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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

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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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 et 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.

Fig. 1 Robotic vehicle with articulated suspension (RVAS)
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The wheel dynamic model can be designed using

the wheel dynamic equation

Jw|
dvi tð Þ

dt
~Ti tð Þ|RiFtxi tð Þ ð1Þ

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

Fig. 3 Schematic diagram of the dynamic model

Table 1 Parameters of vehicle dynamic model

Symbol Value Symbol Value

m 1500 kg lr 20.76 m
marm 31.7 kg larm 0.42 m
ms 1002 kg Ix 460 kg m2

mw 51.3 kg Iy 900 kg m2

lf 0.92 m Iz 1200 kg m2

lm 0.08 m tw 0.8085 m

Fig. 2 18DOF full dynamic model of robotic vehicle with articulated suspension

Fig. 4 Torque/speed curve of each in-wheel motor
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angle. The wheel slip ratio and the slip angle are

defined as in equation (2)

li~

Ri|vi{vtxi

Ri
:vi

if liw0ð Þ

Ri|vi{vtxi

vtxi
if li¡0ð Þ

8>><
>>: , ai~{tan{1 vtyi

vtxi

� �

ð2Þ

where vtxi and vtyi denote the longitudinal and lat-

eral velocity at the tyre centre and can be cal-

culated as

_rrwi~ vtxi vtyi vtzi

� �T

~ _rrcgzvcg|ri=cgzvarm i=cg|rwi=i

~

vx

vy

vz

2
664

3
775

zfflffl}|fflffl{_rrcg

z

_ww

_hh

_QQ

2
664
3
775

zffl}|ffl{vcg

|

li

+tw

0

2
664

3
775

zfflfflfflfflffl}|fflfflfflfflffl{ri=cg

z

0

_hharm i

0

2
664

3
775

zfflfflfflfflfflffl}|fflfflfflfflfflffl{varm i=cg

|

{larm|sin harm ið Þ

0

{larm|cos harm ið Þ

2
664

3
775

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{rwi=i

ð3Þ

where _rrcg denotes the vehicle velocity vector, vcg the

vehicle angular velocity vector, ri=cg the distance

vector from the centre of gravity (c.g.) to the rotational

centre of the ith arm rod, rwi=i the distance vector

from the rotational centre of the ith arm rod to the

ith wheel, and varm i=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

X
Fx arm i~Ftxi{Fsxi~ marm|€xxarm ið Þz mw|€xxw ið ÞX
Fy arm i~Ftyi{Fsyi~ marm|€yyarm i

� �
z mw|€yyw i

� �
X

Fz arm i~Ftzi{Fszi{ mwzmarmð Þ:g

~ marm|€zzarm ið Þz mw|€zzw ið Þ
ð4Þ

Fig. 5 Dynamic equilibrium of ith arm rod, (a) right-side view, (b) top view, and (c) rear view
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In equations (4) and (5), the angular velocity vector
of the ith arm rod, varm i, the angular acceleration

vector of the ith arm rod, aarm i, and the translational

acceleration vector of the ith wheel, €rrwi, are given as

shown in equations (6) to (8) [13]

varm i~ varm xi varm yi varm zi

� �T

~vcgzvarm i=cg~ _ww _hhz _hharm i _QQ
� �T

ð6Þ

aarm i~ aarm xi aarm yi aarm zi

� �T

~acgzaarm i=cgzvcg|varm i=cg

~

€ww

€hh

€QQ

2
664
3
775

zffl}|ffl{acg

z

0

€hharm i

0

2
664

3
775

zfflfflfflfflfflffl}|fflfflfflfflfflffl{aarm i=cg

z

_ww

_hh

_QQ

2
664
3
775

zffl}|ffl{vcg

|

0

_hharm i

0

2
664

3
775

zfflfflfflfflfflffl}|fflfflfflfflfflffl{varm i=cg

~

€ww{ _hharm i| _QQ

€hhz€hharm i

€QQz _hharm i| _ww

2
664

3
775

ð7Þ

€rrwi~ €xxwi €yywi €zzwi½ �T

~€rrizvarm i| varm i|rwi=i

� �
zaarm i|rwi=i

€rri~ €xxi €yyi €zzi½ �T

~€rrcgzvcg| vcg|ri=cg

� �
zacg|ri=cg

ð8Þ

where acg denotes the vehicle angular acceleration

vector, aarm i=cg the relative angular acceleration vec-

tor of the ith arm rod to c.g., and €rri 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)

