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Abstract: This paper describes a steering controller integrated with speed controller for autonomous path
tracking using GPS and INS sensors. The steering controller for path tracking is developed based on the
finite preview optimal control method. The steering control input is computed using the road information
within preview distance. The speed controller determines the speed command necessary to maintain a
lateral acceleration limit and improve vehicle safety. The vehicle model for simulation study is validated
using vehicle test data. Finally, the controller is implemented on a by-wire vehicle, P1, to validate the
performance of the steering controller integrated with speed controller.

1. INTRODUCTION

Intelligent Vehicle and Highway System (IVHS)
technologies have attracted growing attention among
researchers throughout the world in the past several years.
Control algorithms for autonomous vehicles, including
proper control of the steering input and speed commands for
path-tracking and safe lateral vehicle behavior, are a critical
component of IVHS (Peng, 1992, Hesss et. al. 1990).

In this paper, a steering controller for path-tracking and a
speed controller for improving the safety of lateral vehicle
behavior are investigated. The steering controller is
developed based on the finite preview optimal control
method. The steering input of the steering controller consists
of a feedback control input using lateral position and yaw
angle error as well as a feed-forward control input computed
using the road information within the preview distance. The
feed-forward preview control input can improve not only the
tracking performance of the steering controller, but also the
ride quality compared with the non-preview controller. (Kim
et. al., 2007)

The speed controller computes a speed command so that the
lateral acceleration of the test vehicle does not exceed an
arbitrary critical value in order to improve the safety of
lateral vehicle behavior.

A vehicle simulation that includes lateral vehicle dynamics,
longitudinal vehicle dynamics, and actuator dynamics is used
to develop the controllers. The controllers developed are then
implemented on a steer-by-wire test vehicle, P1, and
validated experimentally.

2. TEST PLATFORM

The steering controller integrated with speed controller has
been developed for P1l, a student built by-wire platform
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belonging to the Dynamic Design Lab at Stanford University,
shown in Fig. 1.

Fig. 1. “P1” experimental by-wire vehicle

This vehicle features throttle by wire and independent left
and right steer-by-wire at the front wheels. P1’s powerplant
consists of two AC propulsion motors that provide
independent left and right rear wheel drive as well as
regenerative braking capability.

P1’s sensor suite includes a three antenna GPS system and
standard automotive grade INS sensors. Real-time state
estimation is accomplished through sensor fusion via
extended Kalman filters for heading, velocity, and position
(Ryu et. al., 2004). A GPS base station has been used to
provide differential corrections for position measurements.

3. VEHICLE MODEL AND MODEL VALIDATION

3.1 Vehicle Model

The vehicle simulation was designed as an alternate mode
for the SIMULINK software that normally runs in real-time
on the test vehicle. It replaces hardware drivers with a
vehicle model that creates “sensor” signals that are processed
in the same manner as they would be in real time on the
vehicle. This facilitated remote development of controller for
the test platform by researchers at Seoul National University.
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The simulation includes lateral, longitudinal, and steering
actuator dynamics, as described below.

Lateral Dynamics:

P1’s lateral dynamics have been modelled using a four wheel
planar model (Gadda et. al., 2007), as shown in Fig. 2 below:

Fig. 2. Four wheel planar model

The equations for the lateral dynamics are given below,
m-v,+m-v -E=F,+F,+F, +F

r yrl yrr ( 1)
Iz"c":lf'( _vﬂ y/r) I ( yr/ yr')
where [yand /, are the distances of the front and rear axles
from the CG, I, is the moment of inertia, m is the vehicle
mass, and F,4, Fy5, F,,; and F,,, are the lateral tire forces at
the front left, front right, rear right, and rear left tires,
respectively. The lateral tire forces are linear functions of
slip angles ¢ ; and ¢, and cornering stiffhesses C, and C, .

Fyizci'a[; iZfV,ﬂ,l’}’,Vl )

Using a small angle approximation, the tire slip angles are
as given in the expressions below, where 7, is the track
width of the vehicle. Vehicle parameters are given in Table.1.

v+l &
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Longitudinal Dynamics:
The model of longitudinal dynamics maps a voltage

command to motor torques ( 7, ) using simple models of P1’s

traction battery pack, inverters, motors, and gearboxes. These
motor torques serve as an input into a simulation of
longitudinal dynamics that accounts for transmission inertia
(J.. ), wheel inertia (J , ), rolling resistance, and the drag

trans wheel
force (7, ) acting on P1. This longitudinal model assumes

zero wheel slip and no coupling with lateral dynamics; for the
levels of lateral acceleration under consideration (<0.5g),
these assumptions are reasonable. Equation (3) presents the
equations for the model of P1’s longitudinal dynamics,

‘- 2:(1,7,) =Ty — T ’ sz.[ardt 3)
( (4.‘]wheel +2-J + thavm)/ :

trans

where, ¥ denotes the tire rolling radius, n, the drive ratio,

J jussis the chassis inertia and a _ the longitudinal acceleration.

