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Abstract: This paper describes a driving control algorithm based on a skid steering for a
robotic vehicle with articulated suspension (RVAS). The RVAS is a kind of unmanned ground
vehicle based on a skid steering using an independent in-wheel drive at each wheel. The driving
control algorithm consists of four parts: a speed controller for following a desired speed, a
lateral motion controller that computes a yaw moment input to track a desired yaw rate or a
desired trajectory according to the control mode, a longitudinal tyre force distribution
algorithm that determines an optimal desired longitudinal tyre force, and a wheel torque
controller that determines a wheel torque command at each wheel in order to keep the slip
ratio at each wheel below a limit value as well as to track the desired tyre force. Longitudinal
and vertical tyre force estimators are required for the optimal tyre force distribution and wheel
slip control. A dynamic model of the RVAS for simulation study is developed and validated
using the vehicle test data. Simulation and vehicle tests are conducted in order to evaluate the
proposed driving controller. It is found from simulation and vehicle test results that the
proposed driving controller provides a satisfactory motion control performance according to

the control mode.

Keywords: skid steering vehicle, manoeuvrability, driving controller, tyre force distribution,

wheel torque control

1 INTRODUCTION

Recently, diverse unmanned ground vehicles have
been developed in order to conduct multi-tasks such
as logistics supports, surveillance, and light combat
operation. In this paper, as part of the autonomous
vehicle control for a military or robotic vehicle, a skid
steering-based driving control algorithm is inves-
tigated. 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 inde-
pendent in-wheel drive at each wheel. The RVAS, unlike
the conventional wheeled vehicles, is not equipped
with steering linkages. Instead, it is steered by means
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of differential traction force which is created from an
in-wheel motor at each wheel. Steering in this way
requires much more power consumption than does
kinematic steering using Ackerman’s linkages. How-
ever, this offers a simple structure and more room in
the vehicle for the instalment of mission equipment.
From the mobility aspect, the RVAS benefits from its
in-wheel drives and articulated suspensions, which
provide an independent wheel traction control cap-
ability and a great improvement in obstacle negotia-
tion ability respectively.

In this paper, the driving control algorithm based
on skid steering of the RVAS is investigated in order
to control the vehicle motion according to the remote
driver’s command or to track a prescribed trajectory.
The proposed driving control algorithm is related
to many research topics such as the motion control of
the skid-steering vehicle, vehicle dynamic control
for manoeuvrability, and trajectory tracking control.
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Fig. 1 Robotic vehicle with articulated suspension (RVAS)

Diverse control strategies for a skid-steering vehicle
have been proposed in earlier research. Golconda
presented the steering 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 [1]. Economou and Colyer proposed fuzzy
logic control of wheeled skid-steer electric vehicles
[2]. Dixon et al. investigated the non-linear control of
wheeled mobile robots [3]. Also, there has been some
research on vehicle dynamic control for manoeuvr-
ability. Cho er al. investigated a unified chassis control
scheme for optimized vehicle stability and manoeuvr-
ability [4]. Yi et al. proposed differential braking
strategies for vehicle stability control [5]. Uematsu
and Gerdes designed and compared diverse sliding
mode controllers for vehicle dynamic control [6]. Chen
and Peng evaluated the vehicle dynamic control algo-
rithm based on differential braking [7]. Finally, re-
search relating to trajectory tracking has been carried
out for several decades. Kang et al. designed and
tested a controller for autonomous vehicle path track-
ing using GPS/INS sensors [8]. Peng proposed a path-
tracking controller based on the optimal finite pre-
view control method [9]. Lenain et al. introduced a
non-linear adaptive control law in order to preserve
guidance precision in the presence of sliding [10].
Lizarralde et al. presented a method for mobile robot
navigation where dead-reckoning data is combined
with range-sensor data via a Kalman filter to provide
input to a non-linear model predictive control
(NMPC) algorithm [11]. However, since these re-
searches were conducted for a conventional suspen-
sion vehicle, the articulated suspension vehicle such
as the RVAS is not applicable.

This paper is organized in the following manner. A
dynamic model for the RVAS is developed and
validated in section 2 using the test data. In section
3, the overall control strategy based on a skid
steering is presented. In this section, an upper-level
controller and a lower-level controller are designed
for vehicle motion control according to the control

mode. The longitudinal and vertical tyre forces are
estimated in section 4. Simulation and vehicle tests
are conducted in order to evaluate the proposed
driving controller, and the test results are compared
with the simulation results in sections 5 and 6.
Finally, section 7 concludes this paper.

2 DYNAMIC MODEL OF A VEHICLE WITH SIX
INDEPENDENT IN-WHEEL DRIVES

A full dynamic model of the RVAS is developed to
conduct numerical simulation studies as shown in
Fig. 2. The dynamic model has 18 degrees of freedom
(DOF) with the dynamic equations of sprung mass, six
arm rods, and six wheels. The dynamic motion of sp-
rung mass is modelled as 6DOF, including translational
motions (longitudinal, lateral, vertical) and rotational
motions (roll, pitch, yaw). The sprung mass is assumed
as a rigid body connected with the six arm rods.

2.1 Development of vehicle dynamic model

The full dynamic model of the RVAS is designed as
having three parts: driving system, arm dynamic model,
and vehicle body dynamic model, as shown in Fig. 3.
The driving system contains an in-wheel motor model,
a wheel dynamic model, and a tyre model. The arm
dynamic model determines the dynamic behaviours of
the ith arm rod. The vehicle body dynamic model is
designed to represent the dynamic behaviour of a
sprung mass. The numerical values are listed in Table 1.