P
Mx arm i~{Msxizlarm|cos harm ið Þ :FtyiP
My arm i~{TS&D i{larm|sin harm ið Þ mwz

marm

2

	 

g

{larm|cos harm ið ÞFtxi

zlarm|sin harm ið ÞFtziP
Mz arm i~{Mszi{larm|sin harm ið ÞFtyi{Tself i

8>>>>>>><
>>>>>>>:

ð9Þ

where TS&D i denotes a sum of spring and damping

torques of the ith arm rod as

TS&D i harm i, _hharm i

	 

~ks|harm izcd| _hharm i ð10Þ

Substituting equations (6) to (8) into equation (5),

the dynamic equation for the arm motion can be

obtained as

Iarm yz mwz
marm

4

	 

l2
arm

n o
€hharm i~X

My arm i{ Iarm yz mwz
marm

4

	 

l2
arm

n o
€hh

{ Iarm x{Iarm zð Þ _ww _QQ

z mwz
marm

2

	 

larm cos harm ið Þ€xxi{sin harm ið Þ€zzif g

{ mwz
marm

4

	 

l2
arm sin harm ið Þ cos harm ið Þ _ww

2
{_QQ2

	 
h
z cos2 harm ið Þ{sin2 harm ið Þ
� �

w _QQ
�

ð11Þ

Using the arm motion obtained from equation (11),
the internal forces and moments acting on the sprung
mass can be determined from equations (4) to (5).

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

X
Mx arm i~Iarm x|aarm xiz Iarm z{Iarm y

� �
|varm yi|varm zi

zlarm|cos harm ið Þ mw|€yywizmarm

€yyarm i

2

� �
X

My arm i~Iarm y|aarm yiz Iarm x{Iarm zð Þvarm zi|varm xi

{ mw|€xxwizmarm

€xxarm i

2

� �
larm|cos harm ið Þz mw|€zzwizmarm

€zzarm i

2

� �
|larm|sin harm ið ÞX

Mz arm i~Iarm z|aarm ziz Iarm y{Iarm x

� �
varm xi|varm yi

{larm|sin harm ið Þ mw|€yywizmarm

€yyarm i

2

� �
ð5Þ
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be obtained from the d’Alembert principle as follows

X6

i~1

Fsxi~ms _vvxzvz
_hh{vy

	 

_QQ

h i
X6

i~1

Fsyi~ms _vvyzvx _QQ{vzð Þ _ww
h i

X6

i~1

Fszi~ms _vvzzvy
_ww{vx

	 

_hh

h i
ð12Þ

X6

i~1

Msxiztw

X3

i~1

Fsz(2i{1){
X3

i~1

Ftz(2i)

( )

~Ix
€wwz(Iz{Iy) _hh _QQ

X6

i~1

TS&D iz {lf

X2

i~1

Fszi{lm

X4

i~3

Fszizlr

X6

i~5

Fszi

( )

~Iy
€hhz(Ix{Iz) _QQ _ww

X6

i~1

Msziztw

X3

i~1

(Fsx(2i){Fsx(2i{1))

z lf

X2

i~1

Fsyizlm

X4

i~3

Fsyi{lr

X6

i~5

Fsyi

( )

~Iz€QQz(Iy{Ix) _ww _hh

ð13Þ

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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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, Fx des, 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, Mz des, 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

Fig. 7 Control strategy of the driving controller based on a skid steering

Fig. 6 Comparison of test data and simulation results: (a) vehicle speed (km/h), (b) yaw rate (deg/
s), (c) wheel torque input (middle wheel) (N m), and (d) wheel speed (middle wheel) (rad/s)
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mode, a desired yaw rate is generated based on the

remote driver’s steering command. In the autono-

mous driving control mode, the trajectory tracking

controller is activated and determines the yaw

moment input to track the prescribed trajectory.

