,and
when the Iiscort model is known exactly, the mag-
nitudes of the model followi ng indices arc: J, =
5.03 x 10"%and J,,, = 0.08% (cf. ‘1'able 3
and VFigure 4). Consider now the scenario when
the actual Escort model (GY(s)) has the follow-
ing deviations from the Fscort modcl used in the
feedforward controller (Gy (s)): 40% increasc in
both the vehicle weight and yaw moment of iner-
tia, 30% drop inthe front tire cornering stiffiicss,
and 30% increasc in the rear tire cornering stifl-
ness. The resultant model-followil]g indices have
the following significantly degraded values: J, =-
0.74% and Ja,, = 1 .02% (cf. Figure11). The sit-
uation is partially rectificd using a compleimnen-
tary filter with Iy = 1. The resultant model-
following indices arc: J, = 0.0009% and J,,, =
0.037%. The cffectiveness of the complementary
filter is vividly illustarted in Figure 11.

Conclusions

The “model-following” design method w a s
used in this study to gencratc feedback and
fcedforward controllers for uscs with a variable
dynanic vchicle configured with steer-by-wire
and/or the four- whecl-steering. Usi ng measure-
ments of yaw rate and/or lateral acceleration, this
control design method enabled the variable dy -
namic vehicle to accurately track the lateral re-
sponses of a target vehicle to bot hstep and sil)u-
soidal steering commands. Performance degrada-
tion due to modcling uncertainties was addressed
by the introduction of a sccond “complementary”
feedback loop. Our results indicate that the pro-
p osed system is a good candidate controller in
modifying the lateral responsc characteristics of
a variable dynamic vehicle to mimic those of a
target vehicle.
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