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Abstract

Tire slip based integrated chassis control
for enhanced limit handling

Eunhyek Joa
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

This paper presents a tire slip based integrated chassis control (ICC) algorithm of
four-wheel drive(4WD)/ electronic stability control(ESC)/electronic controlled
suspension(ECS) for enhanced limit handling. The principal objective of the
vehicle dynamic control algorithm for limit handling is to enable agile, steady
maneuver at the limits and expand vehicle control capability to maximum. In order
to achieve this objective, the ICC consists of three layers - a supervisor, an upper
level controller, and a lower level controller. The supervisor determines desired
vehicle motions based on driver commands to the vehicle. The upper level
controller calculated virtual control inputs based on desired vehicle motion. In the
lower level controller, the virtual control inputs are optimally coordinated to each
chassis module based on tire combined slip for enhanced limit handling. The
performance of ICC has been investigated via closed loop simulation and vehicle
experiment. To investigate the ICC algorithm at the limits via closed loop
simulation, the lateral driver model, which mimics professional drivers, for limit
handling has been developed and utilized. In the developed driver model, body side
slip angle incorporates into path tracking error in contrast to common path tracking
algorithms. It has been shown that the proposed ICC algorithm effectively keeps

stability and maneuverability of the vehicle at the limits.

Keyword : Integrated chassis control, Limit handling, Combined tire slip,
Tangential error
Student Number : 2014-22505
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Chapter 1

Introduction

1.1. Study Background

To enhance the vehicle agility, maneuverability, and stability, various chassis
systems —Anti-skid Brake System(ABS), Electronic Stability Control(ESC),
Electronic Control Suspension(ECS), and Active Roll System(ARS)- are
developed. Moreover, drivetrain and chassis control are combined to improve the
controllability, such as Traction Control(TCS) and Four Wheel Drive(4WD). The
individual chassis systems are effectively enhanced drivability and ride comfort.
The individual chassis systems have been deployed in individual sensors and
actuators. This decentralized system is quite common for need to design chassis
modules for options. Nowadays, these individual chassis modules become standard
features and doors for system centralization are opened.

Without centralization, the individual chassis systems with individual logic
can violate other systems’ objectives to achieve their own objectives. Thus, there
are a number of approaches to integrate each chassis system into one integrated
system to effectively improve maneuverability and stability of the vehicle.
Nowadays, to guarantee larger stability region and increase vehicle
maneuverability, understanding vehicle dynamics at the limits and then designing
the vehicle dynamics controller for limit handling is emerged.

In the previous researches [1-3], to gain an insight into the utilization of the
vehicle chassis control at the limits, an optimization tool is utilized. Olofsson et al.
[1] investigated vehicle maneuvers to cope with different road conditions by
solving the time-optimal problem. The solution of an optimal problem could
provide guidance regarding how to control the chassis module; however, the
solution cannot be directly implemented in real-situations because the optimization
could violate real-time constraints. To satisfy real-time constraints and produce
similar performance to the optimal solution, some previous researches [2, 3]
suggested not only the optimal solution from the optimization, but also the real-
time, sub-optimal solution. Edréna et al. [2] suggested an active suspension control
algorithm for decreased braking distance. Castro et al. [3] recommended torque
vectoring on each wheel for minimizing travelled time. In the previous research [3],
a sub-optimal, real-time solution, which basically distributes the longitudinal force
as proportional to the vertical force of each tire, was shown to produce similar
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performance to the offline optimal solution at the simulation level. However, this
rule-based, sub-optimal solution may not deal with unmodelled dynamics,
parameter uncertainties and disturbance in real situations.

There are multiple researches on a control algorithm at the limits which well
utilizes the friction of each tire by minimizing tire workload [4-7]. The tire
workload indicates the amount of friction utilization [2] by using longitudinal,
lateral, and vertical force. By minimizing the tire workloads of each wheel, the tire
is maintained in a stable region at the limits. Li et al. [4] and Song et al. [6] added
tire workload at the cost function and modified the longitudinal force distribution.
Madhusudhanan et al. [5] kept the tire workload of the front left and right wheel
same in order to prevent saturation of the specific tire, while another tire is
unsaturated. Wang et al. [7] suggested a log barrier penalty with respect to the tire
workload. To command a physically feasible tire force, the actuator constraints of
the longitudinal force distribution are the friction circle of each wheel. These
constraints constitute major issues of chassis control at the limits because the
friction circle should be maximally utilized, while the controller commands the
physically feasible solution. The actuator constraints of the previous researches [4,
5, 7] are considered as nonlinear inequality constraints. Song et al. [6] proposed
polygonal constraints to apply the constraints for formulating linear optimization.
However, these tire workload approaches and tire force constraints require
reasonable tire force signals in the longitudinal, lateral, and vertical directions via
estimation or measurement tire forces. In the case of tire force estimation, non-
equipped and expensive sensors for commercial vehicles could be necessary.

The chassis control should interpret the driver’s intention and efficiently cope
with various situations. This role is successfully achieved via three layers in
previous researches [8-10]. The three layers consist of a supervisor, an upper level
controller, and a lower level controller. The supervisor interprets the driver’s
intention, such as desired yaw rate and acceleration, with the driver command and
vehicle state. To track the desired yaw rate and acceleration, an upper level
controller determines the virtual control inputs, desired longitudinal force and yaw
moment of the vehicle. Finally, the virtual control inputs are efficiently distributed
to each actuator by minimizing the cost function.

An appropriate driver model can be used to evaluate the performance of
vehicle chassis control systems via computer simulations before vehicle tests which
incurs expenses especially at the limits of handling. Thus, to evaluate the
performance of the vehicle chassis control algorithm via vehicle-driver closed loop
simulations, the driver model at the limits should be developed. For the
regeneration of the steering behavior of a professional human driver at the limits of
handling, a lateral driver model should follow the desired trajectory with

1]
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acceptable accuracy, even when the vehicle skids on the path due to unavoidable
body slip angle. Although there are multiple approaches to lateral driver models
[11-13] and they are reasonable in normal driving situations, they cannot accurately
represent the steering behavior of a professional human driver especially at the
limits of handling.

1.2. Purpose of Research

The thesis focus an integrated chassis control for enhanced limit handling by
use of tire slip information. A target vehicle chassis control system has four-wheel-
drive (4WD) : front/rear traction distribution, electronic stability control (ESC) :
four-wheel independent braking, and electronic controlled suspension (ECS) : four
independent damping force in vertical direction. To develop integrated control
algorithm of 4WD/ESC (Longitudinal chassis module) and ECS (Vertical chassis
module) modules, 4WDJ/ESC integrated algorithm and 4WD/ESC/ECS/ARS
(Active Roll Stabilizer) integrated algorithm are studied and validated in simulation
level. Consequently, 4WD/ESC/ECS integrated algorithm is developed and
investigated via vehicle tests.

The principal concept of the proposed integrated control algorithm for limit
handling is to optimally utilize the friction circle of each tire. By adopting this
successful scheme, the overall scheme of the proposed integrated control algorithm
in this paper consists of three layers, a supervisor, an upper level controller, and a
lower level controller. Three layers are enumerated as : 1) a supervisor computes
the desired dynamics from vehicle states and driver command; 2) an upper level
controller determines the desired force and moment to track the desired state based
on the sliding mode controller; and 3) a lower level controller, which is focused on
in this paper to achieve limit handling of vehicle, optimally allocates desired force
and moment to actuator control commands by minimizing a performance index.

This thesis proposes a novel cost function. The allocation guideline to lead the
solution in the vicinity of the sub-optimal solution and the tire saturation penalty to
keep the tire stable by monitoring combined slip, unlike the tire workload which
monitors the tire forces, are proposed. The performance of the chassis controller is
sensitive to the weighting factor of the cost function [4, 5]. Thus, the controller
could produce inconsistent performance, which is undesirable for drivers at the
limits and in various situations. The allocation guideline can produce a consistent
solution at the limits and in various situations, which cannot be achieved by tire
workload. Meanwhile, the tire saturation penalty can keep the tire stable even with
uncertainties and disturbances, which cannot be dealt with by the allocation
guideline. Moreover, tire saturation could substitute for tire workload by

> ]

-
|

3



monitoring combined slip, and not tire forces, which are difficult to estimate or
measure. This interaction between allocation guideline and tire saturation penalty
could enable safe and limit handling of vehicles. The effectiveness of the proposed
algorithm is investigated via closed loop computer simulation and vehicle
experiments.



Chapter 2

Vehicle Control System

2.1. Vehicle Chassis System

To appropriately control vehicle, especially at the limits, understanding
vehicle system is important. Vehicle interacts with environment through four palm
size tire contacts and these contacts determine whole x/y/z direction vehicle
dynamics. In each tire, longitudinal/lateral/vertical tire forces are exerted to vehicle.
Consequently, 12 tire forces determine whole vehicle dynamics.

In conventional vehicle, to control these 12 tire forces, only 2 inputs are used.
Steering wheel angle and Pedal signal. Due to its underactuated nature, vehicle
cannot be commanded to follow desired trajectory. Sometimes, following the
desired trajectory is only way to avoid obstacle. For many decades, these
deviations cause severe accidents.

Driver inputs

- Steering angle

- Pedal Signal Vehicle Maneuver

- Yaw rate

¢ ﬁ s R

Chassis inputs

- ESC : Independent brake
- AFS : Additional Steering angle

Figure 2.1 Overactuated vehicle chassis system

Nowadays, to overcome these problems and improve vehicle safety, the
numerous chassis modules are developed to control 12 tire forces. By equipped
these chassis modules, the vehicle system becomes overactuated and prevents
accidents. For example, ESC(Electronic Stability Control) can control four brakes
independently and generate additional yaw moment. According to NHTSA,
adding ESC can prevent at least 5000 annual fatalities.



2.2. Effect of Individual Chassis Modules

This section presents the effect of individual chassis system to each tire force.
These chassis modules consists of additional sensors and actuators to control tire
force. The individual modules affect longitudinal/lateral/vertical tire force and
consequently control wheel/yaw/roll motion of the vehicle.

There are chassis modules. The chassis modules are summarized as

- ESC (Electronic Stability Control) : Four independent brakes

- 4WD (Four Wheel Drive) : Front/rear traction distribution

- AFS (Active Front Steering) : Additional front steering angle

- RWS (Rear Wheel Steering) : Rear steering angle

- ECS (Electronic Controlled Suspension) : Damping coefficient control of
four suspension

- ARS (Active Roll Stabilizer) : Auxiliary front/rear roll moment

Fg

ESC —» Longitudinal Wheel Motion
Force

4WD F, l

AFS
Force
RWS 3, [
ECS |—Fz
Mo vertical > Roll Motion
ARS L orce

Figure 2.2 Effect of Individual Chassis Modules

ESC and 4WD can directly control longitudinal force of each tire and
eventually control wheel motion. However, due to nonlinearity of tire, longitudinal
tire force can affect lateral tire force. When longitudinal force exists, lateral tire
force decreased even with same side slip angle. Thus, these longitudinal force
control modules can affect lateral force and yaw motion eventually.

AFS and RWS can directly control lateral force of each tire. By controlling
additional steering angle in front/rear wheel, front/rear lateral tire force can be
controlled and yaw motion of the vehicle can be controlled. In particular, RWS
system can theoretically eradicate side slip angle of the vehicle.

