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Development of a Simulation Tool for the Cornering
Performance Analysis of 6WD/6WS Vehicles
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In this study, a simulation tool is developed to investigate non steady-state cornering
performance of 6WD/6WS special-purpose vehicles. 6WD vehicles are believed to have good
performance in off-the-road maneuvering and to have fail-safe capabilities. But the cornering
performance of 6WS vehicles are not yet well understood in the relevant literature. In this paper,
6WD/6WS vehicles are modeled as an 18 DOF system that considers non-linear vehicle
dynamics, tire models, and kinematic effects. The vehicle model is constructed as a simulation
tool using MATLAB/SIMULINK so that input/output and vehicle parameters can be changed
easily with the modulated approach. Cornering performance of 6WS vehicles is analyzed for
brake steering and pivoting, respectively. Simulation results show that cornering performance
depends on the middle-wheel steering as well as front/rear wheel steering. In addition, a new
6WS control law is proposed in order to minimize the sideslip angle. Lane change simulation
results demonstrate the advantage of 6WS vehicles with the proposed control law.
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c : Suspension deflection

Z : Unsprung mass vertical situa-
tion

7o . Road-input of the wheel

1. Introduction

Multi-wheel drive vehicles applied to special
environments are believed to have more tractive
force, better steerability and stability. Some of the
vehicles have middie wheels under the center
section of the hull and are named 6WD/6WS (6~
wheel-drive/6-wheel-steering) vehicles. These
6WD/6WS vehicles are known to have sufficient
structural stability because of the load distribu-
tion, and thus minimize the tendency of pitching
during abrupt braking or acceleration. Because
6WD vehicles typically possess better traction and
braking capability than 2WD or 4WD vehicles,
they can accelerate or brake better off-the-road
and they can continue to move when one or two
of their tires are blown or there are transverse
rigid-type obstacles. However, the cornering per-
formance of 6WS (6-wheel-steering) vehicles,
which are believed to have better maneuverability
than 2WS or 4WS$ vehicles, is not yet well under-
stood in the relevant literature. Although 4WS
vehicles have been extensively studied and their
results can be extended to 6WS vehicles, few
results are reported cornering six wheel steering
coordination.

In this paper, six wheel steerings coordination
is investigated for cornering performance analy-
sis. 6WD/6WS vehicles are modeled as an 18
DOF system which includes 12 DOF nonlinear
vehicle dynamics, 6 DOF wheel dynamics, tire
model and kinematic effects. This model is con-
structed into a simulation tool using MATLAB/

SIMULINK and its cornering performance is -

evaluated under various steering conditions. Sim-
ulations are executed for cornering combined
with braking and pivoting, respectively. In order
to minimize the sideslip angle during lane
changes, a new 6WS control law is proposed and
its results are compared to conventional 4WS$
control laws.

2. Background

Research on vehicle dynamics and simulations
has increased enormously, from simulation of
high-order models with all types of non-linear-
ities to simulation and control of linear bicycle
models. Smith and Starkey (1995) studied the
relationship between model complexity and simu-
lation accuracy with
models and concluded that linear models are not
suitable at high g's manecuvering. Nalecz and
Bindermann (1988) utilized a 3 DOF model
including suspension and steering systems, and
demonstrated that roll steer and lateral weight
transfer were crucial factors in cornering perfor-
mance. Xia and Law (1992) compared various

three different vehicle

4WS control algorithms based on a nonlinear 8
DOF model with kinematic effects. Abe (1989)
proposed a 4WS control law in order to minimize
the sideslip angle using a linear 2 DOF model.

Tire models which are essential for vehicle
dynamics study have been actively investigated.
Examples of the proposed models are theoretical
models based on the friction ellipse and empirical
models based on experimental data.

In commercial vehicle research, characteristics
of heavy vehicles are different from passenger
vehicles because of the increased weight and
number of wheels. Pillar and Braun (1995) im-
plemented various steering algorithms on multi-
wheeled heavy trucks. Das et al. (1993) derived a
dynamic model of heavy trucks and executed
simulations to study stability and maneuvering.
Hata et al. (1992) experimented with medium-
duty trucks with 4WS and investigated their
controllability and stability.