2.1.1 Driving system

The driving system in the dynamic model consists of
an in-wheel motor model, a wheel dynamic model,
and a tyre model. The in-wheel motor is modelled
using a first-order transfer function. The torque/
speed curve as shown in Fig. 4 is used to consider
the maximum power of the in-wheel motor in the
dynamic model of the RVAS.
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3. Vehicle Body Dynamics
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Fig. 3 Schematic diagram of the dynamic model

Table 1 Parameters of vehicle dynamic model

Symbol Value Symbol Value

m 1500 kg Iy —0.76 m
Marm 31.7kg larm 0.42m

mg 1002 kg I, 460 kgm?
My 51.3kg I, 900 kg m?
I 0.92m I 1200 kg m?
In 0.08 m fw 0.8085 m

The wheel dynamic model can be designed using
the wheel dynamic equation

do; (1)

Jw %X ar

=T;(t) x RiFi(1) (1)
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Fig. 4 Torque/speed curve of each in-wheel motor

Finally, longitudinal and lateral tyre models are
modelled using a combined Pacejka tyre model [12].
The tyre forces are related to wheel slip ratio and slip
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angle. The wheel slip ratio and the slip angle are
defined as in equation (2)

Ri X 0j — Vi

Ji= Ri-o; =0 ;= —tan ' £
") Ry X 0 — Uiy > M= Viri
Rixoi=vui 4 ;<o) b

Vtxi

(2)

where vy; and vy, denote the longitudinal and lat-
eral velocity at the tyre centre and can be cal-
culated as

. T
I'wi= [Vm' Vyyi Utzi]
= fcg+wcg X Tijeg + Warm_ijcg X Twi/i
Feg Wcg Tijeg
Uy ¢ l;
= Vy + 9 X i tw

v, 17 0
Darm_i/cg Twiyi
,-—-/\—.s )
0 — larm X Sin(6arm_i)
+ éarm,i X 0
0 — Layrm %< €08(0arm_;) (3)

where 7g denotes the vehicle velocity vector, wg the
vehicle angular velocity vector, r;,, the distance
vector from the centre of gravity (c.g.) to the rotational
centre of the ith arm rod, r,;; the distance vector
from the rotational centre of the ith arm rod to the
ith wheel, and w,m_j/cg the relative angular velocity
vector of the ith arm rod to the rotational centre of the
ith arm rod respectively.

2.1.2 Arm dynamic model

The arm dynamic model determines the arm beha-
viour of each arm rod and internal forces and moments
acting on a sprung mass. The behaviour of each arm
rod occurs due to longitudinal, lateral, and vertical tyre
forces and arm spring and damping torques. Figure 5
shows the dynamic equilibrium of the ith arm rod.
From Fig. 5, the dynamic equations for the arm
dynamic model can be expressed as follows

Z Fi am_i=Fui—Foxi= (marm X j‘.:arm_i) + (mw X jéw_i)
Z Fy_arm_i=Fiyi— Fyi = (marm X j'/arm_i) + (mw X j}w_i)

Z Fz_arm_i :thi _Fszi - (mw + marm)'g

= (marm X zarm_i) + (mw X zw_i)

(4)

IS}

am_i

7+

Fig. 5 Dynamic equilibrium of ith arm rod, (a) right-side view, (b) top view, and (c) rear view
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Z M, arm_i = Tarm_x X arm _xi + (Iarml _Iarm,y) X Warm_yi X Warm _zi
+ larm X COS(Qarm_i) (mw X j}wi + Marm }%)
Z My_arm_i = Iarm,y X Oarm_yi + (IarmJ _Iarml)warm_zi X Warm _xi
- j‘.f'arm_i . éarm_i .
— | My X Xwi+ Marm T Larm X COS(Qarm_i) + | My X Zywi+ Marm 2 X larm X Sln(earm_i)
Z M, _arm_i = larm_z X %arm_zi + (Iarm,y _Iarmgc)warmgci X Warm_yi
— larm X Sin(garm_i) (mw X J7W,- + Marm J%)
(5)
In equgtlons (4) and (5), the angular velocity Vec_tor S My arm_i = — Mg+ larm % €08 (Oarm 1) - Fiyi
of the ith arm rod, wam_;, the angular acceleration m
. . . rm
vector of the ith arm rod, o, ;, and the translational > My am_i=— Tsgp_i — larm ¥ Sln(earm_i)(mw + ; )g
elaton oo e f e, r en s Iy
+ larm ¥ Sin(garm_i)thi
T Z M arm_i= —Mszi — larm X Sin(garm_i)Ftyi — Tel_i
Warm_i = [warchi Warm_yi  Warm_zi } ©)
. . . T
=Wcg+ Warm_i/cg = 0+ 0am_ i ¢ ; ;
gt Camijeg =9 0+ Oam.i ] 6) where Tsgp_; denotes a sum of spring and damping
torques of the ith arm rod as
arm_i = [O‘armgci Oarm_yi OCarmazi]T / ;
- - TS&D_i <9arm_i, earm_i) = ks X earm_i +Cq X Harm_i (10)
= Ocg + Qarm_i/cg T Dcg X Warm_i/cg
g Sarm _i/cg g Oam _ijeg Substituting equations (6) to (8) into equation (5),
’ 3 T oo 1 4 T oo 1 the dynamic equation for the arm motion can be
i . i . obtained as
= 0] + Harm,i + 0 X Harm,i
m .
1 0 7 0 {Iarm_y + (mw + Zrm) lirm}earm_i =
. . . ) . m .
¢ . ga.r.m_l v Z My_arm_i - {Iarm_y + (mw + Zrm) lirm}g
= 0+ Oarm_i (I I )¢ .
. y — Uarm_x —larm_z ) 9@
P4 Oarm_i X ¢ (7) m
+ (mw + 4;rm) larm{cos(earm,i)xi - Sin(earmi)zi}
.. . . .. T m . 2,
I'wi= [xwi Ywi Zwi} - (mw+ Zrm) lﬁrm {SHI(Qarm_i) COoS (Harm_i) (¢ _(”2)
=Ti Oarm_i X [warm_i x rWi/i} + dtarm_i X Twi/i + {COSZ(Garm_i) - Sinz(earm_i) }¢¢] (11)
F=[k § a4l . . . .
) Using the arm motion obtained from equation (11),
=1Fog+ (eg X [(eg X Tijeg] +0leg X Ti/cg the internal forces and moments acting on the sprung
(8) mass can be determined from equations (4) to (5).

where «.; denotes the vehicle angular acceleration
Vector, o,m_i/cg the relative angular acceleration vec-
tor of the ith arm rod to c.g., and 7; the translational
acceleration vector of the rotational centre of the ith
arm rod respectively. The moment summations in
equation (5) are shown in equation (9)

2.1.3 Vehicle body dynamic model

The vehicle body dynamic model determines the
dynamic behaviour of the sprung mass using the internal
forces and moments obtained from the arm dynamic
model. The dynamic equations of the sprung mass can
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be obtained from the d’Alembert principle as follows

