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Abstract: Multi-axle driving mobile platform that are favored in special environments require high
driving performance, steering performance, and stability. Among these, six wheel drive and six wheel
steering vehicles hereinafter called 6WD/6WS, gain structural safety by distributing the load and re-
ducing the pitching motion during rapid acceleration and braking. 6WD/6WS mobile platforms are fa-
vorable for military use, particularly in off-road operations because of their high maneuverability and
mobility on extreme terrains and obstacles. 6WD vehicles that use in-wheel motors can generate inde-
pendent wheel torque without a need for additional hardware. Conventional vehicles, however, cannot
generate an opposite driving force on wheels on both sides. In an independent steering and driving sys-
tem six-wheel vehicles show better performance than conventional vehicles. This paper discusses the
improvement of the cornering performance and maneuverability of 6WD/6WS mobile platform using
independent wheel torque and independent steering on each wheel. 6WD/6WS vehicles fundamentally
have satisfactory maneuverability under low speed, and sufficient stability at high speed. Consequently,
there should be a control strategy for improving their cornering performance using the optimum tire
forces that satisfy the driver’s command and minimize energy consumption. From the driver’s commands
(i.e., the steering angle and accelerator/brake pedal stroke), the desired yaw moment with virtual steering,
desired lateral force, and desired longitudinal force are obtained. These three values are distributed to
each wheel as torque and steering angle, based on the optimum tire force distribution method. The op-
timum tire force distribution method finds the longitudinal/lateral tire forces of each wheel that minim-
ize cost function, which is the sum of the normalized tire forces. This paper describes a 6WS/6WD ve-
hicle with improved cornering performance and the results are validated through TruckSim simulations.

Keywords: 6WD/6WS, independent steering, cornering performance, energy minimization, independ-
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1. INTRODUCTION

Multi-axle mobile robots for special environments
require high driving performance, steering performance,
and stability. Among these robots, 6WD/6WS vehicles
ensure structural safety by distributing the load and thus,
reducing the pitch angle during rapid acceleration and
braking. 6WD vehicles have better acceleration and
braking forces than 2 wheel drive (2WD) or 4 wheel
drive (4WD) vehicles, and they show excellent
performance on rough or slippery roads and even in the
case of failure of one or two wheels [1]. Using a
mechanical steering system for a platform with more
than two steering wheels would result in more complex
structure and Ackerman geometry for such multi-axle
platform will be difficult to achieve where all the wheels
will have a common point to rotate about. [2]. this
complexity can be solved using independent wheel
steering system on all wheels.

For the independent wheel steering system, steer-by-
wire is being actively studied for improved performance
and enhanced safety. It allows independent control of left
and right wheels by removing the steering column that
connects the steering wheel to the steering mechanism.
Because of the independent steering of front wheels by
controller command, true Ackerman steering geometry
can be achieved as well as active safety can be realized
[3]-

Vehicle stability control techniques, including active
steering and yaw moment application, are being widely
studied for 4WD vehicles [4]. M. Abe et al. applied the
distribution of longitudinal/lateral tire force to 4WD
vehicles to improve the vehicles stability [5]. The
stability control technique for existing 4WD vehicles is
being applied to 6WD vehicles. This seems a good
means of improving the performance of 6WD platform
that is equipped with in-wheel motor drive.

With the development of battery technology and in-
wheel motors, multi-axle electric vehicles with in-wheel
motors in each wheel, as well as general 4WD electric
vehicles are being studied. These power drive systems
have the following advantages in terms of control [8].

1) Very fast and accurate torque generation can be
realized.

2) The torque created on the wheel can be easily
estimated from motor current.

3) Motors can be mounted on individual wheels and can
be controlled individually.

In general vehicles, the creation of a driving force
difference between the left and right wheels requires a
mechanical mechanism, e.g., the torque vectoring device
(TVD). However, in vehicles with in-wheel motors, each
wheel can be driven by the motor mounted on the wheel
without the need for a mechanical device. Using
independent drive and steering on each wheel, the
turning radius can be reduced at low speed to improve
maneuverability, and it can be raised at a high speed to
improve stability.

