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Abstract

This paper describes an autonomous driving control algorithm based on skid steering for a Robotic Vehicle with Articulated Suspen-
sion (RVAS). The driving control algorithm consisted of four parts: speed controller for following the desired speed, trajectory tracking
controller to track the desired trajectory, longitudinal tire force distribution algorithm which determines the optimal desired longitudinal
tire force and wheel torque controller which determines the wheel torque command at each wheel to keep the slip ratio below the limit
value as well as to track the desired tire force. The longitudinal and vertical tire force estimators were designed for optimal tire force
distribution and wheel slip control. The dynamic model of the RVAS is validated using vehicle test data. Simulation and vehicle tests
were conducted in order to evaluate the proposed driving control algorithm. Based on the simulation and test results, the proposed driving

controller was shown to produces satisfactory trajectory tracking performance.
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1. Introduction

Recently, diverse unmanned ground vehicles have been de-
veloped in order to conduct multi-tasks, such as logistics sup-
ports, surveillance, and light combat operation. In this paper,
as a part of autonomous vehicle control for military or robotic
vehicles, skid steering based driving control algorithm is in-
vestigated. A robotic Vehicle with Articulated Suspension
(RVAS), as shown in Fig. 1, is a kind of unmanned ground
vehicle based on a skid steering using independent in-wheel
drive at each wheel. The RVAS, unlike the conventional
wheeled vehicles, is not equipped with steering linkages. In-
stead, it is steered through differential traction force which is
created from the in-wheel motor at each wheel. Steering in
this fashion requires much more power consumption than in
kinematic steering using Ackerman's linkages. However this
offers a simple structure and more room in the vehicle for
mission equipment installment. In the aspect of mobility, the
RVAS benefits from its in-wheel drives and articulated sus-
pensions, which provide an independent wheel traction control
capability and a great improvement in obstacle negotiation
ability, respectively. [1, 2]
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The proposed driving control algorithm is related to motion
control of skid steering vehicle and trajectory tracking control.
Diverse control strategies for skid steering vehicle were pro-
posed through previous research. Suresh presented the steer-
ing controller of a six-wheeled vehicle based on skid steering.
The steering controller consists of a proportional-integral-
derivative (PID) controller with two filters, a prediction filter
and a safety filter [3]. Economou and Colyer proposed fuzzy
logic control of wheeled skid-steer electric vehicles [4]. Dixon
et al. investigated nonlinear control of wheeled mobile robots
[5]. Also, research related to trajectory tracking has been con-
ducted for a few decades. Kang et al. designed and tested a
controller for autonomous vehicle path tracking using
GPS/INS sensors [6]. Peng proposed a path tracking controller
based on the optimal finite preview control method [7]. How-
ever since research was conducted for a conventional suspen-
sion vehicle, the articulated suspension vehicle, such as the

Fig. 1. Robotic Vehicle with Articulated Suspension (RVAS).



794 J. Kang et al. / Journal of Mechanical Science and Technology 24 (3) (2010) 793~800

RVAS, is not applicable.

In this paper, the driving control algorithm based on skid
steering of RVAS is investigated in order to track a prescribed
trajectory. Simulation and vehicle tests are conducted in order
to evaluate the proposed driving controller.

2. Vehicle dynamic model

The vehicle dynamic model was developed using “Matlab

Simulink” in order to conduct numerical simulation studies [2].

The full dynamic model of the RVAS was designed with three
parts: driving system, arm dynamic model, and vehicle body
dynamic model as shown in Fig. 2. The driving system con-
tains an in-wheel motor model, a wheel dynamic model, and a
tire model. The arm dynamic model determines the dynamic
behaviors of the i-th arm rod. The vehicle body dynamic mod-
el was designed to represent the dynamic behavior of a sprung
mass.

The in-wheel motor was modeled using a first order transfer
function and the torque/speed curve as shown in Fig. 3 was
considered. Longitudinal and lateral tire models were modeled
using a combined Pacejka tire model [7].

The arm dynamic model determines the arm behavior of
each arm rod and internal forces and moments acting on a
sprung mass. The arm behavior is occurred from longitudinal,
lateral and vertical tire forces and arm spring and damping
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Fig. 3. Torque/speed curve of each in-wheel motor.

Fig. 4. Dynamic equilibrium of i-th arm rod.

torques. Fig. 4 shows the dynamic equilibrium of the i-th arm
rod.