Studies on 6-wheeled vehicles have concen-
trated on armored vehicles because they are
favored by military operations. Examples of 6-
wheeled armored vehicles are: M38, made in the
U. 8. A, Alvis Saladin of Britain; and Gendron
Somua of France. These 6-wheeled vehicles
adopted independent suspensions and all-wheel-
drive systems in order to have comparable off-
the-road performance as tracked vehicles. The
implemented prototypes are reported to have
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Table Vehicle parameters
Vehicle mass M 5000 kg
Unsprung mass m 190 kg
Moment of inertia (X Axis) 1, 3619.5 kgm?
?\/loment of inertia (Y Axis) Iyr 12306.5 kgm?®
Moment of incrtia (Z Axis) I, | 14478 kem?
Distance from c.g. to front axle | I, 1.8 m
Distance from c.g. to miAddle axld 1, 0.2 m
Distance from c.g. to rear axle I, 22 m
Distancebfrom c.g. to round h A 1.25 ;
?i‘ack width " éd Im
S_prir;g coefficient of suspension | k 89266. n/m
Damping coeflicient of suspension | b | 1762.5 Ns/;

Spring coefficient of the tire K, | 682960 N/m
Roll bar stiffness Ky | 2566 Nm/rad
Rotating wheel inertia 1, ) 6.25 kgm?
Tire radius ’ Ty 0.5 m

Nominal longitudinal stiffness | C, [I68118 N/skid

Nominal cornering stiffness C,. | 112078 N/rad
Friction coefficient 7 0.6
Road adhesion reduction factor | ¢, 0.015 s/m
”Front roll steer coefﬁcient Kt O.E
Middle roll steer cocfficient  |K o 0.15
Rear roll steer coefficient Koo 0.!5
Lateral force lag time coefficient| Cy, —T
Ratio of camber angle’to roll angle | K, 0.1

adequate off-the-road performance except on
clay soil, and they were also able to pivot like
tracked vechicles.

3. 6WD/6WS Vehicle Model

The 6WD/6WS vehicle considered in this
paper consists of six 30 hp electric motors, electri-
cally controlled steering, and 5 ton weight. It has
a sprung mass and six unsprung masses and in-
dependent suspensions. The detailed description
of the vehicle is listed in Table. The dynamic
characteristics of the vehicle are modeled based
on the following assumptions:

- Longitudinal, lateral, vertical, rolling, pitch-
ing, and yawing motion are considered.

- Vertical motion of the unsprung mass is
identical to the z-direction of the vehicle-fixed
axis.

+ Vertical motion of the sprung mass is
transfered through the suspension,

» The longitudinal and the lateral load trausfer
is considered.

» Kinematic effects such as roll steer, camber
angle and tire side force lag are considered.

Vehicle Dynamies Model - Figure 1 shows a
body-fixed coordinate sy;tcm of the 6-wheeled
vehicle. Figure 2 shows the suspension linked
with each tire. A side view of the wheel rotation
model is shown in Fig. 3, the variables are ex-
plained in the Nomenclature and Table.

Based on the above assumptions and coordi-

nates, the vehicle is modeled as the following 18
DOF system:

longitudinal motion: 4+ (Vet Virg— Vyer) =Fy

. ()

lateral motion: M - (Vy4 Ve v — Ver p) = F5 (2)
vertical motion: Jf « ( ['/z—}- Vo p— Varq) = F,

3

rolling motion: .- p+ (Le— L)+ q- =M, {4

pitching motion:/,- ¢ + (Ix— L) *v-p=M, (5)

yawing motion: [« # + (L~ [y) - p-qg=M, (6)

UnSprung mass motion:m,« zy=— Fyu+ Ky (2n—2:)

H__l)m%@f_, (i=1~6) ™

wheel rotation:a),-:—l—~ {(Ti—#uwi Fat ru B (8)

wi

where Fx and Fy are resultant forces about the x
-axis and y-axis, respectively. These forces are
expressed as the tire force, rolling resistance and
aerodynamic drag. Fz is expressed as the resultant
force of the road input of the tire and suspension
force denoted Fs. Mx, My, and Mz are resultant
moments about the x-axis, y-axis, and z-axis,
respectively. Expressions for these variable are
omitted for simplicity.