ECS and ARS can directly control vertical force of each tire and eventually
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control roll motion. Similarly, vertical force can affect lateral tire force due to
nonlinearity relationship between lateral and vertical tire force. Thus, these
longitudinal force control modules can affect lateral force and yaw motion
eventually. By use of nonlinearity between lateral and vertical tire force, additional
yaw moment can be controlled. [14]

It is best for utilization of all chassis modules, however most of chassis
modules are not commercialized. Among the vehicle chassis modules, Electronic
stability control (ESC) / four wheel drive (4WD) / Electronic Controlled
Suspension (ECS) have been recently equipped in vehicle. Thus, in this research, to
achieve limit handling of the vehicle, ESC/4WD are basically chosen for the
integrated chassis system among the vehicle chassis modules. In addition,
ECS/ARS modules can directly control vertical force and vertical force of each tire
is important because it indicate friction limit of each tire. Thus,
ESC/4AWD/ECS/ARS equipped vehicle are also studied. Finally, ESC/4AWD/ECS
integrated algorithm are validated via vehicle tests.



Chapter 3

Lateral Driver Model

3.1. Overall Algorithm

The block diagram of the lateral driver model proposed in this study is shown in
Figure 3.1. To ensure path tracking ability at the limits of handling, the proposed
driver model consists of upper and lower level controllers. Both upper and lower
level controllers consist of feedforward and feedback parts. This scheme of the
controller well mimics professional human drivers because human drivers also
establish a race plan before driving on the track (feedforward) and cope with the
track by additional manipulations while driving on the track (feedback).

Lateral Driver Model

(. )
Upper Level Controller Lower Level Controller
Feedforward Feedforward Vehicle
Road information Self-tuning controller with
Force-based approach "
> with respect to COP f B_ounded-galn»—
Fy des forgetting(BGF) estimator 5des
—> —>
Vehicle States Feedback Feedback
> Minimizing lateral error, PI controller
tangential error, compensating for
yaw oscillation unmodelled error
v

Figure 3.1 Overall block diagram of lateral driver model

In the feedforward part of the upper level controller, force-based steering input
which takes advantage of benefits of using center of percussion (COP) is deployed.
The effect of the rear tyre is minimized through benefits of COP [15]. Error-
modified feedback steering input, whose objective is to minimize yaw error, is
replaced to minimize “tangential error”. Steering wheel angle oscillation, which
results from recognizing unavoidable body slip angle as heading error, is
eliminated through replacing heading error with tangential error.

The control command of the upper level controller is the desired front lateral
force, not the steering wheel angle which is available for manipulation in human’s
point of view. Therefore, conversion of the desired front lateral force to
corresponding steering wheel angle should be conducted in the lower level
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controller. In this paper, to achieve the task, the feedforward lower level controller
is designed as self-tuning controller with bounded-gain-forgetting(BGF) estimator
which convergence is mathematically proved. To formulate a linear
parameterization model, a force-based approach using 2 DOF bicycle model and
kinematic analysis of steering angle are used. The feedback part of the lower level
controller is developed as a PI controller to compensate for the difference between
desired lateral force and actual lateral force.

3.1.1 Upper Level Controller

The objective of the upper level controller is to calculate the desired front lateral
force, corresponding to road information and vehicle states. From the 2 DOF
bicycle model in Figure 3.2, assuming a small steering angle, equations of motion
are written as

\/ \
Desired Path

Figure 3.2 2 DOF bicycle model — defined vehicle parameter and errors

f r .
F, +F/ =m(v, +v,r) 5.1)
f . .

I F, —IrFyr =1,y
where Fyf is the lateral force of the front wheel, m is the vehicle’s mass, V, is the
lateral velocity, v, is the longitudinal velocity, y is the yaw rate, |, and | are
the vehicle parameters defined in Figure 3.2, and |, is the yaw moment of inertia.
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The objective of developing a steering control system is to reduce error with
respect to the desired road. Therefore, the state variables are transformed with
lateral and yaw error in a dynamic model [16]. Errors are defined as

ey/ =V =V ad

: (3.2)
ep = ey + Xp Sin ew

where y is the yaw angle of the vehicle, v, is the road heading angle, X is

the projected distance and error terms are presented in Figure 2. Utilizing vehicle
parameters and calculating, the second time derivative of errors is written as [15]

I.LFf -1 F' .
g =1 Y TV _K§—Ks
“ (3.3)

f r

F I F —1F .
g, =L —2L-V,Ks+x, (—L—L—K5§—Ks)
m

2z

where K is the path curvature and s is the travelled distance.

The feedforward part of the upper level controller is autonomous steering
proposed by Kritayakirana and Gerdes [15]. In this paper, the method is used
because the proposed method is well validated via experiments and can make
dynamic equation simpler. The objective of the feedforward part is to eliminate the

dynamics of the second time derivative of lateral error. €

cop

can be easily

obtained by substituting X, in equation (3.3). X, Is the distance between the

center of gravity and center of percussion about the rear tyre and is written with
vehicle parameters as

I
Xeop = # (3.4)
r

From, equation (3.3) and (3.4),

f

. _LF .

€oop zl——y—vXKs—x
m

(K + K3) (3.5)

cop
r

where L is the wheelbase of the vehicle. Fyf, which can be controlled with

2
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steering input is only remaining factor. From the objective of the feedforward part,
the desired lateral front wheel force of the feedforward part is written as [15]

FY () = % (v, (D) KS(t) + x_ (K3 (t) + KS(t))) (3.6)

cop
Dividing the front tyre force input into F" and F° parts

f FFW FB - F FFW - -
(F, =F,"" +F/7) and substituting F,™" from equation (3.6) into (3.3) and

(3.5), the equations of motion can, consequently, be written in state form as:

[0 | _ _
0 [ 0 i
ecop 0100 ecop L 0
d écop 0 00O écop mlr FB r 0
— = + Fo+ 0 |F + 0
dt| e, 0 00 1jce, g | g -
¢, | o oo ole ||l - WKS L ks k)
|_ L Izz_ L L L _
(3.7) -

The last term is the disturbance from the road curvature that front wheel steering
cannot eliminate, unless it has an independent control system to control the rear

tyre [15]. To incorporate Fyr and express equation (3.7) to a standard form,
dimensionless parameter 77 proposed by Talvala et al [19] is used [15]. The
parameter 77 has a value of one when the tyre state is in a perfect linear region

and zero when the tyre state is at infinite slip angle. It describes the rear tyre force
as

I:yr = _nrcr a, (38)

where C, is the cornering stiffness of the rear tyre when the slip angle is zero,

a, is the slip angle of the rear tyre and 77, is the dimensionless parameter to

r
capture the nonlinear behavior of the rear tyre. Substituting Fyr from equation

(3.8) into equation (3.7), the new equation of motion in state-space form can be
found as



d18m ||| g e
dt e’// e'//
6, 6,
. . ; 0 (3.9)
€ L
0 0 0 0 s . H
-0 0 0 1 = || " | Ere
e, 0
I n C I n C (Ir +Xcop)|r77rCr .
0 [ 1 S SR 3 | g U ew |f
L Iszx Izz Iszx B |_

Vehicle dynamics are represented as the standard form of state space in equation
(3.9). Note that tyre uncertainties in the dynamics are effectively reduced and the
state equation becomes simpler.

The objective of the feedback part of the upper level controller is to provide path
tracking stability and eliminate path tracking error due to unmodelled error in
equation (3.9). In this paper, a new concept of a full state feedback controller
which is suitable for use at the limits of handling is presented.

The goal of feedback controllers in the previous research is to make lateral and
heading error converge to zero [11-16] with respect to road. The error dynamics
and their performance index can be written as

@D @D

=F: " |+G-u
(3.10)

@D @D
<

ey
d|é€
dt|e,
eW v

Je = IO (,oley2 +,02éy2 + ,03e|/,2 +p4éW2 +ru?)dt

where F is the system matrix, G is the input matrix of each error dynamics, u is a
control input, such as steering wheel angle or desired front lateral force and
Pui Py Pas P, T are the weighting factors. They show good tracking performance

in moderate handling. In contrast, at the limits of handling such as rally racing and
F1 racing, body slip angle becomes bigger due to high lateral acceleration and
professional driving techniques, such as trail braking [17]. The body slip angle on
the paved road with passenger car ranges from 3 to 7 degrees and is significantly
large compared to that of normal driving. Due to the large body slip angle, the
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direction of the vehicle’s instantaneous velocity, i.e., vehicle motion direction, and
heading angle are different and this difference results in yaw angle error. Note that
even in the case of a vehicle in a well tracking situation, as seen in Figure 3.3, the
previous control law makes non-zero control input for regulating yaw error, the
goal of the previous control law. In addition, when the controller eventually aligns
vehicle heading angle with the road heading angle, lateral error due to non-zero
lateral velocity occurs.

— Vehicle Direction
~ - \:Road Heading

/

Desired Road
Vehicle Heading

Figure 3.3. Well tracking situation : Yaw error occurring due to body slip angle

Furthermore, residual of lateral force and tyre damping, which can provide vehicle
yaw stability, is very small because most of the tyre force is used for cornering and
accelerating at the limits of handling. Therefore, in the case of existing feedback
control law, the difference between vehicle direction and heading angle results in
steering wheel angle oscillation and yaw error oscillation. This steering wheel
angle oscillation makes the vehicle unstable, especially at the limits; thus, it is not
desirable. Therefore, we should consider body slip angle in the feedback control
law for good tracking performance and stability at the limits of handling.

Moreover, previous control laws which minimize yaw error do not mimic
professional human drivers. Frequently, professional human drivers recognize and
use unavoidable body slip angle and align vehicle direction with road heading
angle, i.e., zero tangential error, not vehicle heading angle with road heading angle
in cornering. Therefore, steering wheel angle oscillation does not occur in the real
situation. Professional human drivers do not manipulate steering wheel angle in a
low frequency and they are invited to keep steering movement to a minimum [18].
To reflect these aspects, the role of the feedback controller which minimizes yaw
error should be replaced with minimizing the sum of body slip angle and yaw error,
i.e., the controller makes vehicle direction align with the desired road heading
angle for zero tangential error. When the vehicle is driven on a straight road, body

13



slip angle goes to zero, and the sum of body slip angle and yaw error becomes yaw
error as the previous feedback controller.

The basic control law of the new feedback controller at the limits of handling is
to minimize the performance index which is written as:

‘JP = J.: (pleyz + 0, (e,/, + ﬂ)z + o, (e.‘//)2 + I’FFBZ)dt (3.11)

The objective of the control law is to minimize lateral error with e, and

tangential error with e, +/ which represents the difference between vehicle

direction and road heading angle as seen in Figure 3.4. This error should be
minimized to keep the vehicle on the desired path, and match the vehicle motion
direction and road direction. However, although lateral and tangential errors
converge to zero, yaw error can oscillate because there is no constraint of yaw error.

Therefore, yaw damping is added for reducing yaw error with adding éy, in the

performance index. To obtain gain set of the feedback controller, body slip angle
should be expressed in terms of vehicle error states in equation (3.9).