The upper-level control inputs are applied to the test

platform through the lower level-controller.

3.1.1 Remote control manoeuvring

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, dcom. 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, cd, is determined using

the remote driver’s steering command and the first-

order transfer function as [4]

cd~
css

1ztSRs
dcom ð14Þ

where tSR denotes the time constant and css can be
calculated based on a 2DOF bicycle model as

A 2DOF bicycle model modified as a skid-steering
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 _vvyzvx _QQ
� �

~2Fyfz2Fymz2Fyr

Iz€QQ~lwf Fyf{lwmFym{lwrFyrzMz des
ð16Þ

Fig. 9 Upper-level control

Fig. 8 Block diagram of autonomous driving control algorithm based on a skid steering

css~
2 : vx Cf Cm lwfzlwmð ÞzCf Cr lwfzlwrð Þf g

2 Cf Cm lwfzlwmð Þ2zCf Cr lwfzlwrð Þ2zCmCr lwm{lwrð Þ2
n o

{2mv2
x lwf Cf{lwmCm{lwrCrð Þ

ð15Þ
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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~ _QQ{cd ð17Þ

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

1

2

d

dt
s2~s _ssv{g sj j¡{K sj j ð18Þ

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~{ 2lwf Fyf{2lwmFym{2lwrFyr

� �
{IzK sgn sð Þ

ð19Þ

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

Fyf~Cf {
vyzlwf _QQ

vx

� �

Fym~Cm {
vy{lwm _QQ

vx

� �

Fyr~Cm {
vy{lwr _QQ

vx

� �
ð20Þ

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

Mz des~{A3Izb{
A4

vx
Izc{IzK sgn sð Þ ð21Þ

where

A3~{
2 lf Cf{lmCm{lrCrð Þ

Iz

A4~{
2 l2

f Cfzl2
mCmzl2

r Cr

� �
Iz

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

Mz des~

{A3Izb{
A4

vx
Izc{IzK sgn

s

W

	 

if sj j§Wð Þ

{A3Izb{
A4

vx
Izc{IzK

s

W
if sj jvWð Þ

8>><
>>:

ð22Þ

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, yr , is defined as

the lateral distance between the vehicle c.g. (C) and

the centre-line of the desired trajectory (R). Yaw

angle error, Q{Qd, 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

Dyr~vyDtzvxDt Q{Qdð Þ
_yyr~vyzvx Q{Qdð Þ

ð23Þ

DQd~
vxDt

r
[ _QQd~

vx

r
ð24Þ

where r 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

the lateral position error and the yaw angle error.

Fig. 10 Modified 2DOF bicycle model

Table 2 Control parameters for yaw rate con-
troller

Symbol Value Symbol Value

tSR 0.01 s Cf 22 031 N/rad
K 2.8 Cm 24 274 N/rad
W 5.0 deg/s Cr 20 790 N/rad
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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, Lp, is transformed into preview time,