From Fig. 4, the dynamic equations for the arm dynamic
model can be obtained as follows:
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In Egs. (1) and (2), the rotational accelerations of the arm rod
and the translational accelerations of the i-th wheel are given
and further shown in Egs. (3) and (4):
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Also, the moment summations in Eq. (2) are shown in the
following:
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where T, , denotes the sum of the spring and damping
torques of the i-th arm rod:

Tsep(0,,, I’HurmJ) =—k, 'gurmii ¢ 'éarmii (6)

Substituting Eqs. (3) and (4) into Eq. (2), the dynamic equa-
tion for the arm motion can be obtained as follows:

(L, ,+(m,+m, 14118, =

arm arm _i
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As a result, using the arm motion obtained from Eq. (7), the
internal forces and moments acting on the sprung mass can be
calculated from Egs. (1) and (2). Finally, the motion of the
sprung mass can be calculated from the internal forces and
moments using the d’ Alembert’s principle [7].

Validation of the vehicle dynamic model was conducted by
comparison of simulation results to test data of the RVAS.
The driving control algorithm that was implemented in the
vehicle test was used identically in the dynamic model simula-
tion. The desired speed obtained from the vehicle test was
used in the simulation.

Fig. 5 shows a comparison of test data and simulation re-
sults. The simulation results are quite identical to the test data,
except for the yaw rate. The difference between the test data
and the simulation results is from the vertical road profile and
an offset of the mass center of the test platform. In the case of

the vehicle test, the yaw rate was fluctuated by the road profile.
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Also, the offset of the mass center caused the left yaw motion
to be smaller than the right yaw motion in an identical yaw
motion command. However the simulation results agree gen-
erally with the test data, suggesting that the designed dynamic
model is feasible as a test platform for development of the
driving controller.

3. Controller design

Fig. 6 shows a control strategy of the driving controller
based on a skid steering. Since it is difficult to determine the
wheel torque command directly, the driving control algorithm
for the RVAS was designed with four parts as follows; speed
controller, trajectory tracking controller, tire force distribution
algorithm, and wheel torque controller.

A schematic diagram of the proposed driving control algo-
rithm is shown in Fig. 7. The speed controller in the upper-
level controller was designed to follow the desired speed using
the PI control method [6]. The trajectory tracking controller
determines the yaw moment input in order to track the desired
trajectory. The total traction force and the yaw moment input,
upper level control inputs, should be applied to the RVAS
through the longitudinal tire force distribution algorithm and
wheel torque controller. Therefore, the objective of the tire
force distribution algorithm is to determine how much force is
required at each wheel. The desired longitudinal tire force of
each wheel was determined in proportion to the vertical tire
force. The wheel torque controller computes the wheel torque
command in order to track the desired longitudinal tire force
and at the same time to keep the slip ratio below the limit value.
Additionally, the longitudinal and vertical tire force estimators
are required for optimal tire force distribution and wheel slip
control [2, 8-10].
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Fig. 5. Comparison of test data and simulation results.

Fig. 7. Block diagram of autonomous driving control algorithm based on a
skid steering.
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3.1 Upper level controller

The upper level controller in the driving control algorithm
consisted of the speed controller and the trajectory tracking
controller. The trajectory tracking controller determines the
yaw moment input for tracking the desired trajectory. The
trajectory tracking controller was designed based on an opti-
mal finite preview control method, as shown in Fig. 8.

In Fig. 8, the lateral position error, y, is defined as the
lateral distance between the vehicle center of gravity (C) and
the center-line of the desired trajectory (R). The yaw angle
error, ¢ —¢,, is defined using the yaw angle of the vehicle
and the desired yaw angle as dictated by the desired trajectory.
The rate of change in the lateral position error and yaw angle
error are defined as in Egs.(8) and (9):

Ay, =v,-At+v, -At-(9-9,)

. ®
yo=v,+v. (-9,
v - At . v
Ag, =— = @, = ©)
P P

where p is the curvature radius of the desired trajectory.

We seek to eliminate the lateral and yaw angle error
through a combination of feedback and feed-forward control.
The feedback control input of the trajectory tracking controller
was computed using the lateral position error and yaw angle
error. The feed-forward control input was computed using the
road information within the preview distance, L, . To develop
the trajectory tracking controller using the finite preview con-
trol theory, preview distance was transformed into preview
time, T,,asin Eq. (10):

r’

T =" (10)

A 2-DOF bicycle model modified in view of skid steering
vehicle was used to design the trajectory tracking controller,
as shown in Fig. 9. Eq. (11) represents the dynamic equation
of the modified bicycle model:
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Fig. 8. Trajectory tracking controller.

