
INTRODUCTION
The steering system acts a significant role of making car 
convenient to handle and enhance the vehicle stability. In the 
past one hundred years, the development of steering system 
has experienced many stages, and the Steer-by-Wire system 
(SBW) is the newest technology of steering system for 
passenger cars. However, the Steer-by-Wire system has not 
yet accepted by public consumers and permitted by state 
regulations, in consideration of the reliability and safety of the 
system.

Active Front Steering (AFS) is a newly technology for 
passenger cars developed by BMW, that implements an 
electronically controlled superposition of an angle to the hand 
steering wheel angle that is prescribed by the driver. However, 
the permanent mechanical connection between steering wheel 
and road wheels remains [1]. AFS could adjust the vehicle 
performance by means of intervening the road wheel angle in 
condition of the driver have top priority, which avoid the 
people's concerns about the Steer-by-Wire system.

Additionally to the enhanced dynamic behavior of the steering 
system and vehicle stabilization, the AFS system should also 
provide an improved steering comfort by reducing steering 
effort [2]. Therefore, the torque assistance is required to limit 
manual forces to a reasonable level.

Here, we propose to use an AFS model based on the 
assumption that the AFS system is composed of four sub-
systems, and the dynamics of each sub-system can be 
described using a set of differential equations. The AFS model 
simulates the steering assistance function, which is activated 
via a variable steering ratio (VSR). A sliding-mode AFS 
controller is developed using the AFS model, which realises the 
kinematic stabilisation function and modifies the corrective 
steering angle to allow the yaw rate to track the reference yaw 
rate.

We also describe an integrated dynamics control with front 
wheel steering (IDCF) systems, which are similar to the IVDC 
(Integrated Vehicle Dynamics Control) [3] and use the AFS 
system. This is developed to investigate the performance of the 
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AFS system when integrated with a braking or a steering 
system. It is composed of an AFS system and a DYC system 
for the rear wheels.

The goal of this paper is to develop an AFS model and 
controller, which not only helps ensure the vehicle's response 
operability matching the driver's sense, but also helps prevent 
the vehicle from falling into an unstable state.

SYSTEM MODEL

Vehicle Model
The creation of a model-based automotive simulation requires 
the availability of empirical and analytical mathematical 
descriptions of the system components. The components are 
the wheels, brakes, steering, suspension, tire/road interface, 
driver, environment and in some instances, the powertrain 
dynamics [4].

Before developing a vehicle model, it was assumed that the 
following sensor information is available: the speed of each 
wheel ωi. the longitudinal acceleration ax, the lateral 
acceleration ay, and the yaw rate at the vehicle centre of 

gravity . The vehicle body slip angle βi, is defined as the 
angle between the longitudinal axis of the vehicle, x, and the 
orientation of the vehicle velocity vector, vCOG can be observed 
by a nonlinear observer [5].

The vehicle body was represented by a 8-degrees-of-freedom 
model, as shown in Figure 1. Although the suspension was not 
included, the model used a simplified description of body roll 
assuming a fixed roll axis defined by the height of the roll 
centres of the front and rear axles of the vehicle.

Using Newton's second law of motion and Figure 1, the 
equations of motion for the vehicle are as follows [5,6]:

(1)

(2)

(3)

(4)

where mtotal and ms are the total mass and the sprung mass of 
the vehicle, FD is the aerodynamic drag force, Γ is the total 
torque acting on the vehicle in the yaw plane around the z-axis, 
Iz and Iroll are the vehicle moment of inertial around z-axis and 
roll axis, tf and tr are the front and rear wheel distance, Mz is 
the tire aligning moments, Mzw is the aerodynamic yaw 
moment, φ is the roll angle, Broll and Kroll are the roll axis 
torsional damping and stiffness, hs is the distance from sprung 
mass cg (center of gravity) to roll axis and Fx and Fy are 
obtained from the tire model.

Figure 1. Vehicle Model ([5]).

The wheel acceleration is [5]

(5)

where Iwi is the mass moment inertia of the wheel about the 
axis of rotation, Tbi is the brake torque, Tti is the tire tractive 
torque, Trolli is the rolling resistance torque, Ti is the torque from 
the driveshaft, A is the area of master cylinder, Rb is the 
distance from center of wheel to brake path, Pbi is the brake 
fluid pressure, Fxi is the longitudinal force, Fzi is the normal 
force, and fri is the rolling resistant coefficient.

The forces represented in Eqs. (1), (2) and (3) are

(6)

(7)
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AFS System Model
In the mechanism and the structure of AFS, the planetary gear 
set is inserted between steering column and rack-pinion 
system [1,2]. The entire steering system with AFS includes 
hand steering wheel, the planetary gear set, rack-pinion 
system and wheel. The dynamic characteristics of steering 
system are determined by four sub systems and the related 
physical parameters such as inertial moments and rotational 
stiffness of shafts.

As shown in Figure 2, the dynamic equations can be drawn 
from the diagram. When considering the equivalent torsional 
stiffness and damping between hand steering wheel and the 
input of planetary gear set, the dynamic equation can be 
depicted by

Figure 2. A schematic of AFS system.

(8)

where, Jh denotes the rotary inertial moment of hand steering 
wheel assemblies. Bh and Kh are the equivalent torsional 
damping and stiffness coefficients, respectively. δh and δc are 
the angles of handing steering wheel input and sun gear I in 
planetary gear set. Th is the input torque from driver's steering 
action.

When considering the equivalent torsional stiffness and 
damping between sun gear II and the pinion, the dynamic 
equation can be depicted by

(9)

where Jg denotes the equivalent rotary inertial moment of 
output shaft, Bg and Kg are the equivalent torsional damping 
and stiffness coefficients, respectively. δp is the angle of the 
pinion in rack-pinion set. Ns is the ratio of steering wheel angle 
(δh) to pinion angle (δp). Tg is the output torque from planetary 
gear set to pinion and consist of torques from driver and from 
assistant motor to generate the corrective rotation.

(10)

where Nm is the gear ratio between the steering wheel and the 
assistant motor.

In rack-pinion section of the steering system, the rotational 
movement of the column shaft is converted to the rectilinear 
movement of the rack and tie rod. The movement and 
simulation of this section is as follows:

(11)

where, MshaftF denotes the equivalent mass of rack and tie 
road, BshaftF and KshaftF are the equivalent damping and stiffness 
coefficients, respectively. xshaftF is the movement of the rack 
and tie road. FrF denotes the force exerted at the engaged 
rack-pinion, and rpF is the radius of the pinion.

The tire movement about the z-axis can be described by

(12)

The force Fext delivered to the rack from the longitudinal and 
lateral forces of the tires in Eq. (12) is [5]

(13)

Ft and Fs are the longitudinal and lateral forces and can be 
calculated from Dugoff's tire model [4].
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