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Abstract

This paper presents an integrated human driver model for a closed-loop simulation of the intelligent safety system. A lateral human
driver model was developed to represent the steering behavior of a human driver using the finite preview optimal control method. A lon-
gitudinal human driver model represents a human driver’s throttle and brake control behavior relative to the preceding vehicle motion. It
computes the desired acceleration and generates throttle/brake inputs to maintain vehicle-to-vehicle clearance at a desired level or to
control vehicle speed. An integrated driver model was been developed using the longitudinal and lateral driver models to represent the
behavior of a human driver in alternative driving situations, that is, vehicle following, lane following, emergency braking, and so on.
Simulation studies were conducted using "Carsim" model which is validated using vehicle test data. Results showed that a human driv-
er’s behaviors could be well represented by the integrated human driver model presented in this paper. Closed-loop simulations of a uni-

fied chassis control system with the integrated human driver model were conducted.

Keywords: Human driver model; Finite optimal preview control; Closed-loop simulation; Unified chassis control

1. Introduction

The demand for vehicle control systems is currently shifting
from the realization of high performance vehicles to the de-
velopment of safety systems such as Electronic Stability Con-
trol (ESC), Adaptive Cruise Control (ACC), Unified Chassis
Control (UCC), and so on, and human-friendly vehicle control
systems. The evaluation of vehicle active safety systems also
relies on field testing which is time-consuming, expensive,
and sometimes dangerous. Therefore, closed human-in-the-
loop evaluation would be a more effective way to assess vehi-
cle active safety systems than the general open-loop evalua-
tion based on prescribed steering and velocity profiles.

Many ideas have been exploited for the driver model. The
common idea in these works is the nonlinear and/or stochastic
modeling of human behavior such as neural networks (NN)
[1] and, hidden Markov models (HMM) [2]. These techniques,
however, have some underlying problems. First, the obtained
model is often very complicated. Second, they make it impos-
sible to understand the physical meaning of the driving behav-
ior. Another idea is that the driver is regarded as a kind of
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"controller". The linear control theory has been applied to
analyze the driving behavior, steering control behavior and
throttle/brake control behavior [3].

Hedrick [4] and Rajamani [5] conducted research works on
the combined model of the driver's longitudinal and lateral
control behavior. However, these papers treat the model as
applied in restricted driving conditions, while evaluation
through another research has not yet been developed.

This paper presents the development of an integrated human
driver model for closed-loop simulation of an intelligent safety
system. To represent the steering behavior of a human driver,
the lateral human driver model uses a finite preview optimal
control method. A longitudinal human driver model represents
a human driver’s throttle and brake control behavior based on
the analysis of manual driving data. A curvature-based human
driver model has been used to represent a throttle/brake mo-
tion relative to road curvature information. The integrated
human driver model controls the vehicle to provide realistic
vehicle behavior similar to the normal driving of a real human
driver.

2. Development of the integrated human driver model

The integrated human driver model consists of three parts,
lateral human driver model, longitudinal human driver model,
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and curvature-based human driver model. The overall structure
is shown in Fig. 1.

Fig. 2 shows the driver-vehicle-road relation system. Lateral
position error (y,) is the lateral distance between the vehicle
C.G (O) and the centerline of the desired path (R) (Fig. 2). Yaw
angle error (¢ —¢, ) is determined using the yaw angle of the
vehicle (&) and the desired yaw angle as dictated by the de-
sired path (&, ) [6].

To represent the relations between a preceding vehicle and a
subject vehicle, the preceding vehicle's width (w), driver's view
angle (@), and clearance between the preceding vehicle end
point and driver's eye (r,) were determined. The rate of change
of the lateral position error (v,) and yaw angle error (& —¢, )
were determined, as in (1) and (2), [7]

yo=v, +v. (e-¢,) )
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Fig. 3. Structure of the lateral human driver model.

where R denotes the radius of the desired path.

L, is the driver's preview distance. A preview distance map
with respect to road curvature and vehicle velocity was used to
represent the driver's preview distance. The distance map was
constructed based on a real driver's manual driving data.

The width of the preceding vehicle, w, is constant and can be
represented as the driver's view angle (9 ) and clearance (r):

w=r-0 A3)

2.1 Lateral human driver model

The Lateral Human Driver Model's overall structure is
shown in Fig. 3. A Finite Preview Optimal Control method
was used to design the Later Human Driver Model. To develop
the lateral human driver model using the finite preview control
theory, the preview distance was transformed into preview time
(T,) as in (4).

T =2 @)

In using the finite preview optimal control method, the control
input [ &,(¢) ] consists of the Feed-back Control Input and
Feed-forward Control Input. It can deal with both the current
vehicle state and road information beyond the preview distance
(Lp)-

In the lateral human driver model, the lateral position error
(v,), yaw angle error ( & — ¢, ) and rate of change of these two
values constitute a state (X). A state Eq. (5) can be obtained by
substituting a 2-DOF bicycle model's dynamic equation and a
linear tire model's lateral tire force equations [8].