Tp, as

Tp~
Lp

vx
ð25Þ

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

Fyf~Cf {
_yyrzlwf _QQ{ _QQdð Þ

vx
z Q{Qdð Þ{ lwf

vx
_QQd


 �

Fyr~Cr {
_yyr{lwr _QQ{ _QQdð Þ

vx
z Q{Qdð Þz lwr

vx
_QQd


 �

Fym~Cm {
_yyr{lwm _QQ{ _QQdð Þ

vx
z Q{Qdð Þz lwm

vx
_QQd

�


ð26Þ

Substituting equation (26) into equation (16), the

state equations for the design of the trajectory

tracking controller can be obtained as

_xx~AxzBMz deszFdwd

x~ yr _yyr Q{Qd _QQ{ _QQd½ �T
ð27Þ

where

A~

0 1 0 0

0
A1

vx
{A1

A2

vx

0 0 0 1

0
A3

vx
{A3

A4

vx

2
66666664

3
77777775

B~

0

0

0

1

Iz

2
6666664

3
7777775, Fd~

0 0

1 0

0 0

0 1

2
666664

3
777775

wd~

{vx _QQdz
A2

vx
_QQd

A4

vx
_QQd{€QQd

2
664

3
775

A1~{
2 CfzCmzCrð Þ

m

A2~{
2 lwf Cf{lwmCm{lwrCrð Þ

m

A3~{
2 lwf Cf{lwmCm{lwrCrð Þ

Iz

A4~{
2 l2

wf Cfzl2
wmCmzl2

wrCr

� �
Iz

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, {Koptx tð Þ, and a feedforward control input,

Mpre tð Þ, as in equation (28)

Mz des tð Þ~{Koptx tð ÞzMpre tð Þ ð28Þ

Fig. 11 Trajectory tracking controller based on an optimal finite preview control
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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) [8, 9]

where Ac~A{BR{1BTPss and Pss 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 t and tzTp.

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

where N
total

DT~Tp and DT is sufficiently small. The

control parameters for the trajectory tracking con-

troller are shown in Table 3.

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,

as shown in Fig. 12. In tyre force distribution, the

desired longitudinal tyre force of each wheel, Xi, is

computed using the estimated vertical tyre force, F̂Ftzi

[14, 16, 17]. The wheel torque controller determines

wheel torque command, Tcom i, at each wheel using

the desired longitudinal tyre force and estimated

longitudinal tyre force, F̂Ftxi, in order to keep the slip

ratio at each wheel below a limit value as well as to

track the desired longitudinal tyre force.

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

Fig. 12 Lower-level controller

Table 3 Control parameters for tra-
jectory tracking controller

Symbol Value Symbol Value

Tp 0.65 s N
total

20

Mpre tð Þ~{R{1BT

ðTp

0

eAT
c tPssFdw tztð Þdt{ AT

c

� �{1
eAT

c Tp PssFdwd tzTp

� �2
64

3
75 ð29Þ

Mpre tð Þ~{R{1BT
XNtotal

i~0

eAT
c DTið ÞPssFdw tzDTið ÞDT{ AT

c

� �{1
eAT

c Tp PssFdwd tzTp

� �8<
:

9=
; ð30Þ
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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]

Jcos t~
X6

i~1

Wi
X 2

i

F̂F2
tzi

 !
ð31Þ

where Wi 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

Fx des~X1zX2zX3zX4zX5zX6 ð32Þ

Mz des~{tw X1{X2ð Þz X3{X4ð Þz X5{X6ð Þ½ � ð33Þ

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)

As a result, the desired longitudinal tyre force at each

wheel can be obtained based on the estimated vertical

tyre force and upper-level control inputs as

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, lmax,

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

Tcom i kð Þ~RiXi kð Þ ð36Þ

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]

