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Abstract

This paper describes a drive control algorithm based on optimal coordination of drive torque for an independent 8 in-wheel motor
drive vehicle. The drive controller improves lateral stability and maneuverability. The drive controller consists of upper level controller
and lower level controller. The upper level controller determines front, middle steering angle, additional net yaw moment and longitudi-
nal net force according to the reference velocity and steering commands. The lower level controller coordinates additional tractive and
braking forces to guarantee desired longitudinal net force and yaw moment. This controller is based on optimal control theory and takes
into consideration the friction circle related to the vertical tire force and friction coefficient acting on the road and tire. Distributed tractive
and braking forces are determined as proportional to the size of the friction circle according to the changes at driving conditions. The
response of the 8 in-wheel drive vehicle implemented with this drive controller has been evaluated via computer simulations conducted
using Matlab/Simulink dynamic model. Computer simulations of an open-loop J-turn maneuver and a closed-loop driver model subjected

to double lane change have been conducted to demonstrate improved performance and stability of the proposed drive controller.
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1. Introduction

An independent eight wheel drive / four wheel steering ve-
hicle (8WD/4WS) mechanism has been adopted for use in a
special purposed, military armored vehicle to enhance steering
performance and drive capability on off-road and on-road. The
8WD/4WS vehicle is believed to have better performance
than a conventional vehicle in terms of obstacle navigation,
off-road and on-road maneuvering. Six or eight wheeled com-
bat vehicles have been used to conduct battles on city streets.
Therefore, many researches of wheeled combat vehicle have
been conducted.

Various methods have been studied and actively developed
to improve lateral stability of a four-wheeled vehicle [1-4].
Jackson and Crolla (2002) proposed yaw rate control method
using direct yaw moment control (DYC) [5] to improve the
stability of their six-wheeled vehicle during cornering. Chen et
al. controlled the middle and rear steering angle in order to
guarantee vehicle stability and improve maneuverability using
the LQR technique with integral control [6]. An et al. have
controlled the front, middle and rear wheel steering angle and
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vehicle velocity [7, 8].

In previous research, vehicles were equipped with engine
and transmission. Only brake torque was used to generate the
desired yaw moment and wheel output torques could not be
determined independently. Therefore, previous researchers
designed a controller without the consideration of changes in
each wheel load conditions. Performance of the stability con-
troller may be limited. However, the proposed 8WD/4WS
vehicle is classified as an electric heavy vehicle and equipped
with an x-by-wire independent drive, steering and braking
system. An electric heavy vehicle has many advantages such
as high efficiency, maneuverability, stability and stealth mode
driving. It is important to develop the drive controller consid-
ering wheel load conditions for an 8WD/4WS vehicle in order
to guarantee stability and improve maneuverability. In this
paper, a drive controller for lateral stability and maneuvering
improvement has been designed. Numerical simulation has
been conducted to verify performance of the proposed drive
controller.

2. Vehicle dynamic model

The SWD/4WS vehicle is modeled as an object with 26 de-
grees-of-freedom (DOF). The full vehicle model consists of 6
DOF translational (Eq. (1)) and rotational (Eq. (2)) dynamic
models of the sprung mass, 8 suspension models (Eq. (3)), 8
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Fig. 1. Vehicle dynamic model.

wheel dynamics (Eq. (4)) and 4 steering dynamics (Eq. (5)).
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Longitudinal and lateral tire models are designed using the
Pacejka tire modeling method. Power of motor model is 120
kW and maximum torque is 12 kNm. The full vehicle dy-
namic model makes it possible to analyze the 8WD/4WS ve-
hicle’s maneuverability and to study the control method for
the drive controller. The vehicle dynamic model was devel-
oped using Matlab/Simulink in order to conduct numerical
simulation studies. An 8WD/4WS vehicle equipped with 8 in-
wheel-motors is able to operate in differential traction and
braking drive modes. Fig. 2 shows the Pacejka tire model and
the performance curve of in-wheel motors.

Table 1 shows parameters of an 8WD/4WS vehicle which
is classified as a heavy combat vehicle for military purpose.

3. Controller design

The proposed x-by-wire system in an SWD/4WS vehicle is
able to control the traction and handling independently. Fig. 3
shows the drive control strategy of the drive controller. Since
it is difficult to determine the wheel torque command directly,
the drive control algorithm was designed for the SWD/4WS
vehicle with three parts as follows: upper level, lower level
and wheel slip controller.

Maneuverability and stability performance of the drive con-
troller are superior to those of other vehicles equipped with
engine, transmission and differential gear. Fig. 4 shows the

Table 1. Specification of an 8WD/4WS vehicle.