6 _
Foi=mg| U+, (0 - vy) @}

=

[=2]
—

Z Fsyi=mg :i/y + (9 — Vz)ﬂ

=

; Foyi=my :i/z +vy <¢ — vx) 9]

[=2]
—

6 3 3
zMsx,-Hw{stz(z,-n - zam}
i=1 i=1 i=1

=L+, —L)0p

6 2 4 6
Z Tsep i+ { —1I Z Foi—In Z Fyi+1; Z Fszi}
i-1 i-1 i3 =5
=10+ (I~ L)p$

6 3
Z Mszi + Z (st(Zi) _st(zi— 1))
i=1

i=1

2 4 6
+ {lfZFsyi+lmZFsyi_erFSyi}
i=1 i=3 i=5

=L+ (I, —L)$0

2.2 Validation of dynamic model

Validation of the vehicle dynamic model has been
conducted by comparing simulation results to the
test data of the RVAS. For the validation of the
dynamic model, the driving control algorithm which
was implemented in the vehicle test is used iden-
tically in the dynamic model simulation. Also, the
desired speed obtained from the vehicle test is used
in the simulation. Figure 6 shows a comparison of
test data and simulation results. From Fig. 6, it is
found that the simulation results are almost identical
to the test data except for the yaw rate, as shown in
Fig. 6(b). The difference between the test data and
the simulation results is due to the vertical road
profile and an offset of the mass centre of the test
platform. In the case of the vehicle test, the yaw rate
is fluctuated by the road profile. Also, the offset of
the mass centre causes a smaller left yaw motion
than the right yaw motion in an identical yaw

motion command. However, the simulation results
agree generally with the test data, suggesting that the
designed dynamic model is feasible as a test plat-
form for development of the driving controller.

3 CONTROLLER DESIGN

In this section, the driving control algorithm based on
skid steering is designed to control vehicle motion
according to the control mode. There are two control
modes. One is the remote control manoeuvring
mode. In the case of the remote control manoeuvring
mode, the vehicle motion is controlled according to
the remote driver’s command, desired speed, and
steering command. The other is the autonomous
driving control mode for tracking the desired trajec-
tory. The control mode is determined by the remote
driver. Figure 7 shows a control strategy for the
driving controller proposed in this study. Since it is
difficult to determine the wheel torque command
directly, the driving control algorithm for the RVAS is
designed with four parts as follows: a speed controller
which determines a total traction force for following a
desired speed; a lateral motion controller which
computes a yaw moment input to track a desired
yaw rate or a desired trajectory according to the
control mode; a tyre force distribution algorithm that
calculates an optimal desired longitudinal tyre force at
each wheel; and a wheel torque controller that
determines the wheel torque command at each wheel.

A schematic diagram of the proposed driving control
algorithm is shown in Fig. 8. The speed controller in the
upper-level control is designed to follow the desired
speed using the PI control method [8, 14, 15]. The
lateral motion controller determines the yaw moment
input in order to track the desired yaw motion which is
determined according to the control mode, the remote
control mode, and the autonomous driving control
mode. The upper-level control inputs, the total traction
force, and the yaw moment input should be applied to
the RVAS using the longitudinal tyre force distribution
algorithm and wheel torque control. Therefore, the
objective of the tyre force distribution algorithm is to
determine how much force is required at each wheel.
From the concept of the friction circle, the desired
longitudinal tyre force of each wheel is determined in
proportion to the vertical tyre force of each wheel.
Finally, a wheel torque controller is designed to track
the desired longitudinal tyre force and at the same time
keep the wheel slip ratio of each wheel below a limit
value. Additionally, longitudinal and vertical tyre forces
are estimated for optimal tyre force distribution and
wheel slip control [14, 16-18].
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Fig. 7 Control strategy of the driving controller based on a skid steering

3.1 Upper-level control

The upper-level control consists of the speed con-
troller and the lateral motion controller, as shown in
Fig. 9. In the upper-level control, the speed controller
computes a total traction force, F,_ges, for following a
desired speed. In this paper, the speed controller is
designed based on the PI control method. Also, the
lateral motion controller determines yaw moment

input, M, 4., according to the control mode. The
control mode is selected by remote driver input, and
there exist two control modes: the remote control
manoeuvring mode and the autonomous driving
control mode. In the case of the remote control
mode, the yaw rate controller is activated and
computes the yaw moment input for following the
desired yaw rate. In the remote control manoeuvring
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Skid Steering based Driving Controller

Remote Control Unit Estimator
* Control Mode e e R
= Desired Speed

= Steering Command

Measured signals Upper level control Lower level control
_____________________ hl r_____________ T R T Ty

Wheel speed 1 ! I :
Longi velocity : [ Speed Controller ] : |l 1
Longi Accel 1 ! | Wheel Torque Control [!
Lategral Accel | : | ‘Fyre Foree :

1 p——
Vertical Accel >1 1| Lateral Motion Controller | I | Distribution * Torque Control Mode ||

! Algorith N
Rloll Rate | |* Yaw Rate Controller ! . o = Slip Limitation Mode ' g
Pitch Rate i |« Trajectory Tracking Controller 1 I 1 Robotic Vehicle
Yaw Rate ! : ! : With Articulated
AmPosiion = | = —-mmmmmmemm—msmm—memm—mmd kmmccem s s s e e —————— ! Suspension
Vehicle Position =
Wheel Torque et | Sensor/GPS Module |=

Fig. 8 Block diagram of autonomous driving control algorithm based on a skid steering
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Fig. 9 Upper-level control

mode, a desired yaw rate is generated based on the order transfer function as [4]

remote driver’s steering command. In the autono-

mous driving control mode, the trajectory tracking p— Vs 5 14
. . . 7d= com (14)

controller is activated and determines the yaw 1+ 7ggs

moment input to track the prescribed trajectory.

