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A Preview Predictor Driver Model with Fuzzy Logic for the
Evaluation of Vehicle Handling Performance

HA 22 S 7|22 2AF 2F]MPA F7HE AT AF A4A 2

4 % £+
H. Y. Kim

ABSTRACT

A fuzzy driver model based on a preview-predictor and yaw rate is developed. The model is

used to investigate the handling performance of two wheel steering system(2WS) and four wheel

steering system(4WS) vehicles. The two degree-of-freedom model which has yaw and lateral mo-

tion predicts the path of the vehicles. Based upon the yaw rate and lateral deviations, the fuzzy en-

gine describes the human driver’s complicated control behavior which is adjusted for the driving

environment. Both typical single lane change maneuver and double lane change maneuver are

adopted to demonstrate the feasibility of fuzzy driver model.

1. Introduction

During the last two decades, a number of
vehicle models for 2WS or 4WS have been de-
veloped to study the handling performances
of the vehicles. Simulations of the models in-
clude sophisticated expressions of the vehicle
suspensions, tires, and sprung mass motions
and are able to predict nonlinear and limit ve-
hicle response. these vehicle simulations are,
however, by themselves inadequate to study
many handling problems for the automobile
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safety. the problem is that the simulations
must have steering control inputs that are
supplied by the user as a function of time.
This is difficult to do for the complex maneu-
vers used by drivers to avoid accidents. An

.additional complication is that the driver is

adaptive. As a result the control inputs used
by a driver to successfully perform a maneu-
ver change whenever the vehicle parameters,
speed or maneuver conditions vary. The best
way to generate these complicated maneuver
dependent control inputs is through a closed
loop computer simulation of the driver.

The most common man-machine system in
use today is a driver and an automobile, but
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little is known about the details of driver dy-
namic responses and how they interact with
the vehicle dynamic characteristics. The con-
trol scheme used in this paper is a fuzzy logic
which includes preview control strategies for
regulation or tracking tasks. A common ex-
ample of this type of control strategy occurs
during normal automobile path following in
which drivers “look-ahead” to follow a de-
sired path. Human operators, as part of vari-
ous man-machine systems, typically employ

preview control strategies to control and sta-

bilize such systems. It is widely recognized.

that human operators are capable of control-.

ling and adapting to a wide variety of dynam-
ic systems, many of which are vehicles with a
preview—-oriented control requirement.

There are two kinds of driver models which
are compensation tracking models and pre-
view tracking models. The preview tracking
models take into account future path informa-
tion, but the compensation tracking models do
not.

Iguchi” presented a PID compensation for
driver model shown in Fig.l. Asahkens and
Mcrure® presented a model based on a com-
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pensation tracking model which considered
driver response time delay, driver action
delay, leading time constant and lag time con-
stant. Kondo and Yoshimoto*® proposed a
preview tracking model which uses the future
path information as shown in Fig.2. This
model gives better tracking accuracy than the
compensation tracking model. MacAdam and
Sheridan®® derived and optimal preview con-
trol model in which the driver is always look-
ing at a finite interval of the future path and
driving his vehicle aiming at a goal that is to
minimize the tracking error. To gain more un-
derstanding about the dynamic property of
the system, Guo™® presented an algorithm to
perform the modeling of the closed loop driver
-vehicle directional control system from a
mathematical point of view and preview fol-
lower theory.

In this paper a fuzzy driver model based on
the preview-predictor and yaw rate is devel-
oped. The model is used to investigate the
handling performance of 2WS and 4WS vehi-
cles. The two degree-of -freedom model which
has yaw and lateral motion predicts the path
of the vehicles. In the design stage of vehicle
suspension, this fuzzy driver model can be
used as a tool to estimate vehicle’s handling

performance.
2. Preview Error by Predictor Models

In order to identify a driver’s behavior, a
preview-predictor model is used. The driver
model samples the vehicle states regularly to
determinde vehicle position and yaw rate.
From these quantities the driver predicts
what the future path will be. The predicted
quantities are then compared to their desired
values. The yaw rate and the errors between
the predicted and the desired path are used as
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the basis for changes in control inputs to the
vehicle. Fig.3 illustrates the basic idea.