Parameter Value Parameter Value
Sprung Mass(ms) | 18650 [kg] | Moment inertia (Izz) | 97303 [kgm?2]
Unsprung mass(mu)| 362.0 [kg] Track Width(t) 2.264 [m]
Wheel base (L) 4.6 [m] Tire radius (ri) 0.56 [m]
Wheel moment Steering column
nertia(J, ) | YHEM2 | e,y | 034 tkem2]
Suspension spring . 326010
stiffness ( K, ) 80000 [N/m] [Rollbar stiffness ( K, ) [Nm/rad]
L 560000 Steering column 50000
Tire stiffness(K, ) |\ stiffiess( K- ) [Nm/rad]

Wheel angular velocity [racs]

(c) In-wheel motor model

Fig. 2. Tire and motor of a vehicle dynamic model.
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Fig. 3. The control strategy of the drive controller.
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drive control block diagram. The drive controller consists of
upper level and lower level controller.

3.1 Upper level controller

The upper level controller takes the driver’s steering input
and reference velocity as inputs. It determines the desired
longitudinal net tire force and yaw moment. Fig. 5 shows the
upper level controller.

The upper level controller consists of determination of
first/second axle wheel angle, calculation of reference yaw
rate, yaw rate controller and speed controller. The SWD/4WS
vehicle is difficult to generate efficient turning motion using
only steering wheel angle on the first axle. For efficient turn-
ing drive, second axle steering angle is defined as a function
of the first axle steering angle. And it needs to satisfy the Ac-
kerman steering relation. The second axle steering angle is
written as a wheel base and length from the center of gravity
to the first/second axle.

Oy =0 _(1#1 _1#2)/,0: 5#1(L_l#1 + Z#z/L) : (6)

It is necessary to consider slip effects on high speed condi-
tion. Therefore, the desired yaw rate is defined as a four wheel
bicycle model for the drive controller of the SWD/4WS vehi-
cle. The dynamic model is defined as first order differential
equation as follows:
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A steady state bicycle model is useful to determine the
steady state desired yaw rate from steering angle of the first
and second axes. The steady state yaw rate is defined as fol-
lows:

ayby — ay by, )0y +(ayby, — ay by, )0,
J’ss:(u“ 1121) 41 (2112 1122) "2 ®)

(anazz - a12a21)

The desired yaw rate is determined by steady state yaw rate
and first order transfer function as follows:

1

l+7,,,s

Vd Vs + (9)

The desired yaw rate is reasonably constrained by the physi-
cal limit of tire-road friction as follows:

74l < mg/v, - (10

To track the proposed single target yaw rate, a yaw rate con-
troller is designed by 2 DOF bicycle model. Proposed yaw
rate controller based on sliding mode control theory calculates
required yaw moment to stabilize the vehicle. The yaw rate
dynamics is considered as the first order single input dynamic
system as follows:

Ly =20y Fyyy + 205 F, 4y = 2045 F s = 20, Fyy + AM . (11)

The sliding surface is defined by yaw rate error as follows:
S=r=7vq (12)

The control objective is to make the sliding surface con-
verge to zero. It can be achieved by choosing the control law
satisfying the sliding condition states as follows:

%%SQ S—n‘s‘. (77>0). (13)

The sliding control law is defined as a required yaw mo-
ment as follows:

AM = =21y F oy = 210 F s + 2045 F s + 2004 F oy

14
+IZ-}?d—IZ-77~sat(%]. (19

3.2 Lower level controller (optimal distribution)

The lower level controller is designed to distribute addi-
tional tractive/braking forces in order to generate the desired
longitudinal net force and yaw moment. Control objectives of
the lower level controller are to minimize control input and to
determine distributed tire forces in proportion to the size of a
friction circle which changes according to the drive conditions.
A friction circle means that maximum tire force can be gener-
ated by on each wheel. The performance index can be defined
as a combination of control inputs, friction circle and weight-
ing factors. Proposed performance index has been selected as
follows [9]:
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Weighting factors ( c,;,c,,,....C,q ) contained in the perform-
ance index can improve performance of the drive controller
according to various driving conditions. In this paper, weight-
ing factors are set to one. Control inputs should be satisfied
with constraints related to desired net force and yaw moment.
Constraints are written as follows:
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The number of independent variables that the problem con-
tains has been changed from eight to six using two constraints
as follows:

AF,
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Six independent variables that were previously defined can
be solved by optimal control method. It is the necessary condi-
tion that minimizes the performance index. Independent vari-
able x is defined and should be satisfied with the reformulated
equation as follows:
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Fig. 6. Strategy of the wheel slip controller.
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Matrices of A and B are expressed by friction circle, tread,
wheel base, desired longitudinal net force and yaw moment.
This linear system can be solved at each time step to find the
distribution of optimal tire forces.