Road Direction

Vehicle Motion Direction

Vehicle Heading

Desired Road

Figure 3.4. Feedback controller at the limits of handling

The time derivative of lateral error e’y is written as
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€, =V, SIn eV, +Vy COSEW

<

=v,sine, +V, tan fcose, [ tan g =

) ] (3.12)

VX

Multiplying cos £ and applying the sin of sum identity, the new equation is
written as

. e é
ew+ﬂ:sm(eu,+ﬂ):v—ycos,8:7y (3.13)

X

The small angle approximation about e, + £ in equation (3.13) is reasonable

because the objective of the feedback controller is to eliminate tangential error
e, + /. Because the tangential error e, + /4 is expressed in terms of € , the

performance index is re-written as

1=["(pe, +226+ (&, ) + Rt (3.14)
=], \A® vy Ps(E, FB .

where p,, p,, p,is the weighting factors which corresponds to each error. The

equation consists of lateral error e and time derivative of lateral erroréy, not

e and e as equation (3.9). Therefore, e, and €., should be

cop cop cop p

transformed into e and éy by using equation (3.2). Its transformation matrix is

written as
€cop 10 Xcop 0 €, 10 Xcop 0 €
ecop _ O 1 0 XCOp . - ey _ 0 l XCOp . ey (3 15)
e, 00 1 O sine, 00 1 0|]e
&, | |0 0 0 1 ||cose, 6| |00 0 1]l

In equation (3.15), small angle assumption of e, is used for linearization.

Substituting errors in equation (3.9) from equation (3.15), the new equation of
motion is written in terms of lateral error and yaw error as,

15



% =T 'ATe+T 'BF.,=A e+B,F,,

e, 1 0 Xy O
. (3.16)
ey 01 Xcop -1 -1
where e = T = A, =T AT, B,=T"B
e, 00 1 O
€, 00 0 1

where T is the transformation matrix in the equation (3.15), A is the system
matrix, B is the input matrix in the state space equation (3.9), A, is the new
system matrix and B, is the new input matrix in the state space equation (3.16).

The goal of the feedback controller is to minimize the performance index given
in equation (3.17).

J= j: (e"Qe+u'Ru)dt

p, 0 0 0]
P> (3.17)
0 == 0 O
where Q = V& ,R=r,u=F"
0O 0 0 O
0 0 0 p,]

Because the magnitude of the control input is not important at the limits of
handling, r is chosen as a small value. p,, p,, p, are the weighting factors which
correspond to each error. To follow the desired road, both lateral error and

tangential error are important; especially, tangential error is more important at the
limits of handling to stabilize the vehicle. Therefore, the weighting factor of

tangential error p, is set as a large value. Furthermore, even if we minimize the
tangential error, the yaw error can oscillate because there is no constraint in the
yaw angle direction. Therefore, the weighting factor of yaw damping p,is set to
eliminate yaw error oscillation. To satisfy the above requirements, consequently
the weighting factors are determined as p, =50, p, =2000, p, =300, and

r =0.000001. Because there is velocity V is in the weighting matrix Q, gain
scheduling with respect to V is conducted before on-line simulation.
Using linear quadratic optimal control theory, feedback input is solved as [20]
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0=-A"H_-H_A +H_BR'BH_ -
. AZ SS SS Azl . §S T z SS Q (318)
F,~=-K,-e=-R"B, Hg-e

where K is the gain and His the solution of the Riccati equation. Feedback

control input is full-state feedback. Because the state equation is simplified by the
benefits of using COP, the selection of weighting factor and variables is not
complicated.

Even though LQR is robust and its stability is already proved, it does not
guarantee stability of closed-loop system due to model uncertainty and actuator
limitation. However, in this paper actuator limitation is not considered.” As seen
in equations (3.7) and (3.9), dynamic equation is force-based equation and all of
nonlinear tire dynamics is considered with parameterz;, . Moreover, disturbance
vector consists of bounded variables such as longitudinal speed and curvature.
Thus, model uncertainty and disturbance vector are bounded and do not affect to
stability’® [15]. To check stability of control system, Lyapunov theory is used. If a

matrix P meets under conditions, the closed-loop dynamics X = A, X is stable.

for all nonzero z
V.. =2'Pz>0 (3.19)

lyap

\/'Iyap =7 (A,"P+PA,)z<0

By use of linear matrix inequality solver
(http://kr.mathworks.com/help/robust/ref/feasp.html), P can be easily founded [15].

Due to scheduled gain with respect to vehicle velocity, 7, is the only variable. In
this paper, 7,is in 0.28<7, <1. From Talvala et al [19], 7, =0.28 means

saturated situation and 77, =1 means perfectly elastic region of tyre.

A-CrL,ryr=0.28P + PACL,qr=0.28 <0
A, 4P +PA,, 4 <0 (3.20)
where A, , .=A , -B-K

m=¢ B

@ As seen in overall simulations, steering wheel angle did not exceed 200 deg
where the maximum angle is 720 deg. Because the algorithm is focused on limit
handling of vehicle, there is no case to use maximum steering angle.

@ Appropriate gain set can regulate bounded uncertainty.
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All of results show that the control system is stable in the sense of Lyapunov. For
example, when longitudinal speed is 20m/s, a P can be solved as

0.0104 0.0022 0.0339 -0.0040
P —10° 0.0022 0.0064 0.0038 -0.0110 (3.21)
- 0.0339 0.0038 1.2521 0.0126 '

-0.0040 -0.0110 0.0126 0.0501

As a result, the LQR gain can stabilise the plant from moderate (77, =1) to limit

(77, =0.28) maneuvering.

Consequently, the overall upper level control input is the sum of feedforward and
feedback control input as seen in equation (3.22).

F®)=F"™"+F7>(@)

@D D

m (3.22)

_ L' (V, (KS(0) + Xy (KS(0) + KS()) —R7B,TH,, |

@D D

Feedforward and feedback control inputs are coupled and provide a general outline
of the desired lateral force and path tracking stability, respectively.

3.1.2 Lower Level Controller

The objective of the lower level controller is to convert the front lateral force to
steering wheel angle input. Because upper level controller is designed by forced-
based approach, the control command of the upper level controller is front lateral
force. However, the lateral motion of vehicle is manipulated with steering wheel
angle. Therefore, conversion of the front lateral force to steering wheel angle
should be conducted. This paper presents an effective conversion by utilizing the 2
DOF bicycle model and calculation of the understeer gradient based on theory of
self-tuning controller with bounded-gain-forgetting (BGF) estimator.

The objective of the feedforward part of the lower level controller is to provide
the nominal steering wheel angle which corresponds to front lateral force. The
input is designed with the 2 DOF bicycle model. From the geometry of 2 DOF

> ]

-
|
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model, steering angle is represented in terms of wheel base L, slip angles o,

and «,, and road radius R, as seen in equation (3.23)[16].
L
é‘:E+ozf -a, (3.23)

The slip angles in equation (3.23) can be written in terms of understeer gradient
K. as

us

§:£+K a
R us%y
3.24)
W (
where K, W
Cf Cr

As seen in equation (3.24), road radius R and understeer gradient K . should be

represented in terms of the vehicle parameters and the control command to
calculate steering control input which corresponds to the desired lateral tyre force.
First, road radius can be easily obtained from the equation of motion of the vehicle.
Assuming that the vehicle is on steady-state cornering, equations of motion from
equation (3.1) are written as,

2

mv
Ff+F =—=
R (3.25)
IR, —I.F =0
From equation (3.25), road curvature K is written as,
1 1 L
K=== —-F) 3.26
R mv? | V% (3:20)
where Fyfdes is the desired front lateral force which is the control input of the

upper level controller. Second, understeer gradient K, can be calculated from

estimation of cornering stiffness as the definition. However, there is not a simple,
satisfactory estimation of cornering stiffness. Therefore, a parameter adaptation
approach is chosen in this paper. Adaptive control is to estimate the uncertain
:| -I

-
|
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parameter and use the estimated parameter in control input [20]. Bounded-Gain-
Forgetting estimator is kinds of least-squares estimator which minimizes the total
prediction error, time integral of error. However, the total prediction error contains
past error data which are generated from the past parameter and disturbs tracking
varied parameter. Because understeer gradient, the parameter to be estimated, is
time-varying, simple least-squares estimator is not suitable and the past data should
be forgotten. Thus, authors applied self-tuning adaptive controller with BGF
estimator. To apply the theory, adaptation law should be formulated as linear
parameterization model as seen in equation (3.27)

5—§=Km% (3.27)

Using the theory of BGF estimator, understeer gradient can be solved as seen in
equation (3.28) [20],

A

K =—P(Dae (1)
L. -
e = (5_E) - Ky,

d ), (3.28)
E[P(t)] =PM)A()-P(t)°a,

_sa-l?!
A0 = A=)

0

where k, and A4, is tuning parameter which related to convergence speed and
forgetting constant respectively. A gain set of BGF estimator is k, =10 and

A, =3 . This algorithm is well tracked the time-varying parameter and its

convergence is mathematically proved. [20] Moreover, because the theory BGF
estimator is based on minimizing the following cost function, it is robust to
measurement noise.

J= jexp[—jﬂ,(r)dr]{z(s) ~K,a,(s)}ds
0 s (3.29)

where z :6—£
R

Substituting road radius from equation (3.26), the feedforward ste;erjlng_ angle
20 1=-TH

.
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relationship is written as

L Fe®
5FFW = |_ ) #(t)z

r

+ K, ()3, (1) (3.30)

where understeer gradient K can be obtained from equation (3.27). Note that the

feedforward steering angle relationship, equation (3.30), is only represented in
terms of vehicle parameter and control input of upper level controller, front lateral
tyre force, without estimation of tire parameter. Consequently, given upper level

f
control command F, .,

feedforward steering input corresponding to the desired
front lateral tyre force can be easily obtained from the vehicle parameter.

The objective of the feedback part of the lower level controller is to compensate
for uncertainty and unmodelled error of the feedforward part. Moreover, for the
purpose of fast adaptation convergence, feedback part is essential. The feedback
part is designed by a simple Pl controller with respect to front lateral tyre force
error, i.e., the difference between the desired lateral force and measured lateral
force, because the difference between the feedforward steering angle and the
desired steering angle. A gain set can be easily obtained by trial and error. This can

be replaced with the difference with respect to the related parameter.

S (1) = Ky -AF) (1) + K, - j AF, (t)dt (3.31)

where K, is the proportional gain, K, is the integral gain and AFyf is the
lateral force error. A gain set of feedback controller is K, =0.019 and

K, =0.043. Because this paper is focused on driver model for closed loop

simulation, actual lateral force is used to calculate the lateral force error in the
feedback algorithm. Consequently, conversion of the desired front lateral tyre force
to desired steering wheel angle is achieved as equation (3.32).

o) = Oerw (t)+ s (t)

Flo(t
_LFe®
[, mV,(t)

)+ Ky -AF/ (1) +K, - [AF/ (t)dt
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The feedforward part of the lower level controller provides nominal steering input
which corresponds to upper level control input and the feedback part of the lower
level controller compensates for unmodelled error.

Because the proposed algorithm that consists of upper and lower level
controller is only based on PI controller and kinematic variables such as travelled
distance, vehicle speed, vehicle parameter and etc., nonlinear characteristics of tire
model due to combined slip is inherently considered. As tires confront combined
slip, the characteristics of vehicle motion changes and this varied characteristics is
reflected in the proposed algorithm.
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3.2. Comparison and Validation

All of the simulations for evaluation of lateral driver model are performed
with Matlab Simulink and Carsim.?. In Section 3.2.1, the proposed feedback
control law is compared with the existing feedback control law on an ideal road. In
Section 3.2.2, the proposed lower level control algorithm is validated on an ideal
road with respect to various road friction coefficients. In Section 3.2.3, the same
comparison is conducted on a complex corner in the Korea International Circuit
(KIC). In addition, through using driver data, results of the proposed and existing
feedback control laws are compared with driver data. In Section 3.2.4, comparison
of the proposed model with the driver data and the existing preview model is
conducted to validate tracking performance and similarity with professional drivers.
Vehicle parameters of Carsim F class have been modified to obtain similar
dynamic characteristics of the test vehicle.