This study is aimed to improve the maneuverability of
6WD/6WS mobile robot by distributing the steering and
driving control inputs of the wvehicle using the
longitudinal/lateral tire force optimization method for
6WD/6WS vehicles and direct yaw moment control
(DYC). The system considered in this study is a wheeled
platform best suited for military application. Since many
of the techniques discussed in the referred literature in
introduction has been applied to conventional vehicle so
the idea is to apply similar approach to improve the
performance of 6 wheeled mobile robot at high speeds.
For the analysis of this algorithm TruckSim software has
been used. Wheeled mobile platform at high speed
exhibit similar behavior to a conventional vehicle and
hence the system can be studied from vehicle dynamics
point of view. Eventually in the following sections of
paper vehicle terminologies will appear for description
and explanation.

This paper is organized as following. Section 2
introduces the 6WD/6WS platform dynamic model.
Section 3 introduces the TruckSim vehicle model, to
which the control algorithm in this study was applied.
Section 4 proposes the control algorithm to improve the
vehicle’s cornering performance via comparing the
desired model and the TruckSim model. Section 5 shows
the simulation results and improvements of the applied
vehicle. Finally, Section 6 presents the conclusion.

2. THE SIX-WHEELED MOBILE PLATFORM
DYNAMIC MODEL

This paper uses a six-wheel platform model as shown
in Fig. 1. The distances from the body center to the front
and rear wheels are /; and /,, respectively. There was no
distance from the body center to the middle wheels axis
so/,=0.

The following motion equation represents the
dynamics of the mobile robot motion at high speed.

6
mV(B+7)=2 F,, (1)

i=1

127}:|:%(Fx2+Fx4+Fx6_Fxl_Fx3_Fx5):|

J{lf(Fyl+Fy2)_lr(Fy5+Fy6)J’
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Fig. 1. Six-wheel mobile platform.
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where
Mz =%(Fx2+Fx4+Fx6_Fxl_Fx3_Fx5)’
M, =1, (F, +F,,)~1,(Fys+F,),

where m is the vehicle mass, V, is the longitudinal speed,
p is the slip angle, I, is the moment of inertia, y is the
yaw rate, t is the tread, which is the distance between the
left and right wheels, and F,; is the longitudinal force at
the i" tire. The yaw moment consists of the direct yaw
moment (M,) due to the longitudinal driving force
difference between the tires and the turning force
moment (M,) created from the tire during the turning as a
resistive component.

2.1. Desired yaw moment
The steady-state steering angle for driving on roads
with the turning radius R is given as

=lf+l,,

+Kya,, 3)

where Ky is the understeer gradient, which is given as
follows:
l,m lym

K= 20, (1, +1) 2C, (1, +1,)

(4)

By substituting (4) into (3), the turning radius is
expressed as follows:

1 S
R mV 2 (1,Cor ~1,Cor ) ®
lp+1, +
2C,.Cpr (1 +1,)

The desired yaw rate is determined by the following
equation according to the steering angle and the
longitudinal speed. This will show some time delay for
the steady state value of desired yaw rate and this is
modeled as the first ordered system.

VX
5 mV > (1,C,, ~1,Cy ;) ’ ©)

b 2C,,Coy (1 +1,)

Y des k=
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1+7 K

system

V des

The desired yaw moment M, is created using the
PID controller to reduce the difference between the
desired yaw rate given by (7) and the actual yaw rate of
the model. Fig. 6 represents the signal generation of
desired yaw moment.

2.2. Desired tire forces

The desired longitudinal acceleration (a, ') is created
according to the driver’s inputs. Therefore, the desired
longitudinal force is defined as
Fyps = ma, . (8)

X X

As shown in Fig. 1, the sum of the longitudinal forces
from the tires must be equal to the desired longitudinal
force, which represents the driver’s acceleration and
braking intent.