Tire Model - Because vehicle tires generate trac-
tion and lateral force when in contact with the
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Fig. 1 Body-fixed coordinate system

M - Vi

Fig. 2 Suspension system Fig. 3 Wheel rotation

terrain, they are the most difficult components for
vehicle modeling along with nonlinearities. In
this study, Dugoftf’s model, where tire forces are
expressed as the slip angle and the slip ratio, is
introduced. The longitudinal and the lateral
forces at the i~-th wheel are expressed as

Fa=$250 X 0 X) (©)

Fu=Sr 1000 X 2— X))

(10)

T"J:J—";.Vl if rww;= V; (in acceleration)
5=y, (1)
ﬁ}}ﬂ if ruw:> V, (in braking)
(X i X<
X"_{l if Xi>1 (12)
Xl___mﬁi'in' (I—s;) - (1—¢g,- V,-u/siz—l-fénza,-) (13)

2/C s+ o - tane;
where Xi denotes the non-dimensional total slip
coefficient considering the slip angle and the slip
ratio. It becomes 1 when there is no sliding
between the tires and the road. In order to
minimize the sliding of the tires, it is necessary to
keep the value of Xi large. If sliding occurs
excessively, the value of Xi approaches zero and
the tire force becomes very small. Fzi is the
vertical force considering the longitudinal and the
lateral weight transfer.

Kinematic Effects

(1) Roll Steer : Roll steer is defined as the
additional steering of the front or rear wheels due
to the rolling of the sprung mass. Generally, roll
steer is known to complicately affect the handling
response from the steering input, but in this study
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Fig. 5 Five different steering modes

this effect is modeled as a linear function of the
roll angle.

(2) Tire Side-Force Lag : There is a time lag
at the tires between the steering input and the
lateral force generation. In other words, the tires
must roll through some distance in order to
develop a slip angle and to generate the lateral
force. In this study this time lag is modeled as a
first--order dynamic system with a time delay.

(3) Camber Angle : Camber on a wheel pro-
duces a lateral force known as the camber thrust,
and this force allows the vehicle to be understeer-
ed. The camber thrust is assumed to be a linear
function of the camber angle in this study.

4, Simulation Tool

The 6WD/6WS vehicle model derived in the

previous section is constructed into a simulation
using MATLAB/SIMULINK. Figure 4
shows a simulink model of the overall system and
each block is composed of hierarchical sub-
blocks. For the convenience of the user, frequent-
ly-used commands are built into command
blocks.

Inputs to the model are: steer angles from the
driver and steering control drive/brake
torques from the motors and brakes; and road
input on running. The motor torque block can

tool

laws;

select an engine or motor module, from which the
power source of the vehicle ¢can be a combustion
engine or electric motor, The vehicle dynamics
block consists of the longitudinal, lateral, vertical,
rolling, pitching, and yawing sub-blocks. The
Dugoft tire model block produces tractive/brak-
ing and side forces at each wheel. Outputs from
the model produce the state variables such as the
vehicle velocity, yaw rate, sideslip angle, etc.

5. Simulation Results

The considered vehicle is 5 tons, similar to
medium-duty trucks, and is driven by six 30hp
AC motors with a gear ratio of 5:1. The motor
torque is assumed constant in the 0~2400 rpm
range and inversely proportional to the motor
speed over 2400 rpm.
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Fig. 6 2 DOF vehicle model

In order to investigate the coordination
between the six wheels of the 6WS vehicle, 5
different steering modes are considered as shown
in Fig. 5. For simplicity of comparison, the
middle and the rear wheel steer angles are chosen
form 0° or £2°, and the front wheel steer angle is
fixed to 4( in this section. However, in the next
section, a new six wheel steering control law is
proposed and its cornering performance is
evaluated.

Frequency Response Analysis - Based on the 2
DOF linear model in Fig. 6, a frequency response

analysis is carried out for comparing the five
steering modes in Fig. 5. Assuming a constant
speed of 80 km/h, the lateral acceleration and the
yaw rate responses are compared in Fig. 7 and
Fig. 8, respectively.