3.2.1. Comparison of the Proposed with the EXxisting
Feedback Control Law on an “S” Shape Road

In this section, comparison of the proposed feedback control law with existing
feedback control law is conducted in an ideal condition. The existing feedback
which is used in this section for comparison is presented by Kritayakirana and
Gerdes[15]. It is based on the lane-keeping system proposed by Rossetter et al [21].
It has sufficient yaw damping to compensate for yaw oscillation and its stability is
investigated via Lyapunov theory. The proposed feedback control which minimizes
tangential error has been presented in the previous section. The main difference
between the existing and the proposed feedback control law is whether body slip
angle is considered. The simulation is performed in the condition in which lateral
acceleration is 0.96g and an “S” shape corner which consists of clothoid and circle
as Lopez[22] when x =1. Simulation results are presented in Figure 5 and Figure

6. The existing feedback controller is presented as “w/o Beta considered” and the
proposed controller is presented as “w/ Beta considered” in the legend of the
graphs.

Even though the existing feedback has sufficient yaw damping, steering
wheel angle oscillation and yaw error oscillation occurred. Moreover, this
phenomenon is occurred near the friction limits as seen in Figure 3.5, which shows
this phenomenon is not occurred below the friction limits (lateral acceleration is
0.82g). As described in the previous section, steering wheel angle oscillation
results in instability of the vehicle and does not mimic the professional driver, who

© Sampling time : 0.01 sec
23



is invited to keep steering movement to a minimum [18]. However, the proposed
feedback controller which considers body slip angle eliminates steering angle
oscillation. In addition, oscillation of body slip angle and yaw error is eliminated as
seen in Figure 3.6. In addition, steering angle and yaw error oscillation is also
shown while friction coefficient is varied as seen in Figure 3.7.
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Figure 3.5. Steering wheel angle comparison
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(a) Steering Angle Comparison on mu=0.6 (b) Yaw Error Comparison on mu=0.6
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Figure 7. Simulation Results of Wet Road Condition

Because |, and I of the vehicle model are similar in size, i.e. |, =1, the body

slip angle is small. However, in many cases, due to many reasons such as saturated
rear tyre, the vehicle easily becomes unstable; this results in large body slip angle,
especially at the limits of handling. Moreover, professional drivers sometimes
intend to make side slip angle such as trail braking [17]. In addition, in the case of
small body slip angle, tangential error converges to yaw error. Therefore, tangential
error is a generalized form of yaw error.
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3.2.2 Validation of the Proposed Lower Level Control
Algorithm on the “S” Shape Road

(a) Understeer Gradient on mu=1

10 F | 13 F 1y
= === Actual value 1
8 Estimated Value :
Ao :- -:":?g -
N ',) [
4 H " ==
M ' I\ 4,
1 LT
2 ] Yl
4 - |1
0 b 1
100 150 200 250 300 350
= (c) Understeer Gradient on mu=0.6
S 10 |
D "
=B 8 1]
- LY
= I
2 I
k=] 6 [
© 1 1
> 4 1 W n/-l-
= ! H
[5) [ 1
ol ! v'"‘ i.
1Z] 2 [} AL
= il ¥
3 W U
c I} 1
) 100 150 200 250 300 350
(e) Understeer Gradient on mu=0.2
10
8
1
6
h |
403
1
1
2
1
i | !

100

150

200

250

300

350

SWA[deg]

-100

-200
[3

-100

-200

(b) Steering Wheel Angle Analysis on mu=1
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In this section, validation of the proposed lower level control algorithm is

conducted on the “S” shape road with respect to various friction coefficients. The
simulation is performed in the condition in which lateral acceleration is over
0.9 1 g with the proposed lateral driver model. Friction coefficients are set as

£#=1,0.6,0.2 which represent dry, wet, and snowy road condition respectively.

The simulation results are presented in Figure 3.8. Plots of understeer gradient,
adaptive parameter, and comparison of desired, feedforward, and feedback steering
wheel angle in each friction coefficient is shown. Actual value of understeer

gradient is from Carsim output.

Even though convergence speed of adaptive parameter becomes slow as friction
coefficient decreased and actual understeer gradient is oscillated, estimated value
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well tracks the trend value of actual value. Root mean square value of difference
between desired steering wheel angle and feedforward steering wheel angle is
calculated as 6.18deg (4.1% of maximum steering angle), 2.87deg (2.4% of
maximum steering angle), and 2.59deg (3.0% of maximum steering angle) with
respect to each friction coefficient respectively. Note that the feedforward steering
wheel angle has similar value with desired steering wheel angle. Because the
proposed algorithm, driver model, is focused on closed loop simulation, for the
purpose of accuracy, the actual lateral force is used to calculate force error.

3.2.3 Comparison of the Proposed with the Existing Feedback
Control Law on Korea Interntional Circuit

In this section, the same comparison of Section 3.2.1 is conducted on a complex
corner in the Korea International Circuit. Moreover, driver experiment data are
added in a comparison target for reference. The driver data are acquired from the
Korea International Circuit with luxury sedan weighting 2000 kg. To validate
tracking performance and similarity with human drivers of the proposed lateral
driver model, three consecutive corners which are to evaluate the controller’s
ability to react to the various corners are selected in the track. The radius of each
corner is 25m, 20m and 18m, respectively, and the corners are a flat, paved road.
Note that, at the limits of handling, there are not many styles of steering behaviour
with respect to drivers such as moderate maneuver because vehicle is on the
boundary of stability. Furthermore, professional drivers are invited to keep the
optimal line for each lap. Therefore, single driver data from a professional driver
are used.

Because the proposed driver model is limited to the lateral driver model, the
desired path and velocity profile are obtained from driver data which are generated
by RT 3000. It is often to consider longitudinal and lateral control independent on
previous researches [15, 23]. Thus, the longitudinal part to follow the desired speed
independently combined to the proposed algorithm. To calculate more reliable
error and curvature, the desired path should be smoothed. Smoothing algorithm is
conducted through optimizing cost function in equation (3.33) which is proposed
by Thrun et al [23].

argmin| 3" (y, - %) =YW, (1= %) (% = %) (3.33)

XX i n | X — X, ” Xn = Xoa |

where vy, is the original trajectory, W, is the weighting parameter and X is

1]
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the smoothed path. The first term of the cost function presents the distance between
the original trajectory and smoothed path. The second term presents the cosine
value of the included angle between adjacent vectors and minimizes curvature.
After smoothing the trajectory, discrete points are connected through natural cubic
splines [24].

The simulation results are presented in Figure 3.10, and Figure 3.11. Figure 3.9
is the overall curvature of the desired path, and Figure 3.10 is a comparison of the
steering wheel angle.

It is hard to find advantages of the proposed feedback control law in Figure 3.10.
In addition, there is no steering wheel angle oscillation because the vehicle is not
strictly at the boundary of the stability and the given track does not have constant
curvature as the previous “S” shape corner. However, in Figure 3.11 which show
lateral error with respect to the driver data, respectively, the advantage of the
proposed feedback control law can be found. As seen in Figure 3.11, the maximum
value of lateral error becomes large with negotiating the consecutive corner. When
the driver negotiates the consecutive corner at the limits of handling, the driver
always confronts the next corners with unstable vehicle states such as non-zero
body slip angle and roll angle. However, professional drivers do not recognize non-
zero body slip angle as yaw error as the existing control law, because their ultimate
goal is to track the desired optimal path not stabilizing the vehicle. Moreover, the
existing feedback control law recognizes body slip angle as yaw error and tries to
reduce it. Consequently, unnecessary tyre force is needed to stabilize the vehicle
in the yaw direction.
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As shown in Figure 3.9 and Figure 3.11, both feedback control laws show
similar tracking performance on the first corner (200m~360m in the road station).
However, as the vehicle goes through the second corner(360m~460m in the road
station) and the third corner(460m~580m in the road station), it becomes unstable,
and the existing feedback controller presents worse tracking performance than the
proposed feedback controller because it tries to stabilize the vehicle as seen in
Figure 3.11. From the above results and discussion, the proposed feedback control
law shows better tracking performance than the existing feedback control law at the
limits of handling.

3.2.4 Comparison of the Driver Models

In this section, the proposed lateral driver model is compared with the human
driver data and the existing preview steering controller. The driver data are
acquired in the Korea International Circuit (KIC) with luxury sedan weighting
2000 kg. The preview driver model which is proposed by Kang et al [25] is
designed based on the optimal finite preview method with respect to the 2 DOF
bicycle model, and it consists of a feedforward and feedback part. The gain of the
feedback part is well tuned to minimize lateral error and assure yaw stability.

The simulation result is shown in Figure 3.12, Figure 3.13, and Figure 3.14. In
Figure 3.12, lateral error with respect to driver data is presented. In a quantitative
respect, lateral error is bounded above by 0.2m and below by -0.4m, even though

2
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the simulated vehicle is at high lateral acceleration. In contrast, lateral error of the
preview model ranges from -1m to 2m. In addition, it shows large lateral error
which is due to instability of the vehicle between 380m~430m by the road station.
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Figure 3.12. Simulation Result : lateral error w.r.t. driver data

Similarity with human drivers is investigated through comparison of steering
wheel angle and body slip angle. The aspect of the steering wheel angle of the
simulation result is similar to that of driver data, as seen in Figure 3.13. When the
differences between the vehicle model in Carsim and the luxury sedan are taken
into consideration, the steering angle difference is very small. Furthermore, the
body slip angle shows similarity to human driver data, as seen in Figure 3.14. The
body slip angle of the lateral driver model has similar magnitude and tendency to
that of driver data.

In a quantitative respect, the standard deviation of the steering wheel angle and
body slip angle difference is presented as seen in Table. 3.1. The proposed lateral
driver model has more similar control input to human drivers than preview model.
Also, this tendency is able to see in the case of body slip angle. The proposed
lateral driver model shows more similar behaviour to human drivers than the
preview model.

Table. 3.1. SWA and Body slip angle difference with respect to driver data

SWA Difference Proposed Model Preview Model
RMS Value 10.49(deg) 20.75(deQ)
Beta Difference Proposed Model Preview Model
RMS Value 0.4394(deg) 0.9893(deg)
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From the above results, the proposed lateral driver model shows not only better

performance but also more similar vehicle steering behaviour to human drivers,
than the existing preview model.
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Chapter 4

Development of Integrated Chassis Control
Algorithm of ESC and 4WD for Enhanced Limit
Handling

The block diagram of the control algorithm proposed in this study is shown in
Fig. 4.1. The proposed algorithm consists of three layers. First, to interpret the
driver intended motion, a supervisor determines the desired yaw rate and
longitudinal acceleration based on the driver’s commands and vehicle states.
Second, to track the desired vehicle motion, an upper level controller determines
the virtual control inputs, such as the desired longitudinal force and the desired yaw
moment. Finally, based on virtual control inputs and vehicle states, a lower level
controller optimally allocates actual control input to 4WD and ESC actuators.