6
Zin = dees (9)
i=1

From the steady-state yaw angle error, the steady-state
slip angle is expressed as

Ll omy?
p=r-—L T'x

10
R 2C,L R (10)

By substituting (5) into (10), the steady-state slip angle
is calculated using the following equation.
B lem V.2

2C,, (1, +1,
B= - (;+1,) 5 (11)
mVx (Z,Cm _lfClZf )

2C,.Copr (1 +1,)

r

After the slip angle is calculated, then the desired
lateral force can be calculated from the derivative of the
slip angle, yaw rate, and longitudinal speed.

Fraes =mV, (B+7), (12)
6
ZFW. = F s (13)
i=1

3. THE SIX WHEELED PLATFORM TRUCKSIM
MODEL

In this study, the TruckSim model was chosen to
address the multi-axle mobile platform. The propulsive
transmission system was removed from the model in
software to represent the in-wheel-motor architecture and
the applied torques signals from the control algorithm
were directly applied to the tires.

The data for the development of the TruckSim vehicle
model included the mass, inertia, and dimension
parameters of the sprung mass; the K&C data of the
suspension system.
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Fig. 2. Six wheeled mobile platform TruckSim model.

Table 1. Composition of the 6X6 TruckSim model.
Parameters used in Simulation
Sprung mass| 1.5 tons, wheelbase 2,320 mm, tread 1,830 mm
Independent type
Jounce stop: 106 mm, Rebound stop: 86 mm
Steering | Independent Steering from Algorithm
Tire 250 N/mm spring rate, 400mm radius
Brake Mechanical brake

Suspension

-
i

(- .
Truck8im S-Function
Vehicle Code: L

Fig. 3. The input and output of the TruckSim model.

Table 2. Input and output of the TruckSim vehicle model.

Definition Unit
Ti Drive shaft torque at each wheel (i = 1-6) Nm
0, Steering wheel input deg
Vx | Longitudinal vehicle speed kph
Vy | Lateral vehicle speed kph
y Yaw rate deg/s
owi | Speed of each wheel (i = 1-6) rpm
Fzi | Vertical force of each wheel (i = 1-6) N

Fig. 2 shows the 6X6 mobile platform TruckSim
model. The weight, wheelbase and tread values used for
the 6X6 model sprung mass are shown in Table 1. An inde-
pendent suspension was used on all axles. TruckSim
software is capable of dealing with nonlinearity associated
with longitudinal/lateral motion of the tires and the caster/
camber/toe changes. The steering angle at each wheel is
calculated by the control algorithm as given in (21).

Fig. 3 and Table 2 show the inputs and outputs of the
TruckSim model. Six torque values that generate driving
force on the wheels were applied to the vehicle model.
The outputs included the longitudinal/lateral speed, yaw
rate, wheel speed, and vertical force.

Fig. 4 defines the torque performance curve using the
maximum driving shaft torque. The RPM required for
the pivot steering is shown using point A, and point B
obtained during the 120kph constant speed driving. Point
C is obtained by calculating the wheel torque and RPM

4000

3000

2000

Wheel Torque [Nm]

1000

I
|
:
1
0 100 200 300
Wheel Speed [RPM]
Fig. 4. Wheel torque and RPM performance curve of
the electric in-wheel motor.

that are required for 60% slope climbing [7]. These
points were obtained by carrying out several simulations
of pivot steering maneuver, straight line motion at high
speed and driving on steer slops. The torque performance
curve is used as the basis for the choice of in-wheel
motor torque at different speeds.

4. CONTROL ALGORITHM

The desired longitudinal force, desired lateral force
and yaw moment are calculated from the driver’s
commands using two separate PID controllers as shown
in Fig.6. Therefore, these desired values are used by the
optimum tire force distribution algorithm to determine
the longitudinal and lateral forces for each tire that can
be realized by applied torques and steering angles on
individual wheels.