vi des~

vtxi

Ri 1{lmaxð Þ if lwlmaxð Þ

vtxi

Ri
1{lmaxð Þ if lv{lmaxð Þ

8><
>: ð37Þ

LJcost

LX1
~0~

2W1

F̂F tz1

X1{
2W5

F̂F tz5

Fx des

2
{

Mz des

2tw
{X1{X3

� �
,

LJcost

LX3
~0~

2W3

F̂F tz3

X3{
2W5

F̂F tz5

Fx des

2
{

Mz des

2tw
{X1{X3

� �
LJcost

LX2
~0~

2W2

F̂F tz2

X2{
2W6

F̂F tz6

Fx des

2
z

Mz des

2tw
{X2{X4

� �
,

LJcost

LX4
~0~

2W4

F̂F tz4

X4{
2W6

F̂F tz6

Fx des

2
z

Mz des

2tw
{X2{X4

� �
ð34Þ

X1

X2

X3

X4

2
6664

3
7775~

W1

F̂F2
tz1

z
W5

F̂F2
tz5

0
W5

F̂F2
tz5

0

0
W2

F̂F2
tz2

z
W6

F̂F2
tz6

0
W6

F̂F 2
tz6

W5

F̂F2
tz5

0
W3

F̂F 2
tz3

z
W5

F̂F2
tz5

0

0
W6

F̂F2
tz6

0
W4

F̂F2
tz4

z
W6

F̂F2
tz6

2
66666666666664

3
77777777777775

{1 W5

F̂F2
tz5

Fx des

2
{

Mz des

2tw


 �
W6

F̂F2
tz6

Fx des

2
z

Mz des

2tw


 �
W5

F̂F2
tz5

Fx des

2
{

Mz des

2tw


 �
W6

F̂F2
tz6

Fx des

2
z

Mz des

2tw


 �

2
66666666666664

3
77777777777775

,

X5~
Fx des

2
{

Mz des

2tw
{X1{X3

X6~
Fx des

2
z

Mz des

2tw
{X2{X4

ð35Þ
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where vtxi 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

sw~vi des kð Þ{vi kð Þ, 1

2

d

dt
s2

w~sw _ssw~{Kw swj j

_ssw~{ _vvi~{
1

Jw
Tcom i kð Þ{RiF̂F txi kð Þ
n o

~{Kw sgn swð Þ

ð38Þ

where Kw is a positive constant. As a result, the wheel

torque command can be determined as shown in

equation (39)

Tcom i kð Þ~
RiXi kð Þ if lj jvlmaxð Þ
RiF̂F txi kð ÞzJwKwsat sw=Wwð Þ if lj jolmaxð Þ



ð39Þ

where Ww 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, _̂vv_vvi kð Þ, can be

estimated using the measured wheel speed. Also, the

estimated longitudinal tyre force, F̂Ftxi kð Þ, can be

calculated using _̂vv_vvi kð Þ and the wheel torque mea-

sured earlier, Ti k{1ð Þ, 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]

vi tzDTð Þ~vi tð ÞzDT _vvi tð ÞzDT 2

2
€vvi tð Þzd1

_vvi tzDTð Þ~ _vvi tð ÞzDT €vvi tð Þzd2

€vvi tzDTð Þ~€vvi tð Þzd3

ð40Þ

where DT is the sampling period and di denotes

disturbance. In equation (40), the wheel angular

speed can be measured; that is

y tð Þ~ 1 0 0½ � vi tð Þ _vvi tð Þ €vvi tð Þ½ �T ð41Þ

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

x kz1ð Þ

~

1 DT DT 2
�

2

0 1 DT

0 0 1

2
664

3
775

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Aesti

vi kð Þ
_vvi kð Þ
€vvi kð Þ

2
664

3
775z

1 0 0

0 1 0

0 0 1

2
664

3
775

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{Gesti

d1

d2

d3

2
664

3
775

y kð Þ~ 1 0 0½ �
zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{Hesti

x kð Þzv kð Þ
ð42Þ

Fig. 13 Tyre force estimation

Table 4 Control parameters for wheel torque controller

Symbol Value Symbol Value

Kw 80.0 lmax 0.2
Ww 5.0 rad/s
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where v kð Þ is measurement noise. Suppose that di kð Þ
and v kð Þ are zero-mean white noise separately,
whose covariance values are Qesti kð Þ and Resti kð Þ as

Qesti kð Þ~
0 0 0

0 0 0

0 0 q

2
64

3
75, Resti kð Þ~r ð43Þ

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

x̂x kjkð Þ~Aestix̂x k{1jk{1ð Þ

zL kð Þ y kð Þ{HestiAestix̂x k{1jk{1ð Þf g ð44Þ

where L kð Þ denotes the Kalman filter gain. As a result,

F̂Ftxi kð Þ can be calculated using the wheel torque
measured earlier, Ti k{1ð Þ, and the estimated wheel

acceleration, _̂vv_vvi k kjð Þ, based on wheel dynamics as

F̂Ftxi kð Þ~ 1

Ri
Ti k{1ð Þ{ 1

Jw
_̂vv_vvi k kjð Þ


 �
ð45Þ

4.2 Vertical tyre force estimation

The vertical tyre force can be estimated approxi-

mately based on the steady state arm dynamics, as

shown in Fig. 14 and equation (46)