Vehicle Motion Controller Vehicle

Driver Command

Supervisor
- Steering angle - Desired Motion Calculation
- Pedal signal (Desired Accleration, Yaw rate)

L]

Upper Level Controller
-Virtual Control Calculation
(Desired Forces, Moments)

Vehicle State

- Vehicle speed
- Yaw rate

Figure 4.1. Block diagram of the control algorithm

4.1 Supervisor

The objective of the supervisor is to interpret the driver intended motion based
on the driver’s command and vehicle state. The desired yaw rate is designed with
the 2DOF bicycle model. From the cornering kinematics of the bicycle model, the
wheel steering angle can be written as [16]:

5:%+05f -a, (4.2)

where ¢ is the wheel steering angle; L is the wheelbase; R is the road
curvature; and ¢ is the slip angle of each tire. The difference between the front
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and rear slip angles in equation (4.1) can be re-written in terms of understeer
gradient K, and road curvature R can be re-written by using the kinematic
relation between the yaw rate and the velocity of the vehicle as [16]:

L
s=—L+K.a, 4.2)
\'

X

where y is the yaw rate; v, is the longitudinal velocity; and a, is the lateral

acceleration of the vehicle. From equation (4.2), a desired yaw rate is designed as:
VX
Y des :T'(a_ Kusay) (4.3)

where y,. isthe desired yaw rate. In this paper, because the algorithm is focused
on limit handling, the desired understeer gradient is set to be zero for agile vehicle
cornering maneuver. In other words, the vehicle tends to behave as neutral steer.

The desired longitudinal acceleration is determined based on the driver’s pedal
signal, which indicates the amount to accelerate. From the pedal signal, the desired
longitudinal acceleration is determined by the use of a torque map and engine
speed as [8]:

a

X, driver

=a,(APS)+a, (BPS) “
Vx,des(k+1) zVx(k)-f—a, T

x,driver " sampling

here APS and BPS are the accelerator and brake pedal signal, respectively; and
Vy.des 1S the desired longitudinal velocity.
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4.2 Uppel Level Controller

The objective of the upper level controller is to determine the desired yaw
moment and desired longitudinal force to track the desired motion. Due to
uncertainties of model uncertainties and disturbances, the desired longitudinal force
and yaw moment are determined by the use of sliding mode control theory. This
scheme is previously presented in [7-9].

4.2.1 Yaw Rate Controller

The objective of the yaw rate controller is to reduce the yaw rate error
between the actual yaw rate and the desired yaw rate, which is determined by the
supervisor. The yaw rate controller is designed with the re-arranged dynamic
equation of the bicycle model. The equation of motion of the 2DOF bicycle model
is described as [16]:

2¢,+C) _, 20,-C,-1,-C) 2.C,
B m-v, m-v,’ B mv, 0
= ' + 0+ 1 ‘Mzdes
71| 20,.c.-1-c)y  202-c,+12.cy |1r]7] 21, -c, =
Iz Iz'Vx Iz i
(4.5)

here g is the side-slip angle; I;and I are the distance from the front/rear
wheel to the center of mass, respectively; C; andC, are the tire cornering
stiffness of the front/rear wheel, respectively; I, is the rotational inertia on the z-
axis; and M, 4 Iis the desired yaw moment. One of the major drawbacks of the

above equation is the side-slip angle, which is unobservable with sensors equipped
in commercial vehicles. Thus, the equation of the motion of the bicycle model is
rearranged as [26]:

2C.C. (I, +1)> m@,C; -1 C 2C.C. (I, +1
B (Cr (g +1p) u (1¢Cs I, r)ay+ ¢Cr (I r)5+iMzdes (4.6)
Ci+C, LV, (C; +C)I, Ci+C, |, , =

7}:

In accordance with sliding mode theory, the sliding surface and the sliding
condition are described as [20]:

1d .
S, =7 —Vdess EEs},z =s,$, <-7, |S},| 4.7

34



where s, is the sliding surface; and 7, is the sliding gain. From equation (4.7) and

the vehicle states, the time derivative of the sliding surface is described as:

S.y:?}_ydes
2C,C, (I, +1)>  m(,C; -,C,)  2C,C, (I, +1,) 1 |
= y+ ay+ 5+_Mz,des_7des
C,+C, 1V, (C; +C)I, C,+C, I, .
(4.8)

To satisfy the sliding condition in equation (4.8), the desired yaw moment is
described as:

2C:C, (I;+1)*>  m(:C;-1C)  2CC, (If +1,)
—— — y+— — a, +— ~ o
Ci+C, I,V (C¢ +CI, C{+C, |,

Mz,deszlzj/des_lz'{ }_ny'sat(sﬂ/)

sgn(sy) if |sy| > Sih.,

sat(s,) :{ s
(4.9)

Y else

where sy, , is the threshold to determine the sat(s,) property; and (fi is the

estimated tire cornering stiffness. However, tire cornering stiffness is varied and
difficult to estimate. To minimize the error, the geometric mean of the tire
cornering stiffness is considered [20]. Talvala et al. [19] proposed the
dimensionless parameter 7 to indicate the saturation of the tire on the tire curve.

The amounts of the parameter range from 0.3 to 0.5 at the fully saturated region.
Thus, the estimated tire cornering stiffness is:

CAi = \]1' Nsat * éi,o (4-10)

where 7, Is the dimensional parameter at the saturated region, which is set as

0.4 in this paper; and éi'o is the tire cornering stiffness at the linear region.

Because the normal load distribution between the front and rear axle is quite small,
the effect of front/rear load transfer is not considered. The integrated chassis
control algorithm can be improved with a tire cornering stiffness estimator.
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4.2.2 Longitudinal Controller

The objective of the longitudinal controller is to reduce the longitudinal velocity
error between the actual longitudinal velocity and the desired longitudinal velocity
by the use of the desired longitudinal acceleration. The equation of motion in the
longitudinal direction is described as:

. 1
a =V, +Vyy:E(vades ~F,5) (4.11)

where a_ is the longitudinal acceleration; v, is the lateral velocity; m is the
vehicle mass; F, is the desired longitudinal force; and F, is the lateral force

of the front tire. Because an amount of the steering angle is almost within 0~10
degrees (0~ 0.17 rad), the effect of the lateral tire force could be considered as
disturbance. Hence, because the lateral velocity of the vehicle is very small even at
the limits, v y could also be considered as disturbance. Note that because the

lateral force, steering angle and lateral velocity in typical maneuver have upper
limit, both disturbance is norm-bounded uncertainties which can easily compensate
with sliding mode theory. In accordance with sliding mode theory, the sliding
surface and the sliding condition are described as [20]:

Sy =V

1d .
x ~ Vi des Easxz =SSy = —7)x |SX| (4'12)

where s, is the sliding surface; and 7, is the sliding gain. From equation (4.12)
and the vehicle state, the time derivative of the sliding surface is described as:

. . . 1 .
Sy =Vx = Vy des = E I:x,des —Vy des (413)

To satisfy the sliding condition which is shown in equation (4.13), the desired
longitudinal force can be calculated as:

Fx,des =m 'Vx,des —Tx -sat(sx)

i 4.14
sat(sx>:{sgg<sx> s> s (414

where sy, isathreshold to determine the sat(s,) property.
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4.3 Lower Level Controller: Optimal Coordination

The objective of the lower level controller is to optimally allocate the virtual
control input to the 4WD and ESC actuators. From the upper level controller, the
desired yaw moment and the desired longitudinal force are determined in the
manner of sliding control theory. In the lower level controller, these desired forces
and moments are optimally allocated while satisfying the target performance by
minimizing designed cost function, as described in below.

Issue 1. Minimize the allocation error
- minimize the error between the virtual control input and the actuator control
input
Issue 2. Combined slip monitoring based adaptation of the tire saturation
penalty
- allocate the longitudinal force commands to a minimum at the wheel, which
has a high tire saturation penalty
Issue 3. Follow the allocation guideline
- converge the optimal longitudinal force commands in the vicinity of the pre-
defined, rule-based solution
Issue 4. Minimize unwilling braking
- minimize the use of braking torques of ESC
Issue 5. Actuator constraints
- consider the limit and rate limit of the actuators

The principal concept of optimal allocation is maximally utilizing the friction
circle of each tire. The issues 2 and 3 are newly proposed in this paper. By
following the allocation guideline and monitoring tire saturation with the tire
saturation penalty, the vehicle could show enhanced maneuver performance at the
limits.

4.3.1 Issue 1: Minimize the allocation error

The ideal relationship between the virtual control inputs and the actuator control
input is described as:
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Frdes = ( Ferawp + Fx,R,4WD)

FxAWD

_(FX,FL,ESC +F rresc + Frriese * Fx,RR,ESC)

Fx ,ESC

t
— — —
M z,des ™ 2 (FX,FL,ESC I:X,FR,ESC + FX,RL,ESC FX,RR,ESC )

T
u(t) = [FX,F WD For , Wp4 For ESC , F e ESC ,Fx RL ESC, I,:x RR ESC :I (4.15)

where F

iawp IS the traction force command of the 4WD actuator; F,; o is

the braking force command of the ESC actuator; t, is the track width of the

vehicle; and u(t) is the actuator control input vector. In the matrix form, equation
(4.15) is re-arranged as:

Fo 11 -1 -1 -1 -1 o
= _ -u
M 2.des 0 0 tw tw tw tw

2 2 2 2 ]ueq (4.16)
B,[2x6]

minimize |Bu(t)—v,(t)|

A [2><l]

where v, is the virtual control input vector; and B, is the allocation matrix. In

order to minimize the allocation error, the difference between the virtual control
input and the summation of the actual control input in equation (4.16),

[Bu(t)—v,(t)] is added to the cost function.

4.3.2 Issue 2: Combined slip monitoring based tire saturation

penalty

To keep the tire in the stable region, the longitudinal force command might be
allocated on the non-saturated tire. Numerous previous researches [4-7] minimize
the tire workload to keep the tire stable, which is defined as:

R+ Fyf

(Tireworkload atithwheel) = (4.17)

/UFz,i
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where F{ i is the force of the i-th wheel in the longitudinal, lateral, and

XY,z
vertical direction, respectively; and x is the tire-road friction coefficient. The
monitor of the tire workload has shown improved performance at the limits.
However, this method possesses two drawbacks. First, an estimation of the lateral
tire force F,; is a very challenging task in the experimental situation.

stable unstable

Longitudinal '
F Tire force C € D

——__

C.D

Slip ratio

Lateral ‘-
A, B Fy Tire force A B

Slip angle

Figure 4.2. Drawback of the tire workload

Compared to tire forces, the combined slip is a kinematic variable and easier to
estimate with vehicle parameters and state [27, 28]. Note that according to [27] and
[28], in order to estimate side slip angle, vehicle dynamics should be considered. In
this procedure in [27] and [28], lateral tire force of front/rear wheel should be
estimated. However, to utilize tire workload for integrated chassis control at the
limits, lateral tire force of four tires are needed. Moreover, to know lateral tire
force of four tires, tire model parameters and estimated side slip angle are needed
as seen in [29]. Thus, tire slip angles are needed to be estimated prior to tire lateral
forces and relatively easy to be estimated. Second, the tire workload could not
distinguish the saturation of the tire near the peak value. As seen in Fig. 2, points A
and B indicate the same tire workload, but point A is stable and point B is unstable
near the peak slip angle. Due to these drawbacks, tire force based tire saturation
monitoring is not suitable for commercial vehicle. Thus, to compensate for these
drawbacks, a combined slip based tire saturation penalty is newly tried in this paper.
Although the tire saturation penalty is similar to the tire workload, it is a
combined slip based tire saturation index. The combined slip is defined as [30]:
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2 2
O-l == O-X,i +O-y‘|
K tan ¢; (4.18)
O-x,i - 1 ’ O-y,i =
+ K; 1+x

where o; is the combined slip of i-th wheel;a{xyy}'i is the modified, i-th tire slip

ratio and slip angle, respectively; «; is the slip ratio of i-th wheel; and «; is the

i
slip angle of i-th wheel. In this paper, which is focused on the control algorithm, it
is assumed that the reasonable combined slip information is provided by the
combined slip estimator. This combined slip should be compared with the peak
combined slip value as normalized tire force in the tire workload to evaluate the
risk of tire saturation. The peak combined slip value is difficult to set as a constant
value because it varies with the tire-road friction coefficient, the vertical force, and
the tire state [30]. Thus, a reasonable tire peak slip should be obtained to evaluate
the tire saturation index of each tire. The brush tire model is simple, yet it is widely
used in the vehicle control field, from lateral force estimation [31] to drifting [32].