4.1. Vertical tire loads

The tire vertical forces change with the longitudinal
acceleration a, and the lateral acceleration a,, as shown
in (14), which are readily available from the TruckSim
model.

le _ mglr _ msaxhs _kf msayhs ,
3(lf +1.) 21 t
m.a h
sz2 — mglr _ msaxhs +kf sTy's ,
3(lf +1.) 21 t
m.a h
Fz3 :E_km . 5
6 t , (14)
m.a
Fz4 :E km — ’
6 t
Foz mgly,  ma h, L mga, hg ’
3(lf +1) 21 t
P mglf m.a_h, " mga,,hy

SR04y A

where mi; is the sprung mass, /; is the sprung mass height,
g is the gravitational constant, and k; and k. are the
lateral weight-shift distributions on the front and rear
wheels, respectively.
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4.2. Optimized lateral and longitudinal tire force

In this study, the objective function was minimized
using the Lagrange multiplier method for optimization,
and the lateral and longitudinal forces to satisfy the
desired longitudinal force F,,, desired lateral forces
Fyes and yaw moment M., were calculated. The
objective function is defined as the sum of the squared
normalized forces on each tire from the concept of the
friction circle [9]. This solution automatically guarantee
the minimization of energy consumption for any given
motion. This algorithm will cause the platform to move
with little resistance during turning motion. Secondly the
weight shifts during braking/acceleration or due to
cornering motion are also taken into account, this will
make sure that every wheel will be powered according to
the vertical load it carries and the possibilities of slipping
the wheels will be minimum. The objective function is
given in

J:Zﬂl?zzﬂ—zy"_ (15)

The constraint equations can be expressed as the
following linear simultaneous equation:

Ax=b, (16)
where
A:
11 1 1 0 000 0 0
0 0 0 0 0 0 111 1 11
t t t t t t
— - =L =100 - -
22 22 22 7 oo

T
X=|:Fx1Fx2Fx3Fx4Fx5Fx6FylFyZFy3Fy4Fy5Fy6:| >

T
F ydes M zdes:l H

F,; to Fys are responsible for the yaw moment M,, while
yaw moment M, is obtained by F); to F, The
optimization issue can be redefined using the objective
function in (15) and the constraint conditions in (16).
Based on these the following problem is formulated.

b=|F

xdes

1

minimize —J = l X Wx
27 2 (17

subjectto b— Ax =0,

where

F—Z

z1

-2
Fz()

z1

-2
Fz6 i

The Lagrangian function for the optimization given in
(17) is defined as follows:

L(x,)»):%xTWx+lT(b—Ax), (18)

where A is the Lagrangian multiplier. The gradient of the
Lagrangian function in (18) must be zero when x
minimizes the objective function, and

x=W'AT (AW'lAT )'] b. (19)

The solution of vector x have the values of lateral and
longitudinal tire forces that minimizes the objective func-
tion in (15).

4.3. Driving torque and steering angles at each wheel

To realize independent driving of 6WD/6WS electric
vehicles, a method was used to determine each wheel
driving torque to generate the force on each tire.

When the tire radius is r, the driving torque of the i
wheel is calculated from the following equation using the
longitudinal tire force determined in (19).

T, =rF, (20)

The optimum driving torque for six-wheel mobile
platform is determined based on the optimum tire force
distribution method and the steering angle at each wheel
is determined independently by the following equation

F, /
Ci+ﬁ+% fori=12
af x
— Fyi P
5 = +p fori=3,4 21
Cotm
F .
i+ﬁ—l’—7 fori=>5,6.
Car VX

4.4. Virtual steering angle algorithm

The virtual angle algorithm minimizes the turning
radius to improve vehicle maneuverability at a low speed
and stability at a high speed. This has the same concept
as variable gear ratio, which increases the front wheel
steering angle at a low speed to the driver steering wheel
input, and decreases the steering input at a high speed.

The steering angle of tire o, is calculated from the
driver’s steering input d, as in (21), with » as the steering
gear ratio:

5, =25 (22)
n

where w; is the steering angle gain determined by the

vehicle speed, as shown in Fig. 5. The value was

determined via a simulation according to the vehicle

performance that resulted in stable motion at different

speeds.