3.3 Wheel slip control

The wheel slip controller is designed to keep the slip ratio
of each wheel below the maximum slip ratio as well as to
track the desired longitudinal tire force. Fig. 6 shows the strat-
egy of the wheel slip control algorithm. In the case of small
slip ratio below the maximum slip ratio, wheel torque com-
mand, which is determined by the lower level controller, is
passed directly to in-wheel motor driver. However, in the case
of high slip ratio above the maximum slip ratio, the wheel slip
controller calculates new control input to regulate exceeding
the maximum slip ratio using wheel speed control method.

On wheel speed control mode, the wheel slip controller de-
fines desired wheel speed using absolute longitudinal velocity
and maximum slip ratio (4, ). In this paper, the maximum

‘max
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wheel slip ratio is set to 0.2 in order to guarantee lateral tire
forces. The desired wheel speed is determined differently de-
pending on driving conditions such as traction and braking as
follows:

m if (ﬂ, > ﬂ,max) DriVing
0y = . @1
51— Ape) if (A <=4y, ) Braking

The wheel slip controller is based on sliding control method
[10]. The sliding surface is defined by wheel angular velocity
error as follows:

S=0—0,. (22)

The derivative of the sliding surface should be satisfied to
determine control input which converges to zero.

§ :a;—a;d@y:%{r—r.g}—@dm <-n-sgn(s) . (23)

In the case of the wheel slip ratio exceeding the maximum
slip ratio, wheel torque commands are determined based on
sliding control law. Except for the above case, wheel torque
commands are determined by distributed longitudinal tire
force and wheel radius.

. (24)
T=Ja,, +r-F.—Jn-sgn(s) Otherwise

{T:;;.-AFM. 2] < A

It is necessary that the estimated longitudinal tire force
needs to be calculated to determine control inputs. The estima-
tion of longitudinal tire force will be described in detail in the
next section.

4. Friction circle estimation [11]

For the implementation of the drive controller, it is impor-
tant to know the vertical tire force and friction coefficient.
However, measurement of this information is difficult or ex-
pensive. Therefore, friction circle estimation needs to be con-
ducted to coordinate optimal distribution of tire forces on the
drive controller. Friction circle means the maximum tire force
which can be generated on each wheel, that is, the friction
circle represents multiplication of the vertical tire force and
friction coefficient. Estimating the friction circle is more con-
venient than estimating the vertical tire force and the friction
coefficient separately on various driving conditions. The esti-
mator consists of longitudinal tire force, slip ratio and friction
circle estimation as shown in Fig. 7. The required sensor sig-
nals are the longitudinal vehicle velocity, wheel speed and
wheel torque. The longitudinal vehicle velocity can be meas-
ured easily from integrated GPS/INS system.

5. Human driver model for closed-loop simulation

The human driver model [12] is designed to evaluate per-
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o %
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- wheel tarque:
input

Fig. 7. Configuration of Friction circle estimation.
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formance of the drive controller. The model based on path
tracking control algorithm determines a driver’s steering input
instead of real driver. First, path tracking control system mod-
eling should be performed. Fig. 8 shows path tracking control
modeling. States of control system are defined as lateral posi-
tion error and angle error between vehicle and road.

The state equation of error dynamics can be obtained by lat-
eral error, derivative of lateral error, road angle error and de-
rivative of road angle error as follows:

é=Ae+Bu+Fw=Ae+BS+Fg, (25)

where ez[yr Ve 99y ¢’—¢’d]T

0 1 0 0
a] 1y 2(c,+¢)  2c+C)  2(L,C,-1G) | Te,
dlé, B mv, m my, e,
drle,| [0 0 0 1 e,
%l |, 21,¢, 1) 2(1,¢,-1C) 2(1°C,+12C) | |4
Iv, 1. Iv,
0 0
2c, 2(1,¢,-1C,)
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The control strategy of the path tracking is to eliminate lat-
eral error and yaw angle error through a combination of feed-
back and feed-forward control law as follows:

u=ug+uy=-K e—B'Fw. (26)

op
The feedback control law based on optimal control theory is
computed using error dynamic states. Feed-forward control
law is determined by using preview road information. Control
input u is steering angle.
Error dynamic equation can be rewritten as follows:

¢=Ae+Bu+Fw= Ae+ Buyg, (27)
The feedback control gain (Kopt) is obtained by minimizing
the performance index J defined as follows:

o1 1 ¢
J = lim —E{E [ (e"0e+up Ruy, )dt} (28)

t,—)ootf

Q and R are the weighting matrices for state deviations and
input efforts, respectively.

6. Numerical simulation

The response of the 8WD/4WS vehicle implemented with
the drive controller has been evaluated via computer simula-
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Fig. 10. Open-loop simulation results.

Table 2. Two drive schemes of an 8WD/4WS vehicle.

Simulation Description Tllustration
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tions. Open-loop and closed-loop simulations using a human
driver model have been conducted to verify the improved
performance of the proposed drive controller. Two drive
schemes for an eight wheeled vehicle are described in Table 2.
In case I, drive torques are evenly distributed on each wheel.
In case 1II, the optimal drive torque distribution proposed in
this study has been used.
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Fig. 11. Closed-loop simulation results.