The model uses feedback loops on the
average front wheel steering angle and on the
vehicle state variables. The output of the pre-
dictor and the current yaw rate are used to
calculated a correction to the average front
wheel steering angle. The fuzzy rule deter-
mines the steering input angles to correct the
path. As Fig.3 shows, the predicted path is de-
termined at 3 points at each time, including
the current position. The points on the path
are equally spaced in time, separated by t; as
follows :

L= (1= 1)ty =1, 2, 3 (1

In this study, t,,=0.5 seconds and there
are three t,, intervals, For a vehicle speed of
27.7m/sec(100km/hr), this corresponds to a
look ahead distance of 41.55m.

The predicted path is governed by a two de-
gree-of freedom prediclor vehicle model. The
two degree-of-freedom predictor model has
the vehicle’s yaw and lateral velocities. The
perceived vehicle kinematics at the sampling
time is used as initial conditions for the differ-
ential equations, and the control commands &.
The dynamics of the prediction model are
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Fig.3 The Predicted Errors by Preview Model

mu(%-?+r)=2ij+2F,, (2)
dr
IE: 2aF,—2bF, (3

where m is the predictor vehicle’'s mass, u is
longitudinal velocity, fis slip angle, y is yaw
rate, a ad b are wheel locations, and I is the
mass moment of inertia. the cornering forces
of the front and rear tire are

Fy=—C( B+%r— &) (4)

b
Fo=—CLB—7) )

where C; and C, are the cornering coeffi-
cients for front and rear tires respectively.
These equations are integrated numerically.
The orientation of the vehicle is

n=u (6)
v, =u( f+¢) )
2= [ (vo0s(9) —vsin(9))dr (8)
y= f(v,sin(¢)+u,cos(¢))dt (9
o= frdt (10)

wher ¢ is the yaw angle, and x and vy are
the displacements in the global coordinate.
Once the vehicle's predicted path has been de-
termined, the preview-predictor model pro-
ceeds in and identical way to calculate the

steering control mputs with fuzzy reasoning.



212

One of two inputs for the fuzzy engine is the
weighted average of the errors between the
predicted and desired positions at three pre-
view points. The perpendicular distance to the
desired path, Dy, is caleulated for each pre-
dicted path point. This distance is ideally
along a line perpendicular to the desired path
closest to the vehicle by a search procedure.

The steering error can be calculated as :
a
ERR= ngT,K il an

K= 2(“;b)(1+KD(u,“+v,,)>/sa (12)

where S, is the distance from the current
vehicle position to the i-th predicted point, u,
and v,; are the vehicle's predicted longitudinal
and lateral velocities at i-th predicted point,
respectively, a+b is wheel base, WT; is the
weighting factor, and KD is its understeer/

oversteer coefficient.
3. The Steering Input by Fuzzy Logic

In this section, a fuzzy-logic control scheme
is introduced to a driver model, and the feasi-
bility is studied. In fact, fuzzy logic lies in the
formulation of the fuzzy rules that use linguis-
tic adjectives and interrelations similar to a
natural language. These characteristics make
the understanding and modification of a fuzzy
logic based control much easier than is possi-
ble with conventional techniques. This fuzzy
control describes the human driver’s compli-
cated control behavior which is adjusted for
the driving environment. In order to apply
fuzzy logic, the fuzzy set values of the input
- and output variables are specified as Table 1.
Fig.4 illustrates the membership functions

&

Table 1 Fuzzy-~Set Values for the Driver

Model

Ermor(ERR) Yaw Rale(r) Steering Input &

1B {LeftBig: Negative) |NB (Negative Big) PB (Positive Big)

L (Left: Negalive) | NM (Negalive Medium) | PM (Positive Medium)

I (Zero) 76 (Zero) S (Positive Small)

R (Right:Posiive}  {PM (Positive Medium) | ZE (Zero)

BB (Right Big; csitive) | PB (Positive Big) NS (Negative Small)
NM (negative Medium)
NB (Negative Big)