4.5. Equivalent tire force distribution

For comparison with the tire optimum driving force
distribution method, the equivalent tire force distribution
method can be expressed as follows:
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Steering Angle Gain

Vehicle Velocity [km/h]

Fig. 5. Virtual steering angle gain (ws) according to the
vehicle velocity.

FR _ (I/Z)dees +Mdes , (23)
l;

FL _ (t/z)FX(}CS _Mdes , (24)
t

whereas Fy and F'; are the longitudinal forces of the right
and left wheels, respectively and ¢ is the tread, which is
the distance between the left and right wheels. This
method represents the mobile platform where all the
wheels on same sides are connected via chain or belts
and are constraint to rotate with same speeds [2].

5. SIMULATION AND VERIFICATION

Fig. 6 shows the block diagram of the six-wheel
vehicle control algorithm based on the optimum tire
force distribution method. The desired speed is compared
with the platform speed to calculate the desired
longitudinal force F4; using a PID controller. This
represents the total driving force required to the move the
platform with the desired velocity in a close loop control.

Using the driver's commands of acceleration and
steering wheel angle the desired yaw rate is calculated,
which is then used to calculate the desired yaw moment.
Based on the yaw moment, longitudinal force, and
vertical tire force, the driving torque is determined from
the optimum tire force distribution block diagram. The
results of the optimum tire force distribution were the
longitudinal and lateral tire forces, and the longitudinal
tire forces were converted into the driving torque using
(18) and lateral tire forces are used to calculate the
steering angles at each wheels using (21).

5.1. Minimization of the turning radius at low speed

Fig. 7 shows the simulation results of the turning
radius minimization at a low speed using the virtual
steering angle algorithm. It shows the vehicle trajectories
comparison with and without this algorithm. A 25kph
vehicle speed and a maximum steering wheel angle of
10° of driver input were applied to the simulation when
the virtual steering angle algorithm. As can be seen from
the figure the virtual steering angle minimized the
turning radius as desired at low speed. This was because
of the increased desired yaw rate according to the virtual
steering angle, and the direct yaw moment control
(DYC).

Fai

Ve ¥
Mes v
Desired T,
ru : T
“ * Wheeled
y

Optimum > a,
Tire Forces Mobile g
Platform [+

Distribution
Method +  Model

. Fates
v o {m) X
Vs .

Fig. 6. Block diagram of the six-wheel vehicle control

algorithm.
40 —
——without virtual steering angle
-------- with virtual steering angle
30
E
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°
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X position(m)

Fig. 7. Vehicle turning radius at a low speed.

5.2. Improvement of the vehicle stability at a high speed

The turning stability is important at a high speed
maneuvers. In the virtual steering angle algorithm, the
desired yaw rate can be reduced by decreasing the
steering angle of the wheel to improve the turning
stability. This was comparatively simulated as follows.
At a vehicle speed of 60 kph, a 3° wheel steering angle
was applied, and the results before and after the
application of the virtual steering angle algorithm were
comparatively analyzed. The results showed that the yaw
rate decreased when the virtual steering angle algorithm
was used, as shown in Fig. 8, and the vehicle with the
virtual steering angle had a greater understeer tendency
than that without a virtual steering angle.

5.3. Optimum tire force distribution algorithm simulation
To verify the effect of the optimum tire force distribu-

28
2201 rl"‘""“""mmm
) i
= i jA,-hm-o_o_
) ”
= 151
=
: t /
= L
ot L
o 104 Without Virtual
. g i / Steering Angle
5 1 "4
~ 51 /./ With Virtual
i Steering Angle
04 ' + 1
0 5 10 15
Time [sec]

Fig. 8. Comparison of the yaw rate at a high velocity.
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tion algorithm, which minimizes the sum of the tire work
loads, the optimum distribution algorithm was compared
with the equivalent tire force distribution algorithm. The
vehicle was accelerated and decelerated during turning,
and the driving forces of the tires due to the turning
operation were considered.