Steering System Dynamics:

A simple second order model is used to describe the output
shaft angle & of P1’s left and right steering motor and
gearbox assemblies,

(J,/m)8 =—f.sgn(@)—b,O+(1/n )z Yk, 1, (4)

uIigning /ackmg

where J is the effective inertia being acted upon by the
motor, 77 the motor efficiency, f, the friction, b the
coefficient of damping, 7 the steering system gear ratio,
T

z-‘j'ackin(g'

aligning the aligning torque due to tire lateral forces,

the torque due to suspension jacking, k,, the motor
constant, and /,, the current input to the motor. T sligning is

computed using tire lateral force and the moment arm
resulting from mechanical and pneumatic trail, while 7 Jacking
is computed from an empirically determined function of & .

A PD-controller with feed-forward terms provides the

current input /, to track a commanded shaft angle Qref ,

Ly =K o |:KP (er'ef -

0+K,0,-0)+K,0,,+K,0,, ] Q)

where K, is the proportional gain, K, is the derivative
gain, K Hre

the inertia feed-forward term, and K.

is the damping feed-forward term, K, ) ref is
is a conversion

from units of torque (N-m) to current (A).

Table 1 Vehicle parameters

Symbol | Value | Symbol | Value

3.85E-4

m 1724.0 kg J, No/rad

I 1300 kgm’ /. 0.1453 Nm
0.0013

[, 1.35m b Nvrad

[ 1.15m ky, 0.113Nm/A

C, 45000 N/rad n, 160

C 69000 N/rad t 1.6256m

3.2 Vehicle Model Validation Using Test Data

Validation of the vehicle model is accomplished by
comparison of simulation predictions to P1 test data obtained
using P1’s GPS/INS sensor suite. The longitudinal velocity
data is used as the reference input for a cruise controller that
sends voltage commands to the traction system model. The
mean of the left and right steering angles from the test data is
used as the reference input for the steering system model. Fig.
3 shows a comparison of test data and simulation results.

Test Data ‘ ‘ ‘
- Vehlcle Model T '
SN : I |

LY

Steering Angle[deg]

Time [sec]

2094



17th IFAC World Congress (IFAC'08)
Seoul, Korea, July 6-11, 2008

= 42
§- T T g T T T ” \\ g , J
= Y ’ LN
'§ 36 F g NS T -L' ,,,,,,, .
o ' ' i
2] | | |
© 30 ; - -
._¢E> | Test Data
g 24 . | = = Vehicle Model
0 30 35 40
7 40 ) ]
oy ¥ ' /¢
L 20 71
< /v
s 0 1 \ -4
~< ' / v
5 -20 Test Data N \\‘ -7
7 _4ol.= = Vehicle Model ;
0 5 10 15 20 25 30 35 40
12 T T T T T
'é’ Test Data ! ! ! ! !
E 8] — — Vehicle Model [, ; : ;
— - . ! !
S A - [ T :
31 LAY \ 4 ;
< 0 i AT Y S sy
= N N,
g a4 svas
3 -8 i i i i i I
0 5 10 15 20 25 30 35 40

Time [sec]
Fig. 3. Comparison of test data and vehicle simulation results

The simulation predictions agree closely with the test data,
suggesting that the model is feasible as a test platform for
development of the steering and speed controllers in the
linear handling regime of the test vehicle (Ha et. al., 2003)

4. DEVELOPMENT OF THE STEERING CONTROLLER
FOR PATH-TRACKING

4.1 Control Objective

Fig. 4 shows the driver-vehicle system. In Fig.4, lateral
position error (y,) is defined as the lateral distance between
the vehicle C.G (C) and the centerline of the desired path (R).

Yaw angle error (& —¢&,) is defined using the yaw angle of

the vehicle (&) and the desired yaw angle as dictated by the
desired path (&, ) (Kang et. al., 2006, 2007).

Road Preview
[detect and store the road

Desired Path

21BUI1009 X [BG0IY

Global Y coordinate

Fig. 4. Driver —vehicle system

The rate of change of the lateral position error (y,) and yaw
angle error (£—¢&, ) are defined as in (6) and (7) (Peng,
1992),

Ay, =V, at+v at-(E—¢,)

(6)

v, =vy+vx-(8—gd)

g =l g Ve ()
p p

where p denotes the curvature radius of the desired path.

