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A path-following driver/vehicle model with optimized
lateral dynamic controller

Abstract

Reduction in traffic congestion and overall number of accidents, espe- .
cially within the last decade, can be attributed to the enormous pro- Behrooz Mashadi 1°

gress in active safety. Vehicle path following control with the presence Mehdi Mahmoudi-kaleybar 2°
of driver commands can be regarded as one of the important issues in Pouyan Ahmadizadeh 3°
vehicle active safety systems development and more realistic explana- | Atta Qveisi 4°

tion of vehicle path tracking problem. In this paper, an integrated
driver/DYC control system is presented that regulates the steering
angle and yaw moment, considering driver previewed path. Thus, the * School of Automotive Engineering,
driver previewed distance, the heading error and the lateral deviation | [ran University of Science and Techno-
between the vehicle and desired path are used as inputs. Then, the | logy, Tehran, Iran

controller determines and applies a corrective steering angle and a | ® Department of Mechanical Engi-
direct yaw moment to make the vehicle follow the desired path. A | neering, Parand Branch, Islamic Azad
PID controller with optimized gains is used for the control of integra- University, Parand, Tehran, Iran

ted driver/DYC system. Genetic Algorithm as an intelligent optimiza- | 1y mahmoodi k@iust.ac.ir

tion method is utilized to adapt PID controller gains for various | ¢ School of Mechanical Engineering,

working situations. Proposed integrated driver/DYC controller is | Tran University of Science and Techno-
examined on lane change manuvers andthe sensitivity of the control logy, Tehran, Iran

system is investigated through the changes in the driver model and
vehicle parameters. Simulation results show the pronounced effective-
ness of the controller in vehicle path following and stability.
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1 INTRODUCTION

Remarkable advances achieved in the automotive active safety systems during the recent dec-
ades by means of active control and assist drivers to maintain the control of vehicles have result-
ed in preventing unintended vehicle behavior. In order to improve vehicle stability and steerabil-
ity, electronic control systems such as direct yaw moment control (DYC), electronic stability pro-
gram (ESP), active steering including 2 Wheel Steering (2WS) and 4 Wheel Steering (4WS), or
active front steering (AFS) have been developed). Nam and Fujimoto (2012) proposed a robust
yaw stability control design based on active front steering (AFS) control for in-wheel-motored
electric vehicles with a Steer-by-Wire (SbW) system. The proposed control system consisted of an
inner-loop controller and an outer-loop tracking controller to achieve control performance and
stability. An important issue in chassis control systems is to control the vehicle yaw moment by
controlling the lateral vehicle motion variables such as yaw rate and side-slip angle (Tchamna and
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Youn, 2013). 4WS and AFS can effectively improve the steerability performance in the linear
region of the tire (Hwang et al., 2008). DYC, however, can keep the vehicle stable in critical situ-
ations where the tire cornering forces reach saturation (e.g. Yang and Wang, 2009). Vertical dy-
namic interactions between railway tracks and vehicles has been simulated in (Zakeri and et al
(2009)), which calculated deflections, accelerations and forces in various track components, and
also an study how parameters such as train speed, axle load, rail corrugations, wheel flats and so
on influence the track and vehicle components.

Zhang and Kim (2008) presented an AFS controller that was designed by application of the
Quantitative Feedback control Theory (QFT), and was based on the integration of feedback sig-
nal from the yaw rate sensor.There are several control methods in the literature for tracking the
desired response with a DYC system (e.g. Ghoneim et al., 2000, Mirzae et al., 2008, Li et al.,
2011, Bang et al., 2001). Esmailzadeh et al. (2003) designed optimal and semi-optimal controllers
to improve vehicle handling and stability capabilities. It was shown that the performance of the
optimal control law was improved in various aspects; however, those obtained with the semi-
optimal control law, which is based on the yaw rate feedback and the steer angle feed-forward is
also acceptable for this specific issue. The optimal controller law requires an additional feedback
control loop (lateral velocity) that makes the control system even more complex and expensive.
Mashadi and Majidi (2009) designed a yaw moment control system based on the optimal control
method which was developed to improve vehicle response in critical situations using a four de-
grees-of-freedom (4-DOF) linear vehicle model instead of a basic bicycle model. The external yaw
moment was achieved by implementation of two electric motors integrated into each of the drive
wheels and were controlled independently to control the yaw rate and lateral speed of the vehicle.
Mokhiamar and Abe (2002) considered cooperation of 4WS and DYC to maximize stability as
well as vehicle responsiveness during severe maneuvers for active vehicle handling safety. They
used a linear 4WS controller which was designed independent of the DYC controller. In the work
of Wei and Zhuoping (2009) an integrated AFS and DYC chassis control system was presented
using fuzzy logic controller to properly distribute the required yaw moment between the AFS and
DYC control systems.