X
My~{DTS&D izlarm sin harm iDF̂F tzi

{larm cos harm iF̂F txi

~{ mw€xxw iz
marm

2
€xxarm i

	 

larm cos harm i

z mw€zzw iz
marm

2
€zzarm i

	 

larm sin harm i~0

ð46Þ

where DTS&D i denotes the variation of the spring

and damping torques at the ith arm rod as

DTS&D i~ksDharm izcdD _hharm i

Dharm i~harm i{harm static

ð47Þ

In equation (46), €xxw i, €zzw i, €xxarm i, and €zzarm i can be

expressed approximately as

€rrwi~ €xxwi €yywi €zzwi½ �T

~€rrcgzvarm i|varm i|rwi=cgza=cg|rw=cg

€rrarm i~ €xxarm i €yyarm i €zzarm i½ �T

~€rrcgzvarm i|varm i|rarm i=cgza=cg|rarm i=cg

ð48Þ

where rwi=cg denotes the distance vector from c.g. to

the ith wheel, rarm i=cg the distance vector from c.g. to

the mass centre of the ith arm rod respectively. rwi=cg

and rarm i=cg can be obtained as

rwi=cg~ li{larm sin harm ið Þ+tw{larm cos harm ið Þ½ �T

rarm i=cg~ li{
larm

2
sin harm ið Þ+tw{

larm

2
cos harm ið Þ

� �T

ð49Þ

Substituting equation (48) into equation (46), the

variation of the vertical tyre force at the ith wheel

can be obtained as

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

F̂Ftzi kð Þ~Ftzi staticz
XN

i~0

DF̂F tzi k{iDTð Þ
N

ð51Þ

where Ftzi static is a static vertical tyre force at the ith

wheel.

DF̂F tzi~
ksDharm izcdD _hharm i

larm sin harm i
z

F̂F txi

tan harm i
{

mwz
marm

2

	 

tan harm i

ax+tw _QQ _hh{li
_hh2z _ww2
	 
n o

z mwz
marm

2

	 

az+tw

_ww _hhzli
_ww _QQ

h i
zlarm mwz

marm

4

	 

cos harm ið Þ _QQ2{ _ww2

n o
zlarm mwz

marm

4

	 
 cos2 harm ið Þ{sin2 harm ið Þ
sin harm i

_ww _QQ ð50Þ
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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 6 m; the tyre–road friction

coefficient is 0.85; the desired speed is 8.5 km/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

Jspeed control~

ð
vx{Vdesð Þ2 dt ð52Þ

Jtracking performance~

ð
yr

2 dt ð53Þ

Energy consumption~
X6

i~1

ð
Tivij jdt ð54Þ

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

Fig. 14 Simplified arm dynamic model
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Fig. 15 Comparison of simulation results, non-slip control versus slip control: (a) vehicle speed
(km/h), (b) yaw rate (deg/s), (c) lateral position error (m), (d) yaw angle error (deg), (e)
slip ratio (middle wheel), and (f) vehicle trajectory
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Fig. 16 Estimated tyre forces and wheel torque input: (a) estimated longitudinal tyre force
(middle wheel) (N) (b) estimated vertical tyre force (middle wheel) (N), and (c) wheel
torque input (middle wheel) (N m) controller

Fig. 17 Comparison of performance index, non-slip control versus slip control: (a) performance
index of speed control, (b) performance index of trajectory tracking, and (c) energy
consumption of in-wheel motor controller
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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 10 ms 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 5 kW. 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 10 km/h at constant, the maximum wheel

torque is 580 N 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

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 0.1 m and 0.5 degrees

respectively. Figure 20(b) denotes the speed control

performance. In the vehicle test, a desired speed is

set to be 10 km/h. As mentioned earlier, the max-

imum power of each in-wheel motor is 5 kW.