From the linear tire model and Eqgs.(8) and (9), the lateral tire
forces can be represented as follows:

B4 G-y .
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F=C - 22O gy ke
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where C,, C, and C, denote the equivalent front, middle
and rear cornering stiffnesses. Substituting Eq. (12) into Eq.
(11), the state equations for the design of the tracking control-
ler can be obtained as in Eq. (13):
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In this study, the yaw moment input was determined using the
optimal finite preview control method. The yaw moment input
consists of a feedback control input, —-K_ -x(¢), and a feed-
we»asin Eq. (14).[6, 11] :

M. &) ==K, -xO)+M, (1) (14)

forward control input, M
pre

The feedback gain in Eq. (14) can be obtained from the con-
trol algebraic Riccati equation, and the feedforward input can
be computed as in Eq. (15).
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Fig. 9. Modified 2-DOF bicycle model.
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where 4, =A4-B-R"'-B"-P_and P, denotes the solution
of the control algebraic Riccati equation . From Eq. (15), it is
clear that the yaw moment input was computed using the de-
sired trajectory information between ¢ and ¢+7,.

3.2 Tire force distribution algorithm

In the previous section, the upper level control inputs were
determined. The upper level control inputs should be deter-
mined to the test platform through the tire force distribution.
Therefore, the objective of the tire force distribution algorithm
is to compute how much force should be generated at each
wheel. From the concept of friction circle, it is well known
that the magnitude of the tire force acting on a tire is propor-
tional to the vertical tire force. Using this concept and to sim-
plify the optimization problem as well as to obtain a linear
equation system, the cost function in Eq. (16) is chosen in
order to obtain the desired longitudinal tire force at each wheel
[12]:

( 1 XZJ (16)

where W, denotes the weighting coefficient at the i-th wheel.

The desired tire forces have to satisfy the constraints in Egs.
(17) and (18) in order to generate the total traction force input
and the yaw moment input:

F

x_des

=X+ X, + X+ X, + X+ X 17
to[(X - X))+ (X - X))+ (X - X)) | (18)

z_des — W

Substituting Egs. (17) and (18) into Eq. (16), the cost function
of Eq. (16) is not subjected to any constraints, and its optimum
can be found as shown in Eq. (19):
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3.3 Wheel torque controller

The aim of the RVAS is to drive on a variety of rough ter-
rains. Also, it is difficult to obtain the complete characteristics

of the longitudinal tire force according to the driving condition.

Therefore, it is assumed that the characteristic of the longitu-
dinal tire force is unknown in designing the wheel torque con-
troller.

The wheel torque controller is designed to keep the slip ra-

tio of each wheel below the limit value, 4, , as well as to
track the desired longitudinal tire force. In the case of a suffi-
ciently small slip ratio, the wheel torque command can be
determined as in Eq. (20) in order to track the desired longitu-
dinal tire force:
Lo i(k)=R;- X, (k) (20)
However this control input may cause the deviation of the
wheel slip ratio when the wheel is lifted-off or excessive lon-
gitudinal tire force is required. In this study, when the wheel
slip ratio was larger than the limit value, the wheel torque
controller was designed so that the actual wheel speed tracks
the desired wheel speed. The desired wheel speed is repre-
sented as follows [13]:

N pasan)

Ri'(l_ max)
, @n
;‘V(l Anae) P (A <)

w, =

where V, denotes the longitudinal velocity at the i-th wheel.
The wheel torque command for tracking the desired wheel
speed was obtained based on the sliding mode control method

and wheel dynamics as follows:

1d
=w,k)-wk), ——s.=s,-5,=-K,|s,

Sw d( ) 1[( ) Zdt Su Su Su w Sw (22)

§, ==y = (T, (K) =R F ()} ==K, -sens,)

where K, is a positive constant. As a result, the wheel
torque command can be determined as shown in Eq. (23).
(2 < 2

T @
com_i F()+J, K, -sat(s, /D) i (A2 A

[ i

where @, denotes the boundary condition of the saturation
function.