We seek to eliminate lateral and yaw angle error through a
combination of feedback and feed-forward control. The
feedback control input of the steering controller for path-
tracking is computed using lateral position error and yaw
angle error. The feed-forward control input is computed using
the road information within the preview distance. To develop
the steering controller using finite preview control theory,
preview distance is transformed into preview time (T,) as in

).

L
T, =" ®)
VX
4.2 State Equation

A 2-DOF bicycle model is used to design the steering
controller. Equation (9) shows the dynamic equations for a 2-
DOF bicycle model,

m-v, +m-v -&=(F +F))
L-&=lF,~I F,

)

where m denotes the mass of the body, /_ the yaw moment
of inertia, Fyf and Fyr the front and rear lateral tire force,
and l p and /_ the distance from the center of gravity(CG) to
the front and rear axles, respectively. From the linear tire
model, the lateral tire forces can be expressed as shown in

(10),

Fy=F,=c, (5, -2t
W W A s v, (10)
y,+1(6-¢,) L, .
:(jf.{gf_#ﬂg_gd)_ﬁ_f.gd}
vy—l,,-é
Pjvrl :F:vrr :Cr(_v—)

X

r

+(5—5d)+l—’-éd}

X VX
where C , and C. denote the equivalent front and rear
cornering stiffnesses. Substituting (10) into (9), the state
equations can be obtained as in (11) (Peng et. al., 1990),

x=A-x+B-6,+F,-w,

(11)
. . < AT
x=[y, y. €-¢, €—¢,]
where
0 1 0 0] 0
0 0
Oi—AIi B, 10 w—d]
A= Vs & B= £, = ! dz
00 0 1 0 00
B, 01
0o A a4 A
L V.r v.x_
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In (11), the disturbance term (w, ) is defined from road
information (&, , &,).
4.3 Steering Controller Using Finite Preview Optimal
Control Theory
The steering control input( o , (2)) is computed to minimize
the performance index given in (12) (Chen, 1988).

lim iE{tj

"L 0| 2T (A-x+ B8, + F,w, %)

1 T T
E(x Ox+6,R6,)+ m (12)

The solution that minimizes the performance index is given
by the well-known Euler Lagrange equation:

1 T T
- S5'RS,
L(x,A,0) = 2 (' Qe 0p RO, )+ (13)
/17-(A-x+B~§f+Fd~wd—fc)]
1) a_L_i a_L =0 = }L:—Qx—ATﬂ. (14)
Ox dt| ox
oL _diol | _ o s __gip'; (15)
s, dt| 04, !
i) L _ 41 OL 1 = Ax—BRBTA+F,w, (16)
04 dt| o4

In order to obtain solutions for x(¢), A(¢) and &, (¢), A(f)
is assumed to take the form shown in (17) (Burl, 1998).
A(t)=P()x(t)+ H(¢) 17)

where H (¢)is a feed-forward control. The differential form
of (17) is shown below:

A=Px+P-[Ax—BR'B" A+ F,w, ]+ H(f)
=—Ox—A" - [Px+H(1)]

(18)

Substituting (17) into (18) and grouping terms, the
following two equality conditions are obtained (Chen, 1988)

P+PA-PBR'B"P+A"P+0=0 (19)
H=-A"-H-P-F,-w, (20)
where

A =A-B-R"-B"-P

Equation (19) is the standard LQ Riccati equation. As
t > oo, the solution P(¢) of (19) tends to approach its

steady state value and is independent of the final condition

P(t,) . Then, equation (19) becomes the well-known Control

Algebraic Riccati Equation as shown below:

P, A-PBR'B'P,+A"P +0=0 Q1)

If the road information beyond the preview time (T,) is set
equal to zero (w,(1)=0, Vre[t+T 0] ), equation (20)
becomes (Chen, 1988):

(+7,
HtT)= [ [P F,-w,(0)]dr

t

(22)

As aresult, the steering control input is computed as in (23),
5desired (t) = _Kopt ' X(f) + M(t) (23)

where

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

ss°

K, =—R"-B"-P

M) =R B [ F&)wit+£)-de

From (23), it is clear that the steering control input is
computed using the road information between t and t+T,,. Fig.
5 shows the block diagram for the steering controller.

Road Information_| bi R
Between t and t+T, — [Disturbance Computation _l W =w(t+i-AE)

PR4~BPEEU«§ywv+fA§yA§

i=0

—

desired

Vehicle Speed —

Ve
Ve
x=
£—&, |

E—&,

Fig. 5. Block diagram of steering controller

The desired steering angle which is computed by the
steering controller is applied to the vehicle model and test
vehicle using Ackermann steering geometry as in (24),

1)

desired

S, = (24)

. 1 - 5desired : (tw / 2 : L)

desired

Op =
‘ 1 + 5desired : (tw /2 ' L)

where & P and & 1 denote the left and right front steering

angle, respectively, and L the wheelbase.