The upper-level control inputs are applied to the test

platform through the lower level-controller.

where tsg denotes the time constant and y, can be
calculated based on a 2DOF bicycle model as

|
| L 2+ 1{GiConlt + hym) + Cr et + )}
” 2{Cfcm(lwf‘*'lwm)z +Cfcr(lwf+ lwr)2+CmCr(lwm_ wr)z} _Zml’)zc(lwfcf_ mem_ lwrCr)

(15)

3.1.1 Remote control manoeuvring A 2DOF bicycle model modified as a skid-steering

In the remote control mode, the yaw rate controller
is activated in order to force the vehicle to track
a desired yaw rate generated by a remote driver’s
steering command, Jd.m. The yaw rate controller
determines the yaw moment input to reduce the yaw
rate error between the desired and the actual yaw
rates. The desired yaw rate, y4, is determined using
the remote driver’s steering command and the first-

vehicle is used to design the yaw rate controller, as
shown in Fig. 10. Equation (16) represents the
dynamic equation of the modified bicycle model

m (i) + V) = 2Fy¢ + 2Fym + 2F,,

Lop= lwayf —lwm ym ™ wrFyr +M: _des
(16)
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Fig. 10 Modified 2DOF bicycle model

The sliding mode control method is used for the
design of the yaw rate controller, and the sliding
surface is defined using the difference between the
desired yaw rate and the actual yaw rate as follows

S=9¢—74 (17)

The control objective is to keep the sliding surface
at zero. This can be achieved by choosing the control
law such that

d .
Easzzss<—n|s|<—l(|s| (18)
where K denotes the control gain. Using equations
(16) to (18), the yaw moment input for tracking the
desired yaw rate can be obtained as
Mz_des = {ZwaFyf _lemFym _lerFyr} —IZK sgn(s)
(19)

In equation (19), the lateral tyre forces can be ex-
pressed using the linear tyre model as

Lt
Fyf:Cf<_ Lt} f(”)

— L@
ﬂm=Ch<_5LiEﬂ>
Fyrzcm<_ ”y—vvv(")

X

(20)

Substituting equation (20) into equation (19), the
yaw moment input can be obtained as

Finally, the saturation function with boundary, ®,
is used to cope with the chattering phenomenon as

A S .
—Agm—;ﬁg—gK%nQQ if (|s|=®)
Mz_des = *
if (]s|<®)

(22)

A S
~AsLp— "Ly~ LK o
X

The control parameters for the yaw rate controller
are shown in Table 2.

3.1.2 Autonomous driving control

The trajectory tracking controller is activated in the
autonomous driving control mode. The controller
computes the yaw moment input in order to track the
desired trajectory. In this study, the trajectory track-
ing controller is designed based on the optimal finite
preview control method, as shown in Fig. 11 [8, 9].

In Fig. 11, lateral position error, y,, is defined as
the lateral distance between the vehicle c.g. (C) and
the centre-line of the desired trajectory (R). Yaw
angle error, ¢ — ¢4, is defined using the yaw angle of
the vehicle and the desired yaw angle as dictated by
the desired trajectory. The rate of change of lateral
position error and yaw angle error are defined as
follows

Ay =vyAt+ v At(p—pyq)

Ve=Uy+ (9 —0q)
(23)

= Q4= ; (24)

where p denotes the curvature radius of the desired
trajectory.

The trajectory tracking controller is designed to
eliminate the lateral position error and the yaw
angle error through a combination of feedback and
feedforward control. The feedback control input of
the trajectory tracking controller is computed using

A ..
M, ges= —AsLp— 2 Ly—LK sgn(s) (21) the lateral position error and the yaw angle error.
Uy
where Table 2 Control parameters for yaw rate con-
troller
A= — 2(4Gh = nCn — 1 Cy) Symbol Value Symbol Value
L
“ TSR 0.01s G 22031 N/rad
2(Ci+12.C,+I2C K 2.8 Cn 24274 N/rad
m:_(ff ?m rG) @ 5.0 deg/s G 20790 N/rad
Z
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Desired /
Trajectory =~ ~ /

9leuip1ood X |eqo|n

Fig. 11 Trajectory tracking controller based on an optimal finite preview control

The feedforward control input is determined using
the road information within the preview distance.
To develop the trajectory tracking controller based
on the optimal finite preview control theory, pre-
view distance, Ly, is transformed into preview time,
Ty, as

Tp=— (25)

A modified 2DOF bicycle model described in the
previous section is used similarly to design the tra-
jectory tracking controller. Using the linear tyre
model of equation (20) and equations (23) and (24),
the lateral tyre forces can be represented as

bl Ly
Fyfch{_JMJr((p_(ﬂd)__f%}
Ux Ux
. — b (0 — ¢ Lr .
Fyr:cr{_M‘FW—%)JF%%}
X X

V. — bm (9 — ¢ Lm .
Fym:cm{_y—r Wn;((o ¢d)+(¢_¢d)+ %(ﬂd}
X X

Substituting equation (26) into equation (16), the
state equations for the design of the trajectory
tracking controller can be obtained as

XZAX+BMZ_des + Fqwyq

x=[n ¥ 0—0a 9—9al
(27)

where

o 1 0 0
0 é —A; &
Uy Uy
A=
0 O 0 1
0o by A
L Uy 3 Uy |
[0 0 0
. 0 L |10
= , =
0 00
1
-I_z 0 1
. Ay,
— UxPq+ p
Wq= A *
4 . ..
v, ¥a—%Pd
2(CG+Cpn+C)
A=
A, — 2(lwfcf_lwmcm_lwrcr)
T m
As— 2(lwfcf_lwmcm_lwrcr)
T I
Z
e 2(BeCGe+ 12, Cn+2.C)
T I
v4

In this study, the yaw moment input is determined
using the optimal finite preview control method. The
yaw moment input consists of a feedback control
input, —Kypx(f), and a feedforward control input,
Mie(1), as in equation (28)

M;,_des(£) = — KoptX () + Mpre(t) (28)
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The feedback gain in equation (28) can be
obtained using the control algebraic Riccati equation
and the feedforward input can be computed based
on the finite preview control method as in equation
(29) 18, 9]

|

3.2 Lower-level controller

A lower-level controller is designed to apply the
upper-level control inputs to the test platform. The
lower-level controller consists of the tyre force
distribution algorithm and the wheel torque controller,

Tp
Mpe(f)= —R™'B" J NP Faw(t+1) dr— (AT) N T P Fawa (14 T,) | (29)
0

|
where A.=A—BR~'B"P,, and Py, denotes the solu-
tion of the control algebraic Riccati equation. From
equation (29), it is clear that the yaw moment input
is computed using the desired trajectory information
between ¢ and t+ Tj,.