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

Fig. 18 Configuration of control system controller

1386 J Kang, W Kim, J Lee, and K Yi

Proc. IMechE Vol. 224 Part D: J. Automobile Engineering JAUTO1405

 at PENNSYLVANIA STATE UNIV on September 18, 2016pid.sagepub.comDownloaded from 

http://pid.sagepub.com/


presented in Figs 20(d) and (e). From these figures,

it can be confirmed that the proposed trajectory

tracking controller produces a satisfactory tracking

performance, with the magnitudes of lateral and yaw

angle error below 0.5 m and 3.0 degrees respectively.

These errors are on the same order of magnitude

as the errors predicted in the simulation. Finally, it

can be confirmed that the wheel torque input is

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)
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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

cd rotational damping coefficient of the

arm rod

Fsxi longitudinal internal force acting on

a sprung mass at the rotational

centre of the ith arm rod

Fsyi lateral internal force acting on a

sprung mass at the rotational centre

of the ith arm rod

Fszi vertical internal force acting on a

sprung mass at the rotational centre

of the ith arm rod

Ftxi longitudinal tyre force at the ith

wheel

Ftyi lateral tyre force at the ith wheel

Ftzi vertical tyre force at the ith wheel

Fx_des total traction force

F̂txi estimated longitudinal tyre force of

the ith wheel

F̂tzi estimated vertical tyre force of the ith

wheel

g gravity acceleration

Iarm_x moment of inertia of the arm rod

about the roll axis

Iarm_y moment of inertia of the arm rod

about the pitch axis

Iarm_z moment of inertia of the arm rod

about the yaw axis

Ix moment of inertia of the vehicle

about the roll axis

Iy moment of inertia of the vehicle

about the pitch axis

Iz moment of inertia of the vehicle

about the yaw axis

Jw moment of inertia of the in-wheel

motor

ks rotational spring stiffness of the arm

rod

larm length of the arm rod

lf distance from the centre of gravity

(c.g.) to the front arm axle

lm distance from the c.g. to the middle

arm axle

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

axle

lwf distance from the c.g. to the front

wheel axle

lwm distance from the c.g. to the middle

wheel axle
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lwr distance from the c.g. to the rear

wheel axle

m vehicle mass

marm mass of the arm rod

ms sprung mass of vehicle

mw mass of in-wheel motor

Msxi internal moment acting on the

sprung mass about the roll axis at the

rotational centre of the ith arm rod

Mszi internal moment acting on the

sprung mass about the yaw axis at

the rotational centre of the ith arm

rod

Mz_des yaw moment input

ṙcg vehicle velocity vector

r̈cg vehicle translational acceleration

vector

cd desired yaw rate

r̈i translational acceleration vector of

the rotational centre of the ith arm

rod

r̈wi translational acceleration vector of

the ith wheel

Ri tyre radius of the ith wheel

tw half of tread (half of track width)

Tcom_i torque command of the ith in-wheel

motor

Ti measured wheel torque of the ith

wheel

Tself_i self-aligning torque at the ith wheel

TS&D_i sum of spring and damping torques

of the ith arm rod

vx vehicle longitudinal velocity

vy vehicle lateral velocity

vz vehicle vertical velocity

Vdes longitudinal desired speed

Xi desired longitudinal tyre force of the

ith wheel

yr lateral position error

ai slip angle at the ith wheel

acg vehicle angular acceleration vector

aarm_i angular acceleration vector of the ith

arm rod

dcom remote driver’s steering command

h
.

pitch rate

harm_i arm angle at ith arm rod

harm_static static arm angle

li slip ratio at the ith wheel

lmax maximum slip ratio

w
.

roll rate

Qd desired yaw angle

Q
.

yaw rate

varm_i angular velocity vector of the ith arm

rod

vcg vehicle angular velocity vector

vi wheel angular speed at the ith wheel

vi_des desired angular speed of the ith

wheel

_̂vv_vvi kð Þ estimated angular acceleration of the
ith wheel
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