X=A4-X+B-5,+F,-w, )
X:[yr yr g_gd é_éd]r
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where m denotes the mass of the body, Z, the yaw moment of
inertia, and /, and /. the distance from the center of gravity
(C.G) to the front and rear axles, respectively. Crand C, denote
the equivalent front and rear cornering stiffness.

The Lateral Human Driver Model's control input [ &, (¢) ]
was computed to minimize the performance index given in (6)

[6].

1
i —(X"OX +S5TRS, )+
1imlE{j R (XX +0R3))

dt} ©6)

YL AT (A X+ B-S, + Fyw, — %)
where weighting factors Q and R are relative to the driver's
characteristics, gender, driving career, and so on.

The solution that minimizes the performance index was de-
rived through the well-known Euler Lagrange equation [9] and
standard LQ Riccati equation [10]. Consequently, the lateral
human driver Model's control input was computed as in (7)

[11].

6desired (t) = _Kopr : X(t) + M(t)

7
= 8,0 + 5,(0) M

where K,

M(®)=6,()=—R"-B"- [ F,(£)-w(t+&)-d¢

=8,()=-R"-B"-P,

F(t)=e*"-P, -F,

2.2 Longitudinal human driver model

The driver's throttle/brake controls relative to a preceding
vehicle was decided using the longitudinal human driver model,
which consists of two parts, the upper level and lower levels.
Fig. 4 presents its structure. The longitudinal human driver
model monitors two indexes, x and TTC”, and determines a

driving situation, for example, “safe”, “warning” or “danger-

ous”.
The upper-level controller, according to the driving situation,

determines the desired acceleration (a,,, ,,, ). In the safe driv-
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Fig. 5. Velocity tendency relative to the road curvature.

ing condition, the desired accelerations are in the range of be-
tween -2.17 and 1.77 m/s”. In the warning driving situation, the
deceleration range is greater than -4 m/s”. If the monitor choose
the dangerous driving condition, the desired acceleration range
is greater than -8m/s”. The desired acceleration value is calcu-
lated through Eq. (8) [11].

Qs g () =W (v.) 0, (X) + W (v,) - a,(TTC™) ®)

where a; (*) and a; (») are the functions defined by the warning
index and the inverse T7TC, respectively, and W; is the weight-
ing factor defined as a function of the vehicle speed.

The low-level controller manipulates the throttle/brake ac-
tuators such that the vehicle acceleration tracks the desired
acceleration. The throttle/brake control is based on the reverse
dynamics. [12]

2.3 Curvature-based human driver model

To consider road curvature in the throttle/brake control, the
curvature-based human driver model calculates another desired
acceleration (a,, ,, ). In a curved road driving situation, a
driver tends to maintain a one's safety velocity (v, ) range.
This tendency is confirmed in Fig. 5.

This tendency can be represented in a lateral acceleration
(a, i ) as shown by the dotted line in Fig. 5. Its values can be
determined through Eq. (9).
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The curvature-based human driver model chooses a desired
acceleration in the range of a lateral acceleration limit. The
driver's lateral acceleration tendency in various road curvatures
is depicted in Fig. 6. The dotted line in Fig. 6 is the lateral ac-
celeration limit in the curvature-based human driver model.

The desired acceleration ( a,, ., ) is defined as:

Av v, -V,

a = < 10
des _curv At T ( )

)2

where v, is the desired velocity. To represent a driver's pre-
view distance change by velocity, the weighting factor and
lateral acceleration limit values of each preview positions are
used. The weighting factor is defined as a function of the vehi-
cle speed range.

Vies = @1 " Veg 1 00+ Oy Voo y

N 11
(Whe}’e za)i = 1’ vdesk,i = \/ ayilim.i : R] ( )
i=1

Substituting (4) with (11), the curvature-based human driver
model's desired acceleration can be obtained as through (12).

— Vde: — vc — vc' (vd(’s B v(')

ad e: o
es _cur L L
P
Ve (12)

To guarantee the safety motions of a vehicle, the final desired
acceleration is defined as the minimum value between two
desired acceleration, that is longitudinal human driver model's
desired acceleration (a,, ,,, ) and the curvature-based human

driver model's desired values (a

(13)

Ayes = mln(ade.vilang’ ade.s'icur\')
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Fig. 7. Comparisons between the integrated human driver model and
vehicle test data (P-shape road).