-0.3 ‘ iO.lSI > (; “ \0.15 = 0.3 ERR

NM NB NSZEPS5 PM PB

-2 —133-0.250025 1.33 2

Fig.d Fuzzy Membership Function for the
Driver Model

ERR
LB L ZE R RB
NB PB PB PM PS ZE
Yaw NM PB PM P3 ZE NS
rate ZE FM PS ZE NS NM
PM PS5 ZE N5 NM NB
PB ZE NS NM NB NB

Figh Fuzzy Associative Memory for the
Driver Model

of the input and output variables. Next, the
fuzzy rule base or bank of Fuzzy assoclative
memory(FAM) rules(Kong and Kosko”) are
specified as shown in Fig.5. FAM rules draw
the output fuzzy set from the imput fuzzy
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Fig.6 The Overall View of the Driver Model with Fuzzy Reasoning

sets. In other words, these FAM rules are just
the compact expression of all possible fuzzy
rules. By the fuzzy reasoning methods, the
fuzzy outputs are determined by the fuzzy in-
puts which are the predicted error and yaw
rate.

Fig.6 shows the overall view of the driver
model with fuzzy reasoning, which simulates
the double lane change maneuver for 2WS
and 4WS, Just as a human driver would, this
driver model evaluated the handling perform-

ance of the vehicles.

4. A Vehicle Dynamic Model for the
simulation

In order to evaluate vehicle handling per-
formance, a nonlinear bicycle model having 3
degrees-of -freedom(lateral velocity, yaw rate,
and roll motion) was used. Although a 3 de-
gree—of—freedom model was originally pro-
posed by Segel'?, the model in this study has
different descriptions of external forces and
Inertia terms. Many papers descrbed vehicle
dynamics with just 2 degrees—of-freedom or
simple 3 degrees-of-freedom without suspen-
sion compliance effect, but this model adds

the roll motion with suspension compliance ef-
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Fig.7 Top and Rear Views of 3DOF Vehicle

fect. In order to validate the fuzzy driver
model, two kinds of steering system are com-
pared. One is two whee]l steering system
(2WS), the other 1s four wheel steering
system(4WS). Meanwhile the 2WS system is
the conventional front wheel steering system,
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the 4WS is the steering system in which rear
wheel as well as front wheel are steered. The
control schemes for 4WS is described in'?,
Top and rear views of this system are shown
in F1g.7. The side slip angle, & 1s the angle be-
tween the vehicle’s center line and the veloci-
ty vector of the center of gravity(c. g.). The
command input is the steer angle for the ref-
erence model.

Neither braking nor steering system dynam-
ics were considered in this study. The dynam-
ics of the vehicle system is described as :

Yaw motion :
(Lt L7+ (— Lot L tan €)p
22(a-y,—b-y,+N/+N,) (13)

Lateral motion
(u-m) B+ (—mz+maxtan &)p
=20yt 3)—(u-m)r (1)

Roll motion :

(— Lyt Lotanet+ mopu@- Dert-myhop-Dor )T
+u( —mz,— maxtanet+mh.a-Ler

+ Mok~ Tor) Bt (Lt L tan &

+ (m.pho@- Dosrt+myh, b Ter Hanelp
=—(d+d)p— (KK +m,;-g2)¢

+ 2L er— 2L, er —u( —mz,—maxtane
+moh,a Lostmhub-or)r (15)

where

m m
a=—L, b=—1L
m m

_ bh,— ah, + T foy— M _ﬂlf_

.L my m;

_bhah, h—h,

AT BRETL

The nomenclatures for the parameters are
listed in Appendix A. The data which are
used in the simulation are acequisited from
sub-compact car of Hyundai. Fig.8 shows the
schematic of the 3 DOF vehicle that shows
the roll motion axis. the kinematic relations
between the state variables are expressed as

follows :
d=p y=u(f+0), O=r (16)

The tire forces and moments can be written

In general as .
v=farlay vy, Foy),
yr:f“r(an Yr F,), (17)

where a is side slip angle, 7 is cambe angle,
F, is the normal force applied, and subscripts
f and r represent front and rear wheels,
respectively. The detail characteristics of tire
is described in'®. But, for simplicity, the fol-
lowing linear tire model is used in this study :