5. DEVELOPMENT OF THE SPEED CONTROLLER

The speed controller is designed to create safe lateral
vehicle behavior by means of keeping the lateral acceleration
below a critical value (a, ) as follows,

I/Limit ljr VLimit < Set
Vdexired = V . V V
Set U(‘ Limit > Set

Limit = AP @y _limit

~limit
(25)

2 2
V. V..
—_ X Limit
a,= < SA, i

PP

=V,
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where, V.,
and V,, . the vehicle speed required to not exceed a

In order to track the desired speed, the speed command

the vehicle set speed determined by the driver,

y_limit *

(voltage sent to the drive motors) is computed using the

proportional controller as shown below

L
. X K
Vi | min | Voltage command
I — Proportional To drive motors
V desired gain

Set

Fig. 6. Block diagram of Speed Controller

V.

driving motor

=K

cruise (I/x - Vdesired) (2’6)

where K. denotes the cruise control proportional gain.

6. SIMULATION RESULTS

Simulations have been run with the steering controller
active at constant speed and when the speed controller is
integrated with the steering controller as shown below.

5 10
54 —-— Constant Speed ‘ ‘ ‘ ‘ Y
8 Speed Control .\ N\
- A

6
4---

Steering Angle[de;

40

30— — AL

—-— Constant Speed

Vehicle Speed [kph]
N
o

10/ — — Desired Speed
0 —— Speed Control
0 5 10 15 20 25 30 35 40
—-—ConstantSpeed|
— — Critical Value

—— Speed Control |
e e — s L

Lateral Accel [m/sz]

Global Y Coordinate[m]

= 0.4 T T T T T T T

5 02t 1
a

g 0.0pF= '

z;. -0.2§ —-— Constant Speed |---- B At

T g4 L=—>Speed Control | : : ;

% ) 5 10 15 20 25 30 35 40

Time [sec]

N

4
— - — Constant Speed ;
2| ——Speed Control |-+

Yaw Angle Error [deg]
o
!
|
I

Fig. 7. Simulation results for steering controller and
integrated controller

The simulations use a map located at a parking lot at Stanford
University. Fig. 7 compares the simulation results under the
two test scenarios. In both scenarios, the vehicle tracks the
map very closely, with the magnitude of lateral and yaw
angle errors not exceeding 0.2 m and 1 deg, respectively.
The simulation results also show that the lateral acceleration
of vehicle doesn’t exceed Ay fimic during path tracking with
the speed controller active. Also, the lateral acceleration is
lower magnitude when compared to path tracking at the
constant (set) speed. As a result, it is found that the safety of
lateral vehicle behavior is improved with the speed controller
active in conjunction with the steering controller.

7. EXPERIMENTAL RESULTS

7.1 Steering Controller at Constant Speed

The experimental results for path tracking at constant
speed are presented in Fig.8. The tests were performed with
the same map used for simulation studies, and are compared
to simulation results. In Figs.8 and 9, the experimental
steering angle is the mean of the left and right steering angles.
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Yaw Angle Error [m]
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Fig. 8. Comparison of the simulation results and test results,
constant speed test

The test results agree closely with the simulation results.
The steering controller produces satisfactory tracking
performance, with the magnitudes of lateral and yaw angle
error below 0.25 m and 1.5 degrees, respectively. These
errors are on the same order of magnitude as the errors
predicted in simulation.

7.2 Steering Controller Integrated With Speed Controller

The test results for the integrated controllers are presented in
Fig. 9 and compared with test results at a constant speed
equivalent to the set speed for the speed controller:
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Fig. 9. Comparison of test results, constant speed test versus
test with integrated controller
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The “bulk” acceleration of the vehicle (neglecting high
frequency variation due to vibration, wheel hop, etc.) is
maintained below the lateral acceleration limit of 2 m/s®. As
predicted in simulation, use of the speed controller in
conjunction with the steering controller significantly reduces

lateral acceleration when compared to path-tracking at the
constant (set) speed.

8. CONCLUSIONS

A steering controller integrated with a speed controller for
autonomous vehicle path tracking has been presented in this
paper. The controllers were developed using a numerical
simulation study and implemented on a by-wire test vehicle.
From the simulation results and the test results, it is found
that the steering controller using finite preview optimal
control produces satisfactory path tracking performance.
Furthermore, the safety of lateral vehicle behaviour is
improved by combining the steering controller with a speed
controller that maintains a lateral acceleration limit.
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