Equation (29) indicates that an integral operation
with respect to t has to be performed at each time in
order to determine the yaw moment input. In order
to implement the optimal finite preview control
easily, the integration can be replaced by a finite
summation of the form as

|

as shown in Fig. 12. In tyre force distribution, the
desired longitudinal tyre force of each wheel, X;, is
computed using the estimated vertical tyre force, Fy;
[14, 16, 17]. The wheel torque controller determines
wheel torque command, Tcom_;, at each wheel using
the desired longitudinal tyre force and estimated
longitudinal tyre force, Fiy, in order to keep the slip
ratio at each wheel below a limit value as well as to
track the desired longitudinal tyre force.

Nrotal .
Mpre(t)=—R'BT N NOTIp Fyw(t-+ ATI)AT — (AT) ' N0 Py Fawq (t+T,) p (30)

i=0

where N AT =T, and AT is sufficiently small. The
control parameters for the trajectory tracking con-

troller are shown in Table 3.

Table 3 Control parameters for tra-
jectory tracking controller

Symbol Value Symbol Value

T, 0.655s N,

total

20

3.2.1 Tyre force distribution algorithm

In section 3.1, the total traction force input and the
yaw moment input are determined. These upper-
level control inputs to the test platform should occur
through the tyre force distribution. Therefore, the
objective of the tyre force distribution algorithm is to
compute how much force should be generated at
each wheel. From the concept of friction circle
(where the tyre force magnitude acting on a tyre is

Tyre Force Estimator

Distribution
Algorithm X;‘

tzi Lower Level Controller
Upper P
Level
Controller Tyre Force

Wheel Torque Controller | |

* Torque Control Mode
= Slip Control Mode

b1 Wheel Torque Input

Fig. 12 Lower-level controller
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proportional to the vertical tyre force), it is well
known that the tyre force magnitude acting on a tyre
is proportional to the vertical tyre force. Using this
concept and to simplify the optimization problem as
well as to obtain a linear equation system, the cost
function as equation (31) is chosen in order to obtain
the desired longitudinal tyre force at each wheel [19]

]cost = Z VVL IE'_ZI
tzi

i1
where W; denotes the weighting coefficient at the ith
wheel.

The desired tyre forces have to satisfy the follow-
ing constraints as equations (32) and (33) in order to
apply the total traction force and the yaw moment
input to the test platform

(31)

Fx_des:XI +Xo + X3+ X4+ X5+ Xs (32)

Mz,des: _tw[(Xl _X2)+(X3_X4) +(X5 _Xﬁ)] (33)

Substituting equations (32) and (33) into equation
(31), the cost function of equation (31) is not subjected
to any constraints, and its optimum can be determined
as shown in equation (34)

3.2.2 Wheel torque controller

The wheel torque controller is designed to determine
the wheel torque input at each wheel in order to
generate vehicle motion. The aim of the RVAS is to
drive on various rough terrains. Also, it is difficult to
obtain the complete characteristics of the long-
itudinal tyre force according to driving conditions.
Therefore, it is assumed that a characteristic of
longitudinal tyre force is unknown in designing the
wheel torque controller [14].

The wheel torque controller is designed to keep a
wheel slip ratio of each wheel below a limit value, /nax,
as well as to track the desired longitudinal tyre force. In
the case of a sufficiently small slip ratio, the wheel
torque command can be determined as equation (36) in
order to track the desired longitudinal tyre force

Teom_i(k) = RiXi(k) (36)

However, the above control input may cause deviation
of the wheel slip ratio when the wheel is lifted off or
excessive longitudinal tyre force is required. In this
study, when the wheel slip ratio is larger than the limit
value, the wheel torque controller is designed so that
the actual wheel speed tracks the desired wheel speed
for slip control. The desired wheel speed is represented
as [20]

a]cost —0= 2I/Vl Xl - 2W5 |:Fx_des - Mz_des _Xl —X3:| a]cost —0= 2W3 X3 - 2W5 [Fx_des - Mz_des _)(1 —X3:| ‘
X, Fi Fus | 2 2ty T 0X3 Fis Fus | 2 2ty
a]cost —0= 2W2 X2 - 2W6 |:Fx_des Mz_des _XZ —X4:| a]cost —0= 2VV4 o 2W6 |:Fx_des + Mz_des —Xz —X4:|
6X2 thz Ptzﬁ 2 2tW ' 6X4 th4 Ptzﬁ 2 2tw
(34) ‘
As aresult, the desired longitudinal tyre force at each ‘
wheel can be obtained based on the estimated vertical 7 U“f if (4> /max)
tyre force and upper-level control inputs as Oj des v;Eil — Amax) ' (37)
R (1—Amax) if (A< —Amax)
1
_m % 0 WS 0 17 W5 {Fx_des _ Mz_des }_
F, t221 F, t225 F, t225 t2z5 2 2lw
X 0 % % 0 We We {Fx_des + Mz_des} X, Fx,des Mz,des
Xz | thzz PéG PtZZG thzs 2 21w T2 2, —Ai~%s
X3 Ws 0 % % 0 Ws {dees . Mzdes} ’ Xﬁzﬂ-f—M—Xz—le
Xy F%, F2, FZ 2 L 2 2l 2 2ty
0 We 0 % % We {dees 4 Mzdes}
2 [2 i =
L thﬁ FLZ4 th6_ L tzzs 2 ZtW _ (35)
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Table 4 Control parameters for wheel torque controller

Symbol Value Symbol Value
Ky 80.0 Amax 0.2
D, 5.0 rad/s

where vy,; denotes the longitudinal velocity at the tyre
centre. The wheel torque command for tracking the
desired wheel speed is computed based on the sliding
mode control method and wheel dynamics as follows

1 .
Easfvzswswz — Ky |sw]

{Tcom,i(k) — Riﬁtx,-(k)} =— Ky sgn(sy)

Sw = cUi_des(k) _wi(k)a
1
Jw

S =— @0y =—
(38)

where K, is a positive constant. As a result, the wheel
torque command can be determined as shown in
equation (39)

RiXi(k) if (]| <Zmax)
RiF (k) + JwKysat (s, /®y) if (|2 = /max)
(39)

Teom_i(k)= {

where ®,, denotes the boundary condition of the satu-
ration function. Table 4 shows the control parameters
for the wheel torque controller.