Fig.8 Schematic of the 3DOF Car
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y=— Cata,+ Cr!)’/, ¥,=— Cara,+ Crry, (18)
N/‘—“ —Naﬂ/+ Nrf)’], N.-= -'Nara’,-+Nrr ¥
L]Z —Lam+Lrsyy Lo=—Lara,+ Liry,

which are the function of tire side slip an-

gles and camber angles

a= b+%( 7+ ptang) — Eesf+ E,py— EnN,

1
_EE'.\fmu)‘a"/_ 8/

1
7’/:F@ff_F\WI+I‘N[N/+EF)1mujau/ (19)

b
a.=b+—(r—ptang) — Fer f+ E,y,— EyN,
u

1
——E,m.a.,— 0,
PR

1
rr="Ter f— F,ry,+F~,Nr+El“,rmwaur

Notice in (19) the control inputs, the front
wheel steer angle, &, and the rear wheel steer
angle, §.. Also, in(19), a,,and a,, are the com-
ponents of the front and rear accelerations
due to yaw, side slip and roll. They can be ex-
pressed as .

S u(,é+ r)+a-r+atan e-p,
au,Zu(B+r)—b-f~btan &p (20)

The lateral acceleration equation at any ar-

bitrary location on body are given by

Ye=u(f+71) + (a— 2,07~ {(a—x,)tan ¢
+(zo—z,) }P (21)
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where the subscript pt denotes the point
where accelerometer i1s attached. x, is the
rear directional distance from the axle to the
center of mass and 2, is the height from the
ground.

The prescribed equations can be rewritien
in matrix form which is convenient for com-
puter implementation. The state vector for lat-
eral vehicle dynamics is defined as

x=[r Bp ¢]" (22)

The system can be described in a form of a

general nonlinear system .
%,=fx, u, 1) (23)

where x,(1)ER" and u(})€R". A more
common form that is linear in input u(1) is

1,=f(x, 1) +B,(x, thu(t) (24)

Note that some systems that are not linear
in input u(t) can still be put in the form of by
using an invertible input transformation. The
linearized system 1s described as

%= Ax,+ Bau(t) (2b)

In this paper the equation(11), which is lin-

ear in input, 1s used.

5. Reference Model

The desired vehicle handling performance is
expressed in terms of a reference model,
which gives the desired responses to a com-
mand signal. Relevant questions to be asked
in developing a reference model for handling
performances are . What are some criteria
for evaluating vehicle handling performance?
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What is the relationship between an objective
estimation(Instrument measurement) and a
subjective estimation(Jury estimation by ex-
pert driver)? Many works describe these is-
sues with varied opinions. But, most of these
agree on several points. A car which has
shorter rise time for step steer can generally
be regarded as having a better handling per-
formance. Also, the shorter the settling time,
the better the directional stability of the car.
Moreover, the reference model should have
zero slip angle at relatively low speed to re-
duce any unnecessary vehicle yaw motion. In
order to realize a desired reference vehicle
model based on these points, it has been deter-
mined that the tire cornering stiffness should
be increased while yaw inertia moment is de-
creased, Based on these observations, the ref-

erence vehicle model is set up as

Zw=Anxnt+B.r (26)

where x,, is the 4 X 1 state vector which has
the same dimension as x, B, is the 4x1 con-
trol vector, and A, is the 4 X 4 system matrix
whose elements reflect the observations earh-
er.

6. A Simulation with the Driver Model

The driver model with fuzzy logic is used to
investigate the handling performance of vehi-
cles for a single lane change maneuver and a
double lane change maneuver. A conventional
2WS vehicle and a 4WS vehicle which has
control scheme proposed in this paper, were
evaluated. Two vehicles are driven to follow a
desired path by the fuzzy predictor driver
model in Fig.9 for the single lane change ma-
neuver. Overall, the maneuver is performed
well and the vehcle is stabilized rapidly at the

Slip Angle{deg} Yaw Rale{deg/sec)

e R

end of ‘the maneuver. The trajectory seems
quite reasonable and close to what would be
expected from a real driver.