6.1 Open-loop control simulation

An open-loop simulation has been conducted to verify the
performance of the drive controller. Fig. 10 shows simulation
results for J-turn maneuver on 0.6 low friction coefficients.
Initial longitudinal vehicle velocity is set to 80 km/h and steer-
ing input is step steer as shown in Fig. 10(a). The proposed
drive controller enhances performance of maneuverability
with respect to longitudinal velocity and yaw rate of the vehi-
cle. Fig. 10(b) shows vehicle velocity of the reference, case I
and case II. Vehicle velocity of case II is larger than that of
case L. This is because differential drive torques are generated

1579
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to satisfy the reference yaw rate and reference vehicle velocity.
Yaw rate of the case II follows the reference yaw rate accu-
rately as shown in Fig. 10(c). Desired yaw moment and wheel
input torque are determined to guarantee low level of yaw rate
error as shown in Fig. 10(d) and (e).

6.2 Closed-loop control simulation

In closed-loop control simulation, initial vehicle velocity is
80 km/h and friction coefficient is changed from 0.9 to 0.5 at
right wheel (split-mu). Simulation results for double lane
change are shown in Fig. 11(a) shows steering input which is
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determined to path tracking control. Fig. 11(b) is longitudinal
vehicle velocity of reference, case I and case II. The drive
controller (case II) enhances performance over the case I with
respect to the yaw rate error, lateral position error and side slip
angle as shown in Fig. 11(c), (d) and (e). In Fig. 11(f), lateral
stability of case II is guaranteed within smaller level of side
slip angle and lateral acceleration than case I. Yaw moment
input is determined to maintain vehicle stability. Slip ratio of
the case I exceeds the maximum slip ratio. However, in case II,
the drive controller keeps slip ratio to the maximum slip ratio
as shown in Fig. 11(h).

7. Conclusions

A drive control algorithm for an 8WD/4WS vehicle to im-
prove vehicle stability and maneuverability has been proposed.
The drive controller is based on optimal distribution control
and considering the friction circle related to vertical tire force
and friction coefficient acting on the road and tire. The friction
circle is estimated using vehicle state information which can
be measured by sensors. The response of the SWD/4WS vehi-
cle with the drive controller has been evaluated via computer
simulations using Matlab /Simulink dynamic model. Simula-
tion results show that performance and stability of the pro-
posed drive controller is better than that of simple drive con-
troller (even distribution, Case I) with respect to the yaw rate,
lateral position error, side slip angle and slip ratio. It has been
shown that maneuverability of the SWD /4WS vehicle can be
significantly improved by the use of the proposed drive con-
troller compared to a simple drive controller.
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Nomenclature

Cy; : Cornering stiffness of i-th axle wheel [N]

Fiy . Lateral tire force of i-th axle wheel [N]

F, : Vertical tire force of i-th wheel [N]

F, : Suspension Force of i-th wheel [N]

1, : Z_axis moment of inertia [kgm®]

J, : Moment of inertia of each wheel [kgm’]

L : Wheel base [m]

T; : Input tractive/brake torque command of i-th wheel [Nm]
Ty : Input steering torque command of i-th wheel [Nm]
Vies : Desired longitudinal vehicle velocity [km/h]

Cy : Weighting factors of i-th wheel

g : Gravity acceleration [m/s?]

Ly, : Distance from C.G to i-th wheel axle [m]

g : Tire radius of i-th wheel [m]

t : Track width of the vehicle [m]

v, : Vehicle velocity [m/s]

X : Vehicle position of x-axis [m]

y : Vehicle position of y-axis [m]

Zy : Displacement of a unsprung mass [m]
z,; : Displacement of a road profile [m]

a; : Slip angle of i-th wheel [rad]

p : Side slip angle

14 : Yaw rate [rad/s]

Va4 : Desired yaw rate [rad/s]

Vs : Steady state yaw rate [rad/s]

Oy : Steering wheel angle of i-th axle [rad]
4 : Pitch angle of the vehicle [rad]

O : Steering column angle of i-th wheel [rad]

A : Slip ratio of i-th wheel

U : Friction coefficient of the road

P : Distance from C.G to turning center point [m]

@ : Roll angle of the vehicle [rad]

74 : Yaw angle of the vehicle [rad]

T, : Time delay constant of desired yaw rate calculation [s]
w, : Wheel angular velocity of i-th wheel [rad/s]

Wy : Desired wheel angular velocity of i-th wheel [rad/s]
AM : Requirement of yaw moment [Nm]

AF, 4, :Additional longitudinal net tire force [N]

AF; : Additional tractive/braking force of i-th wheel [N]
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