3. Validation of the integrated human driver model
using manual driving data

The proposed control strategy was compared with human
manual driving. The human manual driving data were collected
using a test vehicle. Comparisons between integrated human
driver model and a test driver’s manual driving in the case
where there is no preceding vehicle on a high-speed city high-
way were conducted on a P-shaped road. A similar case with
no preceding vehicle was also tested using the integrated hu-



T. Lee et al. / Journal of Mechanical Science and Technology 24 (3) (2010) 761~767 765

120
— No Control
o] PSS AU BUUS SN Rt UCC Control
£ |
=
=
(]
° . E E E
T B0 P [ 7
. | ; ; ;
0 5 10 15 20 25
time [sec]
@ : : : — Mo Control
e Y S | [—— L UCC Control
fb) i i i T
e i
o
o
[=]
=
ESC Ty Y U S S S SN S i
=
o : : :
10 15 20 25
time [sec]
06 . : .
§ : — Mo Cantrol
= ------- UCC Control
i) ] ]
=) e o B e e 4
= '
© i
= r
@ i
[ I N O S A A R S |
3 - i i . i
i | i |
10 15 20 25
time [gec]
Fig. 8. Comparison of the UCC vs. No control.
E 2 T
% — No Control
=T U A VR SRR SRR A UCC Control
= :
=
= S N Rt e — o
o
T T T i
b
it | | | |
=2
-0 5 10 15 20 25
time [sec]
003 T . T
v ! : ¢ | = Mo Control
E 002p--mme- -------------- --------- UCC Control
5 001 R — —
5 i i : i
) 0 :
I ; : : :
Z 001y R -------------- — —
7 002 ' L L L
10 15 20 25
time [sec]

Fig. 9. Vehicle trajectory and error of UCC vs. No control.

man driver model. The simulation results and data from the
real driver's test are shown in Fig. 7.

As shown in Fig. 7, vehicle velocity, steering, yaw rate and
lateral acceleration are controlled in the same way as in a real
driver's maneuver control case. Based on these results, the inte-
grated human driver model could control the vehicle in the
same way as a real driver could in various curvature road con-
ditions.

4. Closed-loop simulation of unified chassis controller

In this section, a closed-loop simulation with the integrated
human driver model was conducted to investigate the perform-
ance of a UCC in comparison with "no control" situation. To
improve the vehicle's lateral stability and maneuverability, the
UCC was developed by integrating individual chassis control
modules such as Electronic Stability Control (ESC), Active
front steering (AFS) and Continuous Damping Control (CDC).
The UCC controller's control input is decided based on the
driver’s steering input, friction circle, and desired yaw moment
values [13].

The test road was a 300m radius of the road curvature after a
straight road, and the split mu was located at the entrance of a
curved section. The initial vehicle speed was set a 90km/h.

Figs. 8 and 9 show the simulation results on the vehicle. Fig.
9 shows that both the UCC and the no control scenario have a
good tracking reference trajectory but the no control case dem-
onstrates an insecure behavior on the split mu section. How-
ever, the UCC has better performance at the yaw rate and the
side slip angle than in the no control case. While the driver's
steering angle in UCC is smaller than that in the no control
case.

The results show that the closed-loop simulation with the
integrated human driver model can be used to test the UCC
controller's performance. This can lead to the improvement of
a vehicle's lateral stability and maneuverability.

5. Conclusions

An integrated human driver model for closed-loop simula-
tion of an intelligent safety system has been presented. The
control algorithm has been designed to achieve realistic behav-
ior of a human driver in a normal driving situation. To repre-
sent a driver's steering motion and throttle/brake motion, the
integrated human driver model is constructed in three sub-
modes: lateral human driver model, longitudinal human driver
model and curvature-based human driver model. The lateral
human driver model decides a driver's steering angle by using
the finite optimal preview control method. The driver's throt-
tle/brake control motion is controlled with the desired accelera-
tions which are calculated using the longitudinal human driver
model and curvature-based human driver model.

It has been shown that the proposed integrated human driver
model can control a vehicle in the same way human manual
driving does in various road curvature situations. It can also
represent a normal driver's driving motion. Consequently, the
integrated human driver model presented in this study can be
used into a closed-loop simulation and for the development of
a vehicle's intelligent safety system.

Acknowledgment

This work was partially supported by the Korea Automotive
Technology Institute (KATECH), the BK21 program of the



766 T. Lee et al. / Journal of Mechanical Science and Technology 24 (3) (2010) 761~767

Korea Research Foundation Grant funded by the Korean Gov-
ernment (MEST) (KRF-2009-200-D00003), and the National
Research Foundation of Korea Grant funded by the Korean
Government (2009-0083495) and SNU-IAMD.

Nomenclature
Vr : Lateral position error
: Center of gravity
3 : Yaw angle
€ : Desired yaw angle
w : Preceding vehicle's width
r, : Clearance between preceding vehicle and driver's
view angle
0 : Driver's view angle
v, : Longitudinal Velocity
N : Lateral Velocity
R : Radius of the road
r : Clearance
L

: Driver's preview distance

. Preview time
. Vehicle mass

m
L, : Yaw moment of inertia
L : Distance from the center of gravity to front axle
L, : Distance from the center of gravity to front axle
¢ : Cornering stiffness of the front tire
G : Cornering stiffness of the rear tire
Qs g Desired acceleration based on preceding vehicle
Apy e Desired acceleration based on road curvature
7 tim : Lateral acceleration limitation
Vsafe . Driver's safety velocity
Vi : Desired velocity based on road curvature
v, : Current velocity
a,, . Final Desired acceleration
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