The lateral acceleration and the yaw rate fre-
quency responses show the characteristics of a
low-pass filter. That is, as the frequency of the
steering input is increased, the response gain is
decreased with increased phase lag. The lateral
acceleration response shows that the gains of the
6WS vehicles are larger than the others but the
phase lag of the 4WS vehicle is the smallest. The
yaw rate response shows that the gains of the 6WS
vehicles are the largest and the phase lag of the
6WS3 is the smallest. According to this analysis,
it can be concluded that 6WS3, the coordinate
mode of 6WS, is the best choice with fast yawing
motion but at a cost of large latera] acceleration.
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Yaw Rate
5 — -
WS
[ s
g " ot
=y -10 Sl T T et e T WS
3 | Ceo L WS,
15 L L
10" 10° 10"

Frequency (Hz)

Fig. 8 Yaw rate frequency response

Because the linear model used here assumes
that the mass center is located slightly forward
from the vehicle center, the effect of rear wheel
steering is large compared to that of middle wheel
steering. However, in the next section the 18 DOF
model will clearly show the effect of middie wheel
steering.

Braking Steering - Braking while steering is a

very common maneuver and its cornering perfor-
mance is investigated based on the 18 DOF vehi-
cle model introduced in the vehicle model section.
While the vehicle is driving at 72 km/h, the brake
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Fig. 10 Yaw rate

torque is applied at each wheel and the steering is
started from 0.5 sccond. The steer angle is in-
creased and fixed into each steering mode listed in
Fig. 5. Because the road condition is assumed un-
paved, the friction coefficient is set to a value of
0.6.

Simulation results for the five steering modes in
Fig. 5 are compared with respect to the lateral
acceleration (Fig. 9), yaw rate (Fig. 10), sideslip
angle (Fig. 11) and trajectory (Fig. 12). In
general, 6WS8 modes have larger lateral accelera-
tion, yaw rate, sideslip angle and smaller turning
radius than 2WS and 4WS modes. Among 6WS
modes, 6WS2 (crab-mode middle-wheel steer-
ing) gives the smallest turning radius with a large
sideslip angle. This cornering difference, in partic-
ular the influence of the middle wheel steering, is
caused by the nonlinear tire model and the weight
transfer in the vehicle model.

Pivoting - Pivoting is considered one of the
special specifications of 6WD/6WS vehicles, and

sideslip [deg]

time [sec]

Sideslip angle

-20 0 20 40 80 80
¥im)

Fig. 12 Trajectory

its feasibility is investigated in this section.
Because electric motors are used for traction and
steering, the direction and orientation of the
motors are assumed to be easily changed for
pivoting purposes. In order to pivot with respect
to the geometrical center of the vehicle, the direc-
tion and the steer angle of the wheels should be in
the form of Fig. 13, The driving torques applied
to the middle wheels are smaller than the front/
rear for geometrical equilibrium. The driving
torque and the braking torque are selected such
that the vehicle can stop after pivoting 180
degrees. The pivoling trajectory and the yaw
angle response are plotted in Fig. 14 and Fig. 15,
respectively, and demonstrate the feasibility of
pivoting similar to tracked vehicles.

6. A Proposed 6WS Control Law

A new 6WS control law is proposed in order to
minimize the sideslip angle during lane change
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Fig. 15 Yaw angle

maneuvers. As illustrated in Fig. 9 and Fig. 11,
6WS vehicles with fixed steer angle have larger
lateral acceleration and sideslip angle than 2WS§
and 4WS vehicles. This phenomena implies less
maneuverability and less stability. To overcome

this limitation, a new steering control law is
developed based on the vehicle speed and the
front wheel steer angle.