Fig. 10 shows the performance index J when the
optimum tire force distribution algorithm and the
equivalent tire force distribution algorithm were applied
to the aforementioned profile, as shown in Fig. 9. The
results show that J is smaller in the optimum distribution
algorithm. This indicates that the lateral force was
reduced by the hybrid steering effect due to the optimum
tire force distribution algorithm. The proposed vehicle
control algorithm can be verified using the results of the
performance index J. Fig. 11 shows the components of
Performance Index. Each component converges to
minimum value so that each tire is loaded with minimum
power for energy minimization.

o~ o~

- =

1

Vehicle Speed [kph]
Wheel Steering Angle [deg]

Time (sec)

Fig. 9. Profile of the vehicle speed and the steering angle.
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Fig. 10. Performance index j of the equivalent and
optimum tire force distribution method.
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Fig. 11. Components of performance index J.

5.4. Turning radius and drivable lateral acceleration by
vehicle speed

Figs. 12 and 13 show the turning radius and the drivable

lateral acceleration by vehicle. Fig. 12 shows the results

of the equivalent tire force distribution method.

Different lateral acceleration g lines are drawn on
these plots. This Fig. shows that a steering angle of 135
degree when applied at 40 kph will produce a lateral
acceleration of 0.7 g using equivalent tire force
distribution method (ETFDM). Fig. 13 shows the
optimum tire force distribution, which was used in this
study. The turning radius was minimized at a low speed
and increased at a high speed to ensure stability. The
gain of VSA algorithm is tuned by carrying several
simulations and the steering sensitivity is designed such
that at any speed the motion of mobile platform will
remain stable with minimum chance of rollover.
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Fig. 12. Turning radius and lateral acceleration with
respect to the vehicle wvelocity for the
equivalent tire force method.
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Fig. 13. Turning radius and lateral acceleration with
respect to the vehicle velocity for the optimal
tire force method.
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The graph shows the turning radius and lateral
acceleration when the vehicle speeds were 20, 40, 60,
and 80 kph with steering angles of 45, 90, 135, and 190°.
The results show that the cornering performance of the
optimum tire force distribution vehicle improved.

6. CONCLUSION

In this study is focused on devising a control algorithm
for a six-wheeled mobile platform which is equipped
with in-wheel motors and have independent steering
system on each wheel. Such a system have redundancy
in realizing a maneuver and several types of control
algorithms may be devised for this. The focus point in
this study was the minimization of energy consumption
while at the same time improving the maneuverability at
low speed and ensuring the safety at high speed. The
following are the results of the study of the control
algorithm for improved cornering performance of six
wheeled mobile robot platform.

1) The TruckSim model was used to verify the control
algorithm.

2) The sprung mass, tire, suspension, brake, and steering
of the TruckSim model were used as the model with
the propulsive transmission system removed to repre-
sent the in-wheel-motor electric vehicle architecture.
The detailed model exhibit the performance of real
system and is capable of handling all the nonlinearity
of actual system.

3) The turning radius was reduced at a low speed, and
the virtual steering angle was used to improve the
vehicle stability at a high speed for a stable motion
without the danger of rollover by keeping the lateral
acceleration within limit.

4) The yaw rate that was created by the virtual steering
angle controlled the driving force of each wheel and
produced the direct yaw moment control (DYC)
effect to improve the maneuverability and stability of
the 6WD vehicle.

5) The optimum tire force distribution method distribut-
ed the driving force to each wheel by minimizing the
objective function. The objective function in this
study is made of sum of square of lateral and
longitudinal tire forces and minimizing such an
objective function means that the mobile platform
would achieve the desired motion with minimum
torques and steering efforts.

6) To verify the energy minimization effect, J was
examined in the equivalent distribution method and in
the optimum distribution method. The results showed
an energy minimization effect.

7) The results of the comparative analysis of the turning
radius and drivable lateral acceleration by vehicle
speed using the proposed algorithm showed that the
cornering performance of the vehicle improved.

Further studies will need to address fail-safe condi-
tions in the case of in-wheel motor faults, and estimate
the vehicle status for the application of the algorithm to
actual vehicles.
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