4 TYRE FORCE ESTIMATION

As mentioned in section 3, the estimated long-
itudinal and vertical tyre forces are required for the
optimal tyre force distribution and the wheel slip
control in the lower-level control. Figure 13 shows
the schematic diagram of the tyre force estimation.
The angular acceleration at each wheel, @;(k), can be
estimated using the measured wheel speed. Also, the
estimated longitudinal tyre force, Fy;(k), can be

Measured signals Tyre Force Estimator

Wheel speed

Longi velocity Estimation of

calculated using @;(k) and the wheel torque mea-
sured earlier, T;(k—1), based on wheel dynamics.
Finally, vertical tyre force at each wheel can be
obtained using arm dynamics.

4.1 Longitudinal tyre force estimation

A longitudinal tyre force can be estimated using the
estimated wheel angular acceleration and the wheel
dynamic equation. The state equation for estimation
of wheel angular acceleration is obtained from the
Taylor formula of wheel speed as follows [21]

2

wi(t+AT)=w;(t)+ATw;(t)+ A—Ta)l(t) +d,

@i(t+AT)=w;(t) + ATi(t)+ds

i(t+AT)=dd;(t)+ds
(40)

where AT is the sampling period and d; denotes
disturbance. In equation (40), the wheel angular
speed can be measured; that is

y(t)=[1 0 OJ[wi(t) ai(t) a(t)]' (41)

The state equation can be expressed by discretiza-
tion of equations (40) and (41) as

x(k+1)
Acsti Gesti
1 AT AT?2/2][oi(k)] 1 0 0] [d
=10 1 AT wi(k) [+]10 1 0] |d,
0 0 1 i(k) 0 0 1] |ds
Hegi
yk)=[1 0 0]x(k)+uv(k) (2)

Longi Accel
Lateral Accel
Vertical Accel
Roll Rate

@ (k):Tr Angular Wheel

Acceleration ] (k ) Estimation of F

Longitudinal

Tyre Force Estimation of

Vertical

Pitch Rate

Arm Position

T(k-1)

Tyre Force

Vehicle Position
Wheel Torque

|
|
|
|
1
|
Yaw Rate :
|
1
|
|

A J

Vehicle State & Arm Angle

Fig. 13 Tyre force estimation
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where v(k) is measurement noise. Suppose that d;(k)
and v(k) are zero-mean white noise separately,
whose covariance values are Qegti(k) and Regi(k) as

0 0
Qesti(k) =10 0 > Resti(k) =r (43)
0 0

Q O O

Using the Kalman filter method and equations (42)
and (43), the estimated wheel acceleration can be
obtained as follows

X(k|k) :Aestifc(k_ 1|k_ 1)
+ L(k){y(k) — HestiAestiX (k—1]k—1)}  (44)

where L(k) denotes the Kalman filter gain. As a result,

Fii(k) can be calculated using the wheel torque
measured earlier, T;(k—1), and the estimated wheel

acceleration, @;(k|k), based on wheel dynamics as

{ |

4.2 Vertical tyre force estimation

1

Fui(k)= =

Ty(k—1)— ]i&qu) (45)

w

The vertical tyre force can be estimated approxi-
mately based on the steady state arm dynamics, as
shown in Fig. 14 and equation (46)

‘ ksADarm_i + CdAéarm_i

where ATsgp_; denotes the variation of the spring
and damping torques at the ith arm rod as

ATsep i =ksAOarm i + CdABarm_i

AQarm_i = Harm_i - garm_static

(47)

In equation (46), Xw_i, Zw_i» Xarm_i» and Zamy,_; can be
expressed approximately as

Fwi=[Xwi Vi Zwi]
= 'f‘cg + Warm_i X Warm_i X T'wijcg + O‘/cg X Tw/cg

Farm_i= [xarm_i Yarm_i Zarm_i]

=Tcg+®arm_i X Warm_i X rarm,i/cg+fx/cg XTarm_i/cg

(48)

where 1,/ denotes the distance vector from c.g. to
the ith wheel, rym /¢ the distance vector from c.g. to
the mass centre of the ith arm rod respectively. r,;/cq
and Tam_i/cg Can be obtained as

Twi/cg = [ll —larm Sin(garm_i) + tw—larm COS(Qarm_i)]T
T

Lar
M oS (Oarm_i)

2

l .
%Sln(oarm_i) + tw—

Tarm_i/cg = |:ll -
(49)
Substituting equation (48) into equation (46), the

variation of the vertical tyre force at the ith wheel
can be obtained as

» Fu (mw + m;rm) ; 2 2
AF ;= — + twp0—1;( 0
@ Lyrm SiN Oarm i tan Ogrm tan Oarm._; {ax gl ( +¢ ) }

Marm

+ (mw+ ) [azirtwgbéﬂ

Marm

i¢¢] + L (mw +

COSZ (Oarm_i) - Sinz (Oarm_i)

Marm

) c0s (Oarm._i) {(’pz — 4)2}

)

’ + Lo (mw +=

Z M, = —ATsgp_i+ larm Sin Oarm_iAthi

- larm Ccos Oarm_ithi

. Marm ..
=— (mwxw_i + Txarm_i) larm €08 Ogrm

Marm

+ (mwéw_l- + >

zarm_z) larm sin 9arm_i =0

(46)

Sin Ogrm_;

i (50)

In equation (50), first and second terms relate to
the arm motion and the other terms are to the
vehicle body’s motion. Using equation (50), the
vertical tyre force can be estimated as

(k—1iAT)

= N Aptzi
tht(k) :thi,static + Z N (51)
i=0

where Fi;_satic 1S a static vertical tyre force at the ith
wheel.
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Fig. 14 Simplified arm dynamic model

5 SIMULATION RESULTS

Simulation studies in the autonomous driving con-
trol mode are conducted in order to evaluate the
driving control algorithm based on skid steering. The
dynamic model validated in section 2 is used for the
simulation studies. In order to investigate the effects
of slip control, the simulation results with slip
control are compared with the simulation results
without slip control in identical driving conditions as
follows: the radius of the S curve trajectory, the
desired trajectory, is 6m; the tyre-road friction
coefficient is 0.85; the desired speed is 8.5km/h at
constant; the initial speed of vehicle is 6 km/h; and
the maximum slip ratio value is set at 0.2.