An optimal control law was proposed by Goodarzi et al. (2006) to control the vehicle path by
regulating variables such as the yaw rate, lateral velocity, lateral offset, and the heading error.
Start and aim point of the desired track was specified for the integrated control system to provide
both the front steering angle and the external yaw-moment signals as the control efforts. An Ac-
tive vibration control using PID controller has been proposed by Rahman et al. (2012), the expe-
rimental results obtained by using the active vibration control system have demonstrated the
validity and efficiency of PID controller.

It is a common practice in the early stages of the development to evaluate a control system on a
theoretical vehicle model before evaluating it on an actual vehicle. A more realistic model uses a
driver model as well as the vehicle model (Raksincharoensaka et al., 2010). McRuer and Krendel
(2007) proposed a quasi-linear model describing the human by means of a linear second-order
differential equation with dead time. Then McRuer et al. (2010) modified this feedback driver
model, which includes transfer function with lead-lag time constants and time delay to character-
ize a driver’s behavior. These constants can be regulated by crossover frequency assumption and
fitting test data. A more complex transfer function model was presented by Hess and
Modjtahedzadeh (1990), which described the driver’s behavior at low and high frequencies. Sever-
al driver models for vehicle lateral control, which are based on optimal control methods, can be
found in the literature, e.g. driver models based on the preview-follower theory (Gazis et al.,
1961), pure closed-loop predictive control models (Cole et al., 2006) and two- or three-layer pre-
view models (Oscarsson, 2003). An optimal preview control method is applied to the automobile
path planning problem by Li and Song (2012) which uses a comprehensive driver model. The
well-known MacAdam’s driver model was first presented in MacAdam (1981). Starting with the
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preview control concept, the MacAdam’s model provides an optimal solution for selecting state
feedback gains. This model performs very well for normal lateral driving behaviors. R.S. Sharp et
al. (2005) proposed a mathematical nonlinear model for the steering control of an automobile.
Hermannstidter and Yang (2012), Moon and Choi (2011) intend to introduce a real-world driving
experiment model with focus on controlling the variation of steering and lane keeping behavior
The steering angle is deduced by utilizing lateral offset and heading angle. Chatzikomis and
Spentzas (2009) without modeling of driver behavior assumed that the driver performs a PID
control in order to follow the path. Therefore, a combined longitudinal-lateral controller that was
regulating the steering angle and throttle /brake levels by previewing the path ahead of the vehi-
cle according to PID controller was presented.

In the current research, a driver model is integrated with a vehicle model aiming at a more
realistic representation of the vehicle system. In this way, to improve vehicle path following and
stability condition the integration of the AFS/DYC controller, with the consideration of driver
inputs is proposed. The main contribution is an intelligent controller based on the driver path
preview model. Furthermore, a yaw moment control system based on the optimal PID control
method which is optimized by genetic algorithm (GA) is integrated with the driver/vehicle sys-
tem. The aim is to develop a path-following driver model, which minimizes lateral deviation and
heading error according to previewed path (driver intended path) and improves stability condi-
tions by regulating yaw and lateral velocities during various maneuvers. For this purpose, stabil-
ity analyses are presented, then the controller performance is illustrated in lane change maneu-
vers.

2 Vehicle Mathematical Model

In this study, two types of vehicle dynamics models have been developed for vehicle path follow-
ing analysis and improvement of vehicle handling properties. The first model is a simple linear
vehicle model that incorporates a driver model which is used for controller design. The second
vehicle model is an 8 DOF nonlinear model for control system evaluation through computer simu-
lations. The degrees of freedom associated with this model are the longitudinal velocity U, the
lateral velocity V,, the yaw rate r, the roll rate %¢ and the wheels rotational speeds, wy, wg, w,,
and w,. In this paper, to simulate the control of a vehicle during path fallowing in various ma-
neuvers, a typical FWD, front wheel steering passenger car that includes both lateral and longi-
tudinal dynamics is being used.