4. Vehicle test results

The tests were performed using the control system shown in
Fig. 10. The control system consisted of a remote control
module, an actuator system and a sensor system. The remote
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Fig. 10. Configuration of the control system.
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Fig. 11. Comparison of the simulation and test results.

control module is used to communicate the remote driver’s
command to the main controller unit. The driving controller
was implemented. The ADTM-C6713 DSP module was used
as the main controller unit. The motor driver in the actuator
system determines the current input to needed for wheel
torque command at each wheel. In the actuator system, the
rated output of in-wheel motor was 5 kW.The vehicle state
was measured using an inertial navigation system, a differen-
tial global positioning system, a current sensor, a wheel speed
sensor, and an arm position sensor. The entire control loop
shown in Fig. 10 was closed at 100 Hz.

The vehicle test results are presented in Fig. 11. The vehicle
tests were compared with the simulation results, as shown in
Fig. 11. Fig. 11(a) denotes the speed control performance. In
this test, the desired speed was set to be 10 km/h. In the case

" i i
10 20 30 40 50 0 10 20 30 40 50

Time [sec] Time [sec]

(g) Middle wheel torque [Nm]

of the vehicle test, the speed control performance decreased
due to the maximum wheel torque of the in-wheel motor, as
shown in Fig. 11(a). The actual yaw rate in the vehicle test
agrees closely with the simulation results, as shown in Fig.
11(b). The trajectory tracking performance is presented in Figs.
11(c) and 11(d). From these figures, it can be confirmed that
the proposed trajectory tracking controller produced satisfac-
tory tracking performance, with the magnitudes of the lateral
and yaw angle errors below 0.5 m and 3.0° respectively.
These errors are the same order of magnitude as the errors
predicted in the simulation. Fig. 11(e) shows the desired tra-
jectory and vehicle position obtained using DGPS. Finally, the
wheel torque input was determined in proportion to the esti-
mated vertical tire force, as shown in Figs. 11(f) and 11(g).
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5. Conclusions

In this paper, the skid steering based autonomous driving
controller for RVAS was presented. A vehicle model for nu-
merical simulation study was developed and validated using
test data. From the simulation and test results, the proposed
driving controller was found to compute the suitable wheel
torque command to track the desired speeds and the desired
trajectory. For optimal tire force distribution, the vertical tire
force was estimated from the measured wheel speed using
wheel dynamics and arm dynamics. The proposed driving
controller can provide satisfactory trajectory tracking per-
formance.
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Nomenclature
g : Gravity acceleration
I, : Distance from center of gravity(C.G.) to front wheel axle
[, Distance from C.G to middle wheel axle
A . Distance from C.G to rear wheel axle
t, . Tread (track width)
l,. . Lengthofarmrod
. Vehicle mass
m, . Mass of in-wheel motor
m,,, . Massofarmrod
I, : Moment of inertia of the vehicle about the yaw axis
J, . Moment of inertia of in-wheel motor
1,. . :Momentofinertia of the arm rod about the roll axis
1 m: , Moment of inertia of the arm rod about the pitch axis
1, . :Momentofinertia of the arm rod about the yaw axis
R, : Tireradius of i-th wheel
v, . Vehicle longitudinal velocity
v, 1 Vehicle lateral velocity
1) : Roll rate
6  : Pitchrate
¢ . Yawrate
6., ;- Armangle of i-th arm rod
, : Wheel angular speed of i-th wheel
A, Slip ratio of i-th wheel
F,, : Longitudinal tire force at i-th wheel
F,, @ Lateral tire force at i-th wheel
F,, : Vertical tire force at i-th wheel
F,, : Longitudinal internal force acting on a sprung mass
F,, : Lateral internal force acting on a sprung mass
FS;, . Vertical internal force acting on a sprung mass
M . : Internal moment acting on sprung mass about the roll axis

M, . Internal moment acting on sprung mass about the yaw axis
k,  : Rotational spring stiffness

C, : Rotational damping coefficient

T, : Selfaligning torque

A - Maximum slip ratio

V.. : Longitudinal desired speed

y, . Lateral position error

@, . Desired yaw angle

F. ., - Total traction force

M ; &s -Yaw moment input

X, ~: Desired longitudinal tire force of i-th wheel
I:*m . Estimated longitudinal tire force of i-th wheel
I:j:i : Estimated vertical tire force of i-th wheel

T, ;- Torque command of i-th wheel-in motor
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