The simulation results in the autonomous control
mode are presented in Fig. 15. Figure 15(a) shows
the desired speed and the longitudinal vehicle speed.
Vehicle yaw rates are presented in Fig. 15(b).
Figures 15(c) and (d) show the lateral position error
and yaw angle error. From Figs 15(c) and (d), it is
found that the lateral position error and the yaw
angle with slip control are less than half of the
tracking performance with non-slip control. Vehicle
trajectories are presented in Fig. 15(f). As shown in
Figs 15(c), (d), and (f), the vehicle with slip control
tracks the desired trajectory closer than that with
non-slip control as well as having guaranteed vehicle
stability, in contrast to that with non-slip control.
Figure 15(e) shows the middle wheel slip ratio. The
slip ratio without the slip control is as large as the
wheel can run idle when the desired tyre force is
required excessively, as shown in Fig. 15(e). On the
other hand, if the control input for slip limitation is
applied, it is possible to track the desired trajectory
in the small slip ratio region and at the same time
reduce the energy consumption of the in-wheel
motor.

Figure 16 shows the estimated tyre force and
wheel torque inputs of the middle wheel in the above
simulation. The estimated tyre forces are required
for the optimal tyre force distribution and the wheel

slip control. The estimated longitudinal and vertical
tyre forces are compared with the longitudinal and
vertical tyre forces of the dynamic model as shown in
Figs 16(a) and (b). From Figs 16(b) and (c), it can be
found that the wheel torque input is determined in
proportion to the estimated vertical tyre force.

In order to compare numerically the above
simulation results, the performance indexes of the
speed control, trajectory tracking control, and total
energy consumption of in-wheel motors are defined
as

]speed_contml = J (Vx - Vdes)2 dr (52)
]tracking_performance = Jyrz dr (53)
6
Energy consumption= Z J | Ti0;| At (54)

i=1

The performance indexes and the total energy
consumption obtained using equations (52) to (54)
are presented in Fig. 17. From Figs 15 and 17, it can
be found that the slip control in the wheel torque
controller should be considered in order to prevent
unnecessary energy consumption at each wheel as
well as to improve the vehicle motion control
performance.

6 VEHICLE TEST RESULTS

Vehicle tests have been conducted in order to
evaluate the proposed driving control algorithm for
remote control manoeuvring and autonomous driv-
ing control. The tests were performed using the
control system as shown in Fig. 18. Figure 18 shows
a configuration diagram of the control system in this
study. The control system consists of a remote
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control module, an actuator system, and a sensor
system. The remote control module is used to
communicate the remote driver’s command control
mode, desired speed, and steering command to the
main controller unit. The driving controller devel-
oped in this paper is implemented on the main
controller unit, in order to determine the wheel
torque command. An ADTM-C6713 DSP module is
used as the main controller unit. The driving
controller runs with a sampling time of 10ms on
the main controller unit. The motor driver in the
actuator system controls the in-wheel motor at each
wheel in order to generate the wheel torque com-
mand. In the actuator system, the rated output of
the in-wheel motor is 5kW. The signals listed in
Fig. 8 are measured using an inertial navigation
system (INS), a differential global positioning system
(DGPS), a current sensor, wheel speed sensor, and
arm position sensor.

6.1 Remote control manoeuvring

Vehicle test results in a remote control manoeuvring
mode are compared to the simulation results.
Figure 19 shows a comparison of the vehicle test
and simulation results. The simulation and vehicle
tests are conducted in identical conditions as follows:
the tyre-road friction coefficient is 0.85, the desired
speed is 10km/h at constant, the maximum wheel
torque is 580N m, and the maximum value of slip
ratio is set to be 0.2.

From Fig. 19, it can be found that the vehicle test
results agree closely with the simulation results.
Figure 19(a) denotes the steering command deter-
mined by the remote driver in the vehicle test. The
steering command is used to compute the desired yaw
rate as shown in Fig. 19(c). Figure 19(b) shows the
desired speed and the vehicle speed. The desired yaw
rate and the actual yaw rate are presented in Fig. 19(c).
As mentioned in section 2, in the case of the vehicle

of control system controller

test, the yaw rate is fluctuated by the vertical road
profile. Also, left and right yaw motion is unbalanced
due to the offset of the mass centre of the test platform.
However, even though there are some differences
between simulation and test data, the yaw rate of the
test data tends to track the desired yaw rate. The
estimated longitudinal and vertical tyre forces in the
vehicle test are compared with the longitudinal and
vertical tyre forces of the dynamic model in Figs 19(d)
and (e). It can be found from Figs 19(e) and (f) that the
wheel torque input is determined in proportion to the
estimated vertical tyre force.

6.2 Autonomous driving control

Autonomous trajectory tracking tests were con-
ducted to evaluate the trajectory tracking controller,
and the test results are shown in Fig. 20. The desired
trajectory, as shown in Fig. 20(a), is defined as a
digital map in order to calculate the lateral position
error and the yaw angle error [22]. The vehicle test
results are compared with the simulation results as
shown in Fig. 20.

Figure 20(a) shows the desired trajectory and
vehicle position obtained using DGPS. The DGPS is
used to provide the absolute position and yaw angle
of the test platform. The accuracies of the position
and the yaw angle are 0.1m and 0.5 degrees
respectively. Figure 20(b) denotes the speed control
performance. In the vehicle test, a desired speed is
set to be 10km/h. As mentioned earlier, the max-
imum power of each in-wheel motor is 5kW.
However, since the maximum power of the test
platform is 25 kW, not all of the in-wheel motors can
consume maximum power at once. This causes the
speed control performance in the vehicle test to be
lower than the simulation results, as shown in
Fig. 20(b). The actual yaw rate in the vehicle test
agrees closely with the simulation results as shown
in Fig. 20(c). The trajectory tracking performance is
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Fig. 19 Vehicle test results in remote control mode: (a) steering command (deg), (b) vehicle
speed (km/h), (c) yaw rate (deg/s), (d) estimated longitudinal tyre force (front wheel)
(N), (e) estimated vertical tire force (front wheel) (N), and (f) wheel torque input (front
wheel) (N m)
presented in Figs 20(d) and (e). From these figures, angle error below 0.5 m and 3.0 degrees respectively.
it can be confirmed that the proposed trajectory These errors are on the same order of magnitude
tracking controller produces a satisfactory tracking as the errors predicted in the simulation. Finally, it
performance, with the magnitudes of lateral and yaw can be confirmed that the wheel torque input is
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Fig. 20 Comparison of the simulation and test results: (a) desired trajectory and vehicle
trajectory, (b) vehicle speed (km/h), (c) vehicle yaw rate (deg/s), (d) lateral position error
(m), (e) yaw angle error (deg), (f) vertical tyre force (middle wheel) (N), and (g) wheel
torque input (middle wheel) (N m)
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determined in proportion to the estimated vertical
tyre force as shown in Figs 20(f) and (g).