Fig.10 describes the two vehicles dynamic
behavior for the double lane change. They are
transient responses of two vehicles where
those vehicles follow a desired course for the
lane change at 30m/s. Although the two vehi-
cles follow almost the same track, the yaw
rate of 4WS is much less than that of 2WS.
The rear wheel of 4WS steers such that the

B Lane Change maneuver by Driver Model
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Fig.9 Lane Change Maneuver by Driver
Model
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Fig.10 The Double Lane Change Maneuver
for 2WS and 4WS by the Fuzzy Pre-
dictor Driver Model
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unnecessary vehicle yaw rate is reduced. The
initial speed was taken to 27.7m/sec(100km/
hr). This is a relatively severe maneuver in-
volving peak yaw rate levels of approximate-
ly 17 deg/sec. Although the two vehicles fol-
low almost the same track in the double lane
change maneuver, the peak yaw rate level of
the 4WS was reduced by approximately 20%
(3.4) under the 2ZWS system. For the 4WS ve-
hicle, the peak of side slip angle as well as
yaw rate has been reduced by 15% under
that of the 2ZWS vehicle.

The wheels of the 4WS vehicle were steered
to reduce unnecessary yaw rate, result in im-
provement of the vehicle handling perform-
ance. To investigate the lane change handling
performance of 4WS and 2WS, a closed-loop
simulation with the driver model was simulat-
ed.

7. Conclusion

The computer model of drivers based upon
fuzzy logic has been implemented through a
sophisticated vehicle simulation. A number of
simulation runs were made using the driver
models to simulate two maneuvers, a single
lane change and a double lane change. The
result of these simulations showed that the
fuzzy driver model could successfully perform
both maneuvers, Just like a human driver,
fuzzy engine steered vehicle’s handle wheel
and stabilized the dynamic behavior of the ve-
hicles. The fuzzy driver model 1s used to inves-
tigate the handling performance of 2WS and
4WS vehicles. The two degree—of-freedom
predictor model which has yaw and lateral
motion predicts the path of the vehicles. In
the design stage of vehicle suspension, this
fuzzy driver model can e used as a tool to esti-
mate vehicle’s handling performance.

ZFTARE W AP dF ¢ 2y a7
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Appendix A. Nomenclature for Handing
Parameters

Car :Front tire cornering stiffness per tire
(positive)

Car : Rear tire cornering stiffness per tire
(positive)

Crs © Front tire camber stiffness per tire(pos-
itive)

Cr, . Rear tire camber stiffness per tire(posi-
tive)

d;, :Front roll damping coefficient

d, ' Rear roll damping coefficient

Ey;  Front aligning torque deflection steer
per wheel(positive understeer)

Ey. :Rear aligning torque deflection steer
per wheel(positive understeer)

Eor : Front roll steer coefficient(positive un-
dersteer)

E, :Rear roll steer coefficient(positive un-
dersteer)

E,; :Front lateral force deflection steer per
wheel (positive understeer)

E, :Rear lateral force deflection steer per
weel(positive understeer)

h; : Front roll center height

h, ! Rear roll center height

h, : Total mass c.g. height

h.; : Front unsprung mass c.g.height

h. . Rear unsprung mass c.g.height

I.. . Sprung mass roll inertia

I.. : Sprung mass yaw inertia

I... : Unsprung mass yaw inertia

L., . Sprung mass product inertia

K, :Front roll stiffness

K, :Rear roll stiffness

L. : Wheel base

L., :Front overturning moment/slip angle per
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Lyrr!

L., :

my

m,

Nar

Ndf

Ny s

DT/ 7T

p!

NS

PNr

Tar

Iar

Tvr

Tur

. Front

tire( positive)

. Rear overturning moment/slip angle per

tire(positive)

Front overturning moment/camber angle
per tire( positive)

Rear overtuming moment/camber angle
per tire(positive)

: Mass on front wheels

> Mass on rear wheels

: Sprung mass

. Total mass

: Front tire aligning torque/slip angle

per tire(positive) -

* Rear tire aligning torque/slip angle per

tire(positive)

tire aligning torque/camber

angle per tire(positive)

. - Rear tire aligning torque/camber angle

per tire(positive)

. Roll velocity

. yaw velocity

. Lateral displacement

: Side slip angle

: Roll angle

> Yaw angle

: Front aligning torque deflection camber

per wheel(positive understeer)

: Rear aligning torque deflection camber

per wheel(positive understeer)

: Front roll camber coefficient(positive

understeer)

:Rear roll camber coefficient(positive

understeer)

. Front lateral force deflection camber

per wheel(positive understeer)

: Rear lateral force deflection camber

per wheel(positive understeer)

: Vehicle velocity

10.
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