2.1 Steering System Model

The flexibility of the steering column and steering linkages together with the mass and inertia
available in the system makes it prone to vibration. This can affect the driver’s commands for
path following. So, as shown in Fig. 1, the steering system model can mathematically be ex-
pressed by the following equation first introduced by Segel (1982):

(ISW+IS)(ijf +d):K sS Nlj _uf']_é'l'{ 8 )C ?W f M -EX E[]y (1)
pa

where, I, and I, are equivalent moment of inertia of the handwheel and the steerable wheels re-
spectively, M, and F,; are the lateral force and self-aligning torque of front axle, X, is the mechani-
cal trail, N is the steering gear ratio from the handwheel to the road wheels, F is the vehicle roll
angle, # and &; are the input steering wheel angle and the front wheel steering angle respectively.
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K, and C, are the equivallent stiffness and damping between the road wheels and the steering
mechanism.

2.2 Tire Model

Due to the interaction between the longitudinal and lateral tire forces during high lateral accel-
eration situations, Pacejka’s combined slip Magic Formula tire model in Pacejka (2002) is consid-
ered here. The tire forces and moments can be expressed as:

[wai 4 F

wyi ?

Mzi]=f(a|L v Uu ino <2)

where, F,;and F,  are the longitudinal and lateral tire forces, M, is the tire self-aligning moment
and fis a non-linear function of the tire’s longitudinal slip 4;, the slip angle a,, the camber angle

¥, and the vertical load F,.

rack&pinion system, steering and wheels
flexibility around kingpin (balljoint)

steering gear

constant velocity joint
(Kingpin)

stabiliser

Fig.1 Steering system mechanism (Rosettes 2003)

3. Controller Design

The purpose of control system is to ensure that the vehicle follows a desired path with yaw rate
and side-slip angle close to their desired values and with the application of a minimum external
yaw moment. Also, the controller is expected to perform at the presence of driver commands. The
schematic diagram of the proposed controller in Fig. 2 is representative of a typical driving situa-
tion where a vehicle should track a desired path.

Process

Intended * Optimal PID Driver Mz | \bicle Actual
Path controller Model Path

Vy, r
Fig.2 Path following controller structure for closed loop driver/vehicle system

In order to control a vehicle to follow a desired path, one should develop a mathematical model
for the vehicle lateral dynamics and express the relationship between the vehicle and the desired
path. The dynamics of the vehicle in the controller system is modeled by a 2-DOF linear bicycle
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model as shown in Figure 3, which represents the lateral vehicle dynamics in the linear handling
region. The standard form of this model is available in the literature, for instance Mirzae et al.
(2008), Li et al. (2011). The equations of vehicle dynamics can be described as follows:

M (¥, +Ur) =F,, cosd, +F, sind, +F, cosd, +F, sind, (3)

|,r =aF ; cosli, #F, si b, - , bE,i n {i (4)

X
Fig. 3 Vehicle 2-DOF bicycle model

where, M is the vehicle mass, I, is the moment of inertia of the vehicle, a and b are the distances
from the center of gravity to the front and rear axles, respectively, F, is the lateral tire force of
the front wheels, F,, is the lateral tire force of the rear wheels, U and V, are longitudinal and lat-
eral velocities of CG, ris yaw rate of the vehicle, §; and &, are the front and rear steering angles,
respectively.

According to Fig.4 the heading error (y) and the lateral deviation (y,) of the vehicle are related
to the desired path and are combined with the 2-DOF vehicle model as follows:

% =Usin(y) +V, cosf) (5)
Y=7% - Y (6)

where indices V, and r are the representative of vehicle and road, respectively and [ , is defined as
the road curvature rate which equals to the longitudinal velocity divided by the radius of the road
curvature, (U/R).

Intended path

Actual path

Fig.4 Vehicle parameters in relation to path position of vehicle in (Micheau and Bourassa 2009)
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The system equations can be described by the following state space representation based on as-

sumptions of small heading angle error and a constant longitudinal vehicle speed U:

X, =AX, +Efi BM, K ( R/t
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(8)

In equation 9, C,; and C,, are the cornering stiffness of the front and rear tires respectively

which are the slopes of tire forces with respect to variation of slip angles.

For the vehicle model, the lateral velocity » and the yaw rate r are considered as the two state
variables while the yaw moment M, is the control input, which must be calculated through the
control law. Furthermore, the vehicle steering angle § is considered as the external disturbance

which is controlled by the driver model.
3.1 Driver Model

path-
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