7 CONCLUSION

A skid steering-based driving control algorithm for a
robotic vehicle with articulated suspension (RVAS)
has been presented. A dynamic model for the RVAS
has been developed and validated using test data.
The driving control algorithm has been developed to
control the vehicle motion according to a remote
driver’s command or to track a prescribed trajectory
on a variety of rough terrains. The proposed driving
control algorithm has been evaluated through
numerical simulations and vehicle tests.

The driving controller consists of an upper- and
lower-level controller. The upper-level controller has
been developed to compute a total traction force and a
yaw moment input according to the control modes:
the remote control manoeuvring mode and an
autonomous driving control mode. In the remote
control manoeuvring mode, the yaw moment input is
calculated using the sliding control method in order to
reduce the yaw rate error between the desired yaw rate
and the actual yaw rate. In the autonomous driving
control mode, the yaw moment input is determined to
track a prescribed trajectory. The tracking controller
for trajectory tracking has been designed using the
optimal finite preview control method.

The lower-level controller was designed to deter-
mine a wheel torque command at each wheel in order
to apply the upper-level control inputs to a test
platform. The lower-level controller consists of a tyre
force distribution algorithm and a wheel torque
controller. In the tyre force distribution algorithm, a
desired longitudinal tyre force of each wheel is
computed using the estimated vertical tyre force. The
wheel torque controller determines the wheel torque
command using the desired longitudinal tyre force and
the estimated longitudinal tyre force in order to keep a
slip ratio at each wheel below a limit value as well as to
track the desired longitudinal tyre force.

The longitudinal and vertical tyre forces were
estimated for the optimal tyre force distribution and
the wheel slip control. The estimated longitudinal
tyre forces were obtained using the estimated wheel
angular acceleration and the wheel dynamics. The
vertical tyre forces were estimated using the estimated
longitudinal tyre force based on the arm dynamics.

Simulation studies and vehicle tests were conducted
in order to evaluate the proposed driving control
algorithm. From the simulation and test results, it was
found that the proposed driving controller computes

the suitable wheel torque command to track the
desired speed and desired yaw rate or desired
trajectory according to the control mode. It was shown
that the proposed driving controller provides good
manoeuvrability. As future work, vehicle tests will be
conducted on a variety of rough terrains using the
proposed driving control algorithm.
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APPENDIX

Notation

Cq

F, sxi

Fsyi

F, szi

larm

le

rotational damping coefficient of the
arm rod

longitudinal internal force acting on
a sprung mass at the rotational
centre of the ith arm rod

lateral internal force acting on a
sprung mass at the rotational centre
of the ith arm rod

vertical internal force acting on a
sprung mass at the rotational centre
of the ith arm rod

longitudinal tyre force at the ith
wheel

lateral tyre force at the ith wheel
vertical tyre force at the ith wheel
total traction force

estimated longitudinal tyre force of
the ith wheel

estimated vertical tyre force of the ith
wheel

gravity acceleration

moment of inertia of the arm rod
about the roll axis

moment of inertia of the arm rod
about the pitch axis

moment of inertia of the arm rod
about the yaw axis

moment of inertia of the vehicle
about the roll axis

moment of inertia of the vehicle
about the pitch axis

moment of inertia of the vehicle
about the yaw axis

moment of inertia of the in-wheel
motor

rotational spring stiffness of the arm
rod

length of the arm rod

distance from the centre of gravity
(c.g.) to the front arm axle

distance from the c.g. to the middle
arm axle

distance from the c.g. to the rear arm
axle

distance from the c.g. to the front
wheel axle

distance from the c.g. to the middle
wheel axle
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Lor distance from the c.g. to the rear Uy vehicle longitudinal velocity
wheel axle vy vehicle lateral velocity
m vehicle mass v, vehicle vertical velocity
Marm mass of the arm fO(_i Vies longitudinal desired speed
s sprung mass of vehicle X; desired longitudinal tyre force of the
My, mass of in-wheel motor ith wheel
M, internal moment acting on the ¥, lateral position error
sprung mass about the roll axis at the
rotational centre of the ith arm rod
M; internal moment acting on the ' ” slip angle at the ith wheel
sprung mass about the yaw axis at . .
; . Olcg vehicle angular acceleration vector
the rotational centre of the ith arm . .
rod Oarm_i angular acceleration vector of the ith
M. aw moment input arm rod
| @-des yaw 1P Ocom remote driver’s steering command
Feg vehicle velocity vector . .
. . . . 0 pitch rate
Feg vehicle translational acceleration 0 i th d
vector arm. i arm angle at ith arm ro
Y4 desired yaw rate Oarm_static static arm angle.
i translational acceleration vector of i slip }ratlo at t'he lﬂ} wheel
the rotational centre of the ith arm #max maximum slip ratio
rod ¢ roll rate
i translational acceleration vector of ®d desired yaw angle
the ith wheel ® yaw rate
R; tyre radius of the ith wheel Oarm i angular velocity vector of the ith arm
tw half of tread (half of track width) rod
Teom i torque command of the ith in-wheel Ocg vehicle angular velocity vector
motor ‘ ; wheel angular speed at the ith wheel
T; measured wheel torque of the ith ©; des desired angular speed of the ith
wheel wheel
Tsetr i self-aligning torque at the ith wheel wi(k) estimated angular acceleration of the
Tsen i sum of spring and damping torques ith wheel
of the ith arm rod
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