Vehicle Model - The vehicle model used for the
controller design is a linear bicycle model having
2 DOF. Based on the bicycle model in Fig. 6, the
equations of motion are derived taking into
account the sideslip and the yaw rate,

lateral motion: MVi( 8 +7) =2Fy+2Fm+2Fy
(14)
yawing motion: 7,7 =2[:Fyr—2/nFwm—21-Fyr
(15)
where § is the sideslip angle, r is the yaw rate, Vx
is the vehicle speed and other variables are ex-
plained in the nomenclature, Assuming that steer
angles are small, the above equations can be
rewritten into the following matrix form :

2
M—VX'(Cf +Cn+Cr)

[

1 ( //C‘/ [mCm - IrCr)
1 — s (4= InCn—1,C)
_1 MV\_Q FlF mlm T T |:ﬂ:|
2 9 2 3 ¥

- jg-‘«\ (// (./f+ lm Cm -+ lr Cr)

2Cf 2cm 2C1‘ 3f

MVy MV MV 6‘ (16)
2Cy _2UnCn 2 || 7

I I, Iz ’

Control Law - For a given vehicle speed and
front wheel steer angle, the middle and the rear
wheels need to steered appropriately for the
required maneuvering and stability. In this sec-
tion, assuming that the middle-wheel steer angle
is half of the front steer angle, a steering control
law for the rear wheels 1s developed to minimize
the sideslip angle at the mass center. Similar to
the 4WS case[3 and 4], the rear wheel steer angle
is assumed to depend on the vehicle speed and the
front steer angle.

l
Sn="50s (17
Or=ki8sthor v (18)
By substituting Eq. 17 and 18 into Eq. 16 and
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Fig. 17 6WS steer angle
setting to zero the determinant of the numerator

of the transfer function between §, and g3, the
following relations are obtained for k1 and k2:

=25 On (19
“t+2(C - —‘m mo "r' r
e MV LG~ Cula=Cl)

Lane Change - In order to evaluale the above
control law compared to 2WS and 4WS, a lane
change maneuver is simulated as shown in Fig.
16. The vehicle is supposed to follow the trajec-
tory while maintaining a vehicle speed of 56 km/
h. It is assumed that the front wheel is steered
appropriately by a driver. In applying existing
4WS algorithms to the 6-wheeled vehicle, the
middle wheel is not steered and the rear wheel is

03

02} |

08 N i N . . "
0 05 1 15 2 25 3 35

Bmefsec]
Fig. 19 Sideslip angle

steered according to the algorithm. In the 6WS§
case, the middle wheel is steered to half of the
front wheel steering angle and the rear wheel is
steered according to the proposed control law as
shown in Fig. 17.

e o C +Cm MI/)c2+2(Cfo_Crlr)
4WS ldW. 67— "f'(T' af+ 2Cer ¥
(21)
~2C;— -‘m o
6WS law: a,z—---cz—«é--(f--- 5,
{_Msz"l_z(Cflf_lem;CflT') 7 (22)

2C1" VX

where C,, C,, and Cr are the cornering stiffness
of the front, middle and rear wheels, respectively.

Lane change results show that the proposed
6WS control law follows the desired trajectory
with less steer angles than 2WS and 4WS. The
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lateral acceleration (Fig. 18) in the 6WS case is
slightly smaller than the 2WS and 4WS cases, but
the sideslip angle (Fig. 19) in the 6WS case is
much smaller than the 2WS case and smaller than
the 4WS case.

7. Conclusions

A Frequency analysis based on a 2 DOF linear
model shows that 6WS vehicles have larger gain
in lateral acceleration and yaw rate than 2WS and
4WS§ vehicles. In order to analyze the cornering
performance of 6WD/6WS vehicles, an 18 DOF
nonlinear’ vehicle model is developed and con-
structed into a simulation tool using MATLAB/
SIMULINK. Simulation results for cornering
combined with braking demonstrate the role of
middle wheel steering in 6WS vehicles. In particu-
lar, when the middle wheel is in the same direc-
tion as the front wheel (crab mode), the turning
radius can be reduced with increased sideslip
angle. To overcome this limitation, a new 6WS§
control law is proposed to minimize the sideslip
angle. Lane change maneuvering results indicate
improved stability and maneuverability of 6-
wheeled vehicles. A feasibility study for the pivot-
ing of 6-wheeled vehicles is completed and illus-
trates the unique characteristics of electric-driven
multi-wheeled vehicles.
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