In the brush tire model, the peak tire slip is defined as [30]:

3/“in
O peaki =~ (4.19)
peak,i Ci,o
where o .. ; is the peak tire slip; and C,, is the tire cornering stiffness at the
linear region.

The tire saturation penalty is defined in the manner of hyperbolic penalty [33],
which is function of a tire combined slip, a tire peak slip, and a friction limit of
each tire as:

2
(16]-05-6... ) (16056, ) .
ki = _ahyper : I ~ P + ahyper : : ~ P + bhyper2 IUFZ

O peak,i O peak,i

(4.20)

where k; is the tire saturation penalty of i-th wheel; gz is the tire-road friction

coefficient; and a . and b, are tuning parameters, which adjust the slope

yper

and y-value of 0.5-& respectively, of the hyperbolic penalty function. The

peak,i !
graph of the hyperbolic penalty is presented in Fig. 3. The penalty function has two
asymptote, y= 2ahype,|&i| and y=0. As increasing a,,. and b, the slope
-:l ]

-
|
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of hyperbolic penalty and y-value of 0.5-& become increasing. In this paper,

peak,i

Ayper and by are tuned as 10 and 2, respectively, by trial and error. The

penalty function could be defined with a log barrier function or secant
trigonometrical function. These functions, however, abruptly vary after a threshold
value, and this abrupt change could result in a sudden change in torque command,
which is not desirable and could make the vehicle unstable. Thus, in this paper, the
hyperbolic penalty function is adopted as the tire saturation penalty function.

12 T T T T
Hyperbolic Penalty
----- Asymptote

10 /
/
/
/
/
/
L/
Py 8 4
© /
5 /
o / S/
L 6 J
S
s / i
2
© /
S /
T /
4 /
/
/
/
/
/
/
4
/ 'l
L /

0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Combined Slip

Figure 4.3.  Hyperbolic penalty : F, =5000N, =1, &y =0.02

To optimally allocate longitudinal force command to a minimum at the wheel,
which has a high tire saturation penalty, cost should be increased when the amount
of the tire saturation function is increased. Thus, the resultant penalty is
summarized as:

B| ongi
ke, O 0 0 05 0 -1 O 0 O
0 ki O 0 05 0 0 -1
0 0 ky O[l0O 05 0 0 -1
0 0 0 Kgs 0O 05 0 O 0 -1

[Fx,FL Fx,FR Fx‘RL Fx‘RR]T

o | u0=Bu

[46]  [6x1]

minimize | Bgu(t)|
(4.21)
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where B is the longitudinal force matrix; and By, is the tire saturation

Longi
penalty matrix. In order to minimize the longitudinal force command allocation on
the saturated tire, the magnitude of the above equation should be minimized. Thus,

the tire saturation penalty term, |[Bi.U(t)||, is added to the cost function. However,

if only the tire saturation penalty is used to allocate the longitudinal tire force, the
optimal solution is highly gain/case-sensitive and does not produce a reasonable,
consistent solution at the limits. In previous researches [8, 9], the gain is tuned as
varied velocity or lateral acceleration. However, this gain-scheduled system also
cannot guarantee consistent performance in various situation cases. Thus, in this
paper, the allocation guideline, which is the sub-optimal solution of the time
minimization problem [3], leads the optimal solution to the vicinity of the sub-
optimal solution.

4.3.3 Issue 2: Issue 3: Follow the allocation guideline

The objective of the allocation guideline is to lead the optimal longitudinal
force command in the vicinity of the pre-defined, rule-based solution. The pre-
defined, rule-based solution is the sub-optimal solution of the time minimization
problem [3]. In previous research, Castro et al. [3] proposed the time optimal
solution, which can be obtained from off-line optimal control. Hence, to apply the
solution on-line, they proposed a simple, sub-optimal torque distribution ratio as:

-1

Vo =|1+ e S 'iZ’RL i IiZ’RR ’
a, cos(d) +a, sin(J) FortFer
P Y B 1. B
1= 2 2 /27 -
Foro+ Foer For+Fore
(4.22)

where y, is the front/rear distribution ratio; and y,and y, are the front-axle and

rear-axle distribution ratio, respectively. The distribution ratios, given by the sub-
optimal solution, are approximately the ratio of each wheel’s vertical force to
vehicle weight. In other words, the given ratios are nearly the ratio of friction circle
radius to friction limit of the vehicle. This result is quite straightforward in point of
vehicle handling at the limits, which maximally utilizes the friction circle. Previous
research [3] has shown that the sub-optimal solution is similar to the off-line
optimal solution. The remarkable point is that the distribution ratio consists of a

measurable signal (a,, a,, o) and vertical forces of each tire, which are easy to

) A
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reasonably estimate .
To follow the allocation guideline, the allocation guideline term is arranged as:

BLongi
Fri ac des Yo (=71) Fges 05 0 -1 0 0 0
VAG (t) _ FFR,AG,des _ 70 : 7/1 : Fx'des _ 05 0 O _1 ) u(t)
I:RL,AG,des (1_70)'(1_72)' Fx,des 0 0.5 0 0 -1 0
Fer.AG des QA=70) 72 Fres ‘ 0 05 0 O 0 -1

[Fore Forr Fert Fomrl
minimize ||BLongiU(t)—VAG(t)||
(4.23)

where F . 4 IS the desired allocation guideline of i-th wheel.

In addition, by adding the allocation guideline, the optimal solution becomes
robust and consistent against weighting gain and simulation case. Although the
sub-optimal solution exhibits consistency at the limits, uncertainties and
disturbances can make the vehicle unstable in real situations. This problem could
be compensated by considering the tire saturation penalty, which is described
above. This interaction between the allocation guideline and tire saturation penalty
enables limit handling of the vehicle.

4.3.4 Issue 4: Minimize unwilling braking

Unwilling braking should be minimized at the limits, because unwilling
braking results in unwilling deceleration and tire wear. To minimize unwilling
braking, the braking input term is described as:

Wul
0 0 -1 O 0 0
0 0 0 -1 0
-u(t) =W, -u(t)
00 0 0O -1 0 (4.24)
0 0 0 O 0 -1

T
I:FXFL‘ESC Fx,FR.ESC F)LRL‘ESC Fx‘RR.ESC]

minimize W, -u(t)|

4.3.5 Issue 5: Actuator constraints

Actuator constraints should be considered in the control algorithm for a
physically feasible solution, especially an integrated chassis control algorithm for
:l -I

-
|
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limit handling which uses a friction circle of each wheel maximally. The actuator
limits of each wheel due to the tire-road friction limit can be described as:

Fomoni =\ Fui) —F, (4.25)

where F is the estimated longitudinal friction circle limit. However, the

X, max, i
lateral force in the actuator constraints is difficult to estimate in real situations.
Thus, by removing the lateral tire force, the actuator constraints are considered as:

A

I:x,max,i = (:L_l ' Ifz,i )2

Umwm=[0 0 0 0 0 0
cmax,FL T Fx.max,FR
X,max,RL + I:x,max,RR (426)
Ifx,max,FL
Umax = A
X,max,FR
X,max,RL
L X,max,RR i
where U, and U, is the lower and upper bound of the actuator constraint,

respectively. This over-estimated actuator limit due to neglecting the lateral tire
force may cause commanding a larger longitudinal force, i.e., physically infeasible
longitudinal force, than the physical maximum value. However, due to the tire
saturation penalty issue of the optimal coordination, the proposed algorithm
commands a physically feasible longitudinal force, unlike other control algorithms.
The actuator constraints are not only upper- and lower-bound, but also rate-limited.
The rate-limit is the upper- and lower-bound of the time derivative of the control
input as:

Moy <UL <1 (4.27)

where r;, is the lower rate limit; and r . is the upper rate limit. If the time

derivative of the control input is approximated as:

U(t) - U(t _Tsampling )
T

sampling

(4.28)

u(t) ~
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where T,

sampling

is the sampling time of the algorithm, then the actuator rate limit
can be considered by modifying actuator constraint as [34

)+T,

m|n ! U(t sampllng sampling m|n :I

u(t-

(4.29)

)+T,

max’ sampllng sampling rmax:'

From equations (4.26) and (4.29), the over-estimated upper- /lower-bound of the
actuator limits and rate limit of the actuators are considered in the optimal
coordination.

4.3.6 Optimal coordination
Consequently, from issue 1 to issue 5, the cost function can be arranged in
weighted least square (WLS) form as:

Cor WU + & - [W, - (B u—v,) H2
U(t) arg u rZ]ul<rL]J 2
" " + v2 ”\NVZ BTSP ‘ + é/v3 ”\N Longl ’ VAG )H

2
1
2.\W..B 1
vl vl 1 2
1 4’1 'Wvl Vi
2
=arg UmmrgJLrL]Jmax v2 'sz ’ BTSP u-— 0
1
2
Wv3 BLongi 4’3 v3 '
% 0
ul 'Wul %bf—/
A

=arg m|n {||A-u —b||2}

<u<U

(4.30)

where W{u,v},i is the diagonal weighting matrix to differently weight on control

inputs; and ¢, ,,; is the weighting factor to differently weight on issues which

are proposed in Section 2.3. The above WLS form optimization problem is solved
with the active set algorithm [35 The overall scheme of the optimal coordination is
shown in Fig. 4. From the virtual input, i.e., desired longitudinal force and yaw
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moment, the optimal longitudinal force distribution is determined by minimizing
the cost function. The control algorithm calculates optimal 4WD/ESC control

inpUtS ':FX,F,4WD I:x,R,4WD I:x,FL,ESC I:X,FR,ESC I:x,RL,ESC FX,RR,ESC :IT
calculated actuator control input is exerted to 1st order based 4WD/ESC actuator
model. Note that the 1st order delays for 4WD/ESC are selected as 0.03 sec and
0.06 sec respectively to mimic actual actuator. 4WD/ESC actuators exert

I:FX,F,4WD FX,R,4WD:|
respectively. Consequently, wheel longitudinal force for each wheel is determined

Each

and I:FX,FL,ESC I:><,FR,ESC I:><,RL,ESC Fx,RR,ESC ]

1
as z Z (E'Fx,iAva_Fx,ij,Escj-
j={L.R}i=(F R}

. 2 2 2 2
u(t) = argumrgmw “M’ul‘uH +¢ "le (B1 ‘u _VI)H +4, "Mvz ‘(Brsp U)H 05 ’st .(BLongl U=V )H :l Actuator
[5] [4] [1] [2] [3]
2 )
: S 4WD
2, . 1 | ivi
e RS | || S
Controller =arg min $2W, B |-u— 0 ! Fe t.awo |
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Figure 4.4. Overall scheme of optimal coordination
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4.4. Simulation Results

All of the simulations in this paper are performed with Matlab/Simulink and
Carsim. In Section 4.4.1, the individual allocation issue of the lower level
controller, especially allocation guideline and tire saturation penalty, is investigated
by comparing the proposed integrated control algorithm (ICA) with imperfect ICAs.
Circular turning with constant acceleration is conducted in Section 4.4.1 to
investigate the desired road tracking performance with stable motion. In Section
4.4.2, the proposed integrated chassis control algorithm is compared with the Base
and ESC-equipped vehicle. The ESC-equipped vehicle evenly distributes the yaw
moment by using differential braking. Double lane change (DLC) with constant
acceleration is conducted in Section 4.4.2 to investigate the performance of the
algorithm in the situation in which combined slip exists. In Section 4.4.3, a
comprehensive simulation on racing track is performed. The proposed algorithm is
validated and compared with uncontrolled/ESC-equipped vehicle. Vehicle
parameters of Carsim F class have been modified to obtain similar dynamic
characteristics of the target vehicle, i.e., a 2000 kg weighted luxury sedan.

4.4.1. Comparison with other ICAs

In this section, comparison of the proposed ICA with other ICAs is conducted on
circular turning (radius = 85 m, counterclockwise turning) with constant
acceleration in order to investigate the vehicle in the combined slip situation. The
simulation is conducted with a 50 kph initial speed, 0.4 g acceleration, and 0.5 sec
preview driver model. The simulation result is shown in Figs. 4.5-4.10. ICAs are
discriminated as original ICA, ICA with allocation guideline, and ICA with
allocation guideline and tire saturation penalty, depending on which issues are
considered. The original ICA only considers issues 1, 4, and 5 in Section 2.3. The
ICA with allocation guideline considers issues 1, 2, 4, and 5. Finally, the ICA with
allocation guideline and tire saturation penalty is the proposed algorithm which
considers all five issues.

As seen in trajectories of the vehicle in Fig. 4.5 and lateral error in Fig. 4.6, Base
vehicle and the vehicle with original ICA cannot track the desired road. Lateral
error becomes larger as the velocity increases, and even the steering angle in Fig.
4.6 becomes larger. In contrast, as seen in the trajectories of vehicles in Fig. 4.5
and lateral error in Fig. 4.6, the ICA with allocation guideline and the proposed
ICA tracks the desired road well (lateral error < 1m). Thus, at least, to track the
desired road at the limits, the allocation guideline should be added. However, as
seen in the steering command in Fig. 4.6, in the case of the ICA with allocation

1]
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guideline, to keep the vehicle on the desired road, the steering command given by
driver model oscillates. Due to the oscillating steering angle command, velocity
and errors are in oscillation, which is difficult situation to deal with for a driver.

(a) Trajectories of Vehicles

(b) Yaw rate error
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In order to determine the reason for the steering command oscillation, force and
slip circle diagrams are presented, as seen in Figs. 4.7 and 4.8, respectively. Both
the force and slip diagram are normalized with their maximum values, the friction

limit and peak slip of the brush tire model, respectively. As seen in Fig. 4.7, the
.-_:I'x _'q.l.'\-' ) 1-]
| =
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force cannot physically exceed its maximum value. Moreover, both of the ICA
with allocation guideline and the proposed ICA algorithms maximally utilize the
friction circle. However, as seen in Fig. 4.8, the normalized combined slip of the
ICA with allocation guideline largely exceeds its limit; whereas, the combined slip
of the proposed ICA remains near the limit. This excessive combined slip leads the
vehicle to enter an unstable region. Because the tire combined slip of the ICA with
allocation guideline is much larger than that of the proposed ICA, the tire
saturation penalty of the ICA with allocation guideline is also larger. This
constitutes evidence to prove the concept of the tire saturation penalty, as shown in
Fig. 4.2. The tire forces are similar, yet the combined slip is in an unstable region.
From the tire workload point of view, because the tire forces of the ICAs are
similar, the vehicle is not in a problematic situation; however, from the tire
saturation penalty point of view, because the combined slip of the ICA with
allocation guideline exceeds the peak slip, the vehicle experiences a serious
problem. Thus, with the tire saturation penalty, an integrated chassis control
algorithm can realize whether or not the tire is in an unstable region and then keep
the tire stable at the limits.
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The time histories of the left tire forces of the ICA with allocation guideline and
the proposed ICA are presented in Figs. 4.9 and 4.10, respectively. There are three
signals: Fx,actual, Fx,command, and Fx,limit. Fx,actual is the actual longitudinal
force of each tire, Fx,command is the commands of ICA, and Fx,limit is the
physical ~ friction limit of longitudinal force as equation (4.25),

A

A \2 ~
Fomaxi = (/}- Fz’i) —F, . In the case of the ICA with allocation guideline, the

ICA commands a physically infeasible longitudinal force, which is larger than
Fx,limit, and the longitudinal force signals fluctuate, as seen in Fig. 4.9. This
excessive Fx,command, due to the over-estimated actuator constraint described in
Section 4.3.5, results in excessive combined slip, as seen in Fig. 4.8. Consequently,
this excessive combined slip leads the vehicle to an unstable region and oscillation
in the yaw direction. In contrast to ICA with allocation guideline, the proposed
ICA commands a physically feasible longitudinal force, as seen in Fig. 4.10. The
Fx,command and Fx,actual are maintained in the Fx,limit. Moreover, as shown in
Fig. 4.8, the combined slip of the each wheel is maintained near the peak slip.

4.4.2. Comparison with unequipped vehicle
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Figure 4.11. Comparison the proposed ICA with base model and ESC

In this section, a comparison of the proposed integrated control algorithm (ICA)
with base and ESC-equipped vehicles is conducted on double-lane change with
constant acceleration in order to investigate the vehicle in the combined slip
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situation. The simulation is conducted with a 30 kph initial speed, 0.4 ¢
acceleration, and 0.5 sec preview driver model. The simulation result is shown in
Fig. 4.11.

As seen in velocity profile of Fig. 4.11, the vehicle tracks the desired velocity
well. However, as seen in the trajectories of the vehicles, the unequipped vehicle
and the ESC-equipped vehicle disturb the driver’s intention, i.e., the desired yaw
rate. The remarkable point is the proposed algorithm well recovers vehicle lateral
stability after aggressive maneuver as seen in yaw rate error after travelled distance
160m. After travelled distance 160m, the vehicle finishes lane changes and returns
to the original lane. The base model and ESC-equipped vehicle is fail or difficult to
recover from lateral instability as seen in overshoot or undershoot on yaw rate error.
In contrast to these vehicles, the vehicle with ICA quickly recovers from lateral
instability.

This simulation result could show that the proposed algorithm exhibits better
performance than base model and ESC-equipped vehicles. However, the above
results cannot show the maximum performance of the algorithms. To validate the
overall performance of the algorithm, circular turning (radius=85m) with constant
acceleration is repeatedly conducted. The simulation cases are divided into
acceleration and deceleration cases. In the acceleration case, simulation is
conducted with a 50kph initial speed and pre-set longitudinal acceleration. In the
deceleration case, simulation is conducted with a 120kph initial speed and pre-set
longitudinal deceleration. The maximum performance of each case is measured
when the vehicle deviates from the desired road or fails to track the desired
velocity in terms of lateral acceleration. The simulation results are shown in Fig. 12.
Each single point in Fig. 12 is the maximum lateral acceleration with the specific
longitudinal acceleration of the vehicles via simulation studies. The blue dashed-
line is the vehicle limit, and the black long- and short-dashed lines are the
theoretical limits of the base model.
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Figure 4.12.  Maximum performance: Base model, ESC, and the proposed ICA

As illustrated in Fig. 4.12, the ESC algorithm exhibits improved performance than
the base model. This improvement of the ESC is due to the differential braking.
However, since tire saturation is not considered in the ESC, the maximum
performance of the ESC is smaller than vehicle limit. By considering tire saturation
as the proposed ICA algorithm the maximum performance of the vehicle can be
improved as illustrated in Fig. 4.12. Consequently, the proposed algorithm can
utilize the larger lateral acceleration with the same longitudinal acceleration. This
larger maximum performance enables greater longitudinal speed at cornering and
eventually minimizes lap time on racing track.

4.4.3. Comprehensive Simulation on Racing Track

In this section, a comparison of the proposed integrated control algorithm
(ICA) with Base model and ESC-equipped vehicles is conducted on corners 3-6 of
Korea International Circuit [36]. To validate ICA performance on racing track, the
driver model on previous section. The desired path and the velocity profiles are
pre-determined prior to the simulations. The desired path is determined by the
path-fitting algorithm [37] with respect to a skillful driver’s driving trajectory.
Subsequently, the optimal velocity profile can be obtained from the fitted curvature
profile [38]. In the process, the capability of accelerations has to be known. In this
paper, the velocity profiles are calculated from the three different capability
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envelopes, which are analyzed in Section 4.4.2. Note that the maximum speed is
set as 200kph. The simulation results are shown in Fig. 4.13 and 4.14.

The overall simulation results are shown in Fig. 4.13. To analyse simulation
results in detail, vehicle acceleration states and path tracking errors on corner
3/corner 4-6 are respectively shown in Fig. 4.14. Trajectories and path tracking
errors of three algorithms are similar as seen in Fig. 4.13 (a) and Fig. 4.14
respectively. Moreover, because the speed at each corner cannot exceed friction
limit (g ), the cornering speed at each corner apex is identical as seen in black

circle of Fig. 4.13 (b). However, due to the difference in maximum performance of
three algorithms as seen in Fig. 4.12, the velocity profile of algorithms are different
as seen in Fig. 4.13 (b). Most prominently, the velocity of ICA algorithm is faster
than other algorithm when vehicle starts to decelerate. In contrast to Base and ESC
algorithms, the proposed ICA algorithm well utilizes the friction limit of each
wheel and is able to provide larger deceleration during negotiating corner, i.e.,
combined acceleration case. Thus, as seen in Fig 4.14 (a) and (e), the ICA can
decelerate late and maintain the large deceleration even in combined acceleration
case, whereas Base and ESC should decelerate early to reduce their speed to
cornering speed at corner apex. Consequently, ICA reduces lap time by 5.5%
(3.89sec) compared with the base model.
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Figure 4.13. Overall simulation results on racing track
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Chapter 5

Development of Integrated Chassis Control
Algorithm of ESC, 4WD, ECS and ARS for Enhanced
Limit Handling

For enhanced limit handling of the vehicle, vertical force of each tire is
important and necessary to manage because vertical force of each tire directly
represents friction limit of each tire. Thus, by integrating vertical force control
chassis modules with ESC/4WD integrated chassis control algorithm, limit
handling performance of the vehicle can be enhanced.

The architecture of the integrated chassis control consists of three main layers as
seen in Fig. 5.1. First, from driver command, the supervisor determines desired
longitudinal velocity, yaw rate, and roll angle. Second, from desired value and
vehicle states, the upper level controller determines the desired longitudinal force,
yaw moment, and roll moment in the sliding control manner to guarantee robust
stability against model uncertainty. Third, from desired force/moment, the lower
level controller optimally allocates the actual control input for 4WD/ESC and
ECS/ARS. Note that to avoid nonlinearity of cost function, 4WD/ESC control
algorithm and ECS/ARS are separately designed. Because 4WD/ESC integrated
chassis control algorithm is already described in Chapter 4, ECS/ARS algorithm is
only presented in this Chapter 5.

a Engine / | a,(+) Proposed Integrated Chassis Control Algorithm
Powertrain o Foawo
TSP* Calculator |_> Control All
k3 Vehicle
Driver R Master |3,(-) - M vl T : ESC/AWD i F.esc | Vehicle | Motion
Cylinder Supervisor controller Upper-level controller {  Control : " Model
XAR
s - « Desired motion ination [ - Target ination [ |
S Steering | § (Securing agility/stability) (Tracking the desired motion) Beoe
System

t t
Figure 5.1. Block diagram of the control algorithm

5.1. Supervisor

For ECS/ARS integrated algorithm, supervisor determine desired roll angle
based on vehicle states. The desired roll angle is designed with relationship
between lateral acceleration and roll angle in the steady state condition[39].

¢:kRonay
where 4 is the roll angle; and ., is the tuning parameter, called as roll sensitivity.
:| ¥

-
|
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Note that principal purpose of ARS is to minimize roll angle of the vehicle, the
tuning parameter ., of the vehicle is set to present small roll angle than base

vehicle.
5.2. Upper Level Controller

The role of the upper level controller is to calculate the generalized
force(Longitudinal force/ Yaw moment/ Roll moment) to track the desired motion.
To design robust controller against model uncertainty, disturbance and noise, the
generalized force are determined in the sliding mode control theory manner.

The objective of the desired yaw moment is to stabilize roll angle error dynamics.
The desired roll moment is designed with the equation of motion of the roll based
roll model in the sliding control manner.

l§=-K,p+M,+mha, (5.1)

where | is the roll inertia; k_ is the whole roll stiffness; yis the roll angle;
M¢is the roll moment; n, is the mass of sprung mass; and ,_is the roll height. With
sliding mode theory, the sliding surface and the sliding condition are described as
[20]:

(5.2)

S¢:(¢_¢des)+l¢(¢_¢des)' %%SJ:S‘/%S—?&,‘S’»‘

where  is the sliding surface; and,,is the sliding gain. Similarly, to satisfy
sliding condition, desired roll moment is calculated as:

My des = Ix (édes +i¢¢3des)— mhea, — Iy (/1¢ + K¢)4’;+(K¢ - IXK¢1¢)¢— k,sat(s,) (53)
_[SiOn(ss) it [s] > sy
sat(s,) _{ ‘sq,‘ else

5.3. ECS/ARS Control Allocation

Figure 5.2. Roll center based roll dynamic model
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To avoid nonlinearity of optimization problem, the control allocation of the vertical
force control module is separately designed. Because the actuator control inputs of
ECS and ARS are normalized damping coefficient and front/rear roll moment, the
relationship between these actuator inputs and vertical force should be formulated
before formulating cost function of ECS/ARS control allocation,

5.3.1. Relationship between actuator inputs and vertical force

As seen in Fig 5.2 and from the equations of the motion, the vertical force of each
tire at the steady state can be represented as below:

Suspension L,W—/ Staticload (5 4)

Roll effect

. 1 1 m
Foi =KX +C X _[_ M, +—Kig |+ U
— t

mg

inR=k5xiR+c,RXiR+[£M,¢+iKi¢ + (i=F,R)
’ —— t

Suspension w w

Staticload
Roll effect

where  is the suspension spring stiffness; Ci(uR>iS the damping coefficient, which
is control input of ECS; g is the roll stiffness; Xerm) is the suspension
compression distance; and w, is the roll moment, which is control input of ARS.
Consequently, the vertical force of the each tire can be written in matrix form.

T
u= ( My My Co G G G )

F.q —1/tw 0 X, 0 0 0 —k Xy +Kf¢/tw—mg/4 (55)

F, o« 1t 0 0 % 0 0 " —k X, — K g/t, —mg/4
= = _

Fz‘rl 0 _1/tw 0 0 Xrl 0 _kerI + Kr¢/tw - mg/4

Fz,rr 0 ]/tw 0 0 0 er _ksxrr - Kr¢/tw - mg/4

B
Fz z denamics

where g and Voypamics &1€ matrix and vector name respectively. With relationship

between vertical force and actuator inputs, design of ECS/ARS control allocation
module is intuitive.

There are 4 issue in ECS/ARS control allocation.

Issue 1. Minimize the allocation error : reduce the error between the generalized
force and the sum of actuator control input

Issue 2. Minimize variance of tire saturation penalty : allocate the vertical force
to minimize variance of the tire saturation penalty

Issue 3. Minimize yaw rate error by controlling front/rear lateral load transfer

distribution: allocate the optimal vertical force command to reduce yaw rate error
based on nonlinearity of tire
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Issue 4. Actuator constraint

5.3.2. Issue 1 : Minimize the allocation error

To track desired roll moment, which is calculated in upper level controller to track
desired roll angle, the first row of the below equation should be satisfied.

T
u:(M¢.f M¢>r Ce Crr Cao CRR)

. . 5.6
Mg ) (1 1 —tXq /2 %12 —t,x, /2 t,%, /2 . (5.6)
0 ) oo x X, X, X,
& 2

Vbirect Woirect

The left hand side of the first row is desired roll moment and the right hand side is
generated roll moment by ECS/ARS. The second row is designed to maintain sum
of damping force from ECS zero. This row is added to prevent z direction of
sprung mass oscillation. In order to minimize the allocation error,
[Woyeall(6) — Voo ()] 18 @dded to the cost function.

5.3.3. Issue 2 : Minimize variance of tire saturation penalty

To keep the tire stable, the vertical force of the saturated tire should become larger
as seen in definition of tire workload (4.17) and tire saturation penalty (4.20).
However, the sum of vertical force is almost constant. Thus, if controller increases
vertical force of highly saturated tire to reduce tire saturation, other tires become
unstable due to constant sum of vertical force. Then, controller decides to increase
vertical force of other tires. Consequently, if cost function is designed to minimize
sum of tire saturation penalty as 4WD/ESC, this cost function can cause oscillation.
Thus, the controller should concentrate on minimization of variance of tire
saturation penalty, not the sum of the penalty.

To minimize variance of tire saturation penalty, the cost function is designed in
matrix form as:

(—Gﬂ —Oy = WTSP (BZU - denamics ) (57)

Wrsp

where oy = k(e;, )~ E (K, 4;)) |

where _, is the matrix, defined in the equation (5.7); g and Vognamis AT€ defined in
equation (5.5); and k(aij,,lu_)is the tire saturation penalty, which is defined in the
equation (4.20). As seen in equation (5.5), as oy which indicates variance of the

tire saturation, become larger in ij-th tire, the vertical force of ij-th tire become
larger to minimize the norm of the equation (5.5). In order to minimize the
allocation error, MTSP (B ~Viyaes ) is added to the cost function.
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5.3.4. Issue 3: Minimize yaw rate error by controlling
front/rear lateral load transfer distribution

Due to the convexity of tire curve, by distributing lateral load transfer, which is
difference between left and right tire, vertical force control module can minimize
yaw rate error. Large lateral load transfer decreases axle lateral tire force. In
previous research [40], to control yaw rate, 2nd order polynomial tire model is
adopted. This methodology, however, is difficult to apply in real situation because
the parameters of the tire model are unknown. To overcome this problem, in other
previous researches [9, 41], yaw rate error based qualitative way have been used. In
this paper, the controller is also designed with using yaw rate error based status
index.

Yaw rate error based status index is defined as:

| sas = (Vaes =7)- 500 (7) (5.8)
lyaws >0 understeer '
lgas <O OvVersteer

status

From status index, the front/rear roll moment distribution ratio is determined as:

c=05- Kplstatus - I‘<I J. Istatusdt
(5.9)

AF, > AF, , = ¢-AF,
AF,, = (1-£)-AF,

Due to convexity of lateral load transfer and vertical force tire curve, increment of
lateral load transfer causes decrement of axle lateral tire force. If steering
characteristics of the vehicle is understeer, distribution ratio becomes less than 0.5
and lateral load transfer of front axle decreases. Thus, front axle lateral force
increase, while rear axle lateral force decrease. Consequently, this unbalance of
front and rear lateral tire force generates yaw moment to reduce understeer
tendency.

To minimize the yaw rate error with this scheme, the matrix form cost function is
suggested as:

l-¢ 1-¢ 0 O ‘FZ_FR (5.10)
0 0 -¢ -¢

Wioad F

= Wload ( BZL'I - denamics )

=(1-¢)-AF,; —¢-AF,,

To minimize the equation (5.10), the front/rear lateral load transfer should satisfy
the relationship in the equation (5.9). In order to minimize the allocation error,
‘Moad (B Vs ) is added to the cost function.
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5.3.5. Issue 4: Actuator constraint

Similar to 4WD/ESC control allocation, to allocate physically feasible commands,
the actuator upper/lower bound and rate limit bound is considered. The only
difference of the ECS/ARS with 4WD/ESC is that the upper/lower bound depend
on actuator limit.

5.3.6. Optimal Coordination

From issue 1 to issue 5, the cost function can be arranged in weighted least square
(WLS) form as:

’\NDirecl '(Bzu _denamics ) ‘ oo
’\NTSP : ( Bzu ~ Veynamics )

+§v1 )
Gy

u(t)=arg min
( ) gUmmSuSUmax

’\Nload '(Bzu - denarnics ) i
‘ (5.11)

2
+ v’

1 1
2., . 2.,
é/vl WDlrecl Bz gvl WDirem
1 1
_ i 2. . u—l 2.
=arg min Gh Wi -B, |-U G Wrep Veynamics
Umm SUSUWBX 1 1

4\723 ‘Wload 'Bz 4?3 'W|oau

A b

=arg Ummrguigrglm {HA»u - sz}

where ¢ - is the weighting factor to differently weight on issues. The above WLS
form optimization problem is solved with the active set algorithm [35].
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5.4. Comparison and validation

The proposed algorithm in this paper is validated via Matlab /Simulink and Carsim
co-simulation in PC level. The vehicle model is mid-size sedan(sprung mass :
1700kg, |,=1.4m, | =1.6m), which handling characteristics set to neutral steer at

the linear region. There are two kinds of simulation scenario. Both scenarios are
conducted on mu=1 road. First scenario is constant/varying speed double lane
change(DLC). In DLC scenario, the proposed ICC(4WD/ESC/ECS/ARS) algorthm
is compared to base model and 4WDJ/ESC equipped vehicle to evaluate
effectiveness of integration of individual chassis module. Second scenario is
accelerating circular turning case. In this scenario, the proposed ICC is compared
to 4WD/ESC/ARS integrated controller, which is proposed in [41], to evaluate the
performance of the proposed cost function and integration framework. For fair
comparison, ECS is not controlled in this simulation. However, the integration
framework of longitudinal/vertical force control module and novel cost function
are the main contribution of this paper. Thus, evaluation and comparison the
proposed ICC without ECS with ICC in [41] is meaningful.

5.4.1. Open-loop Double Lane Change

In this scenario, the comparison the proposed ICC algorithm
(AWD/ESC/ECS/ARS) with base vehicle and 4WD/ESC equipped vehicle is
conducted. Note that the 4WD/ESC algorithm is nothing but the proposed
algorithm without ECS/ARS system. The purpose of this scenario is to evaluate
effectiveness of integration of individual chassis module. There are two kinds of
constant speed 75kph and accelerating from 40kph to 75kph with 0.3g.

The simulation result for constant speed DLC is shown in Fig. 5.3 and Fig. 5.4.
As seen in Fig 5.3. (b), same open-loop steering command is applied to three
different systems, and, as seen in Fig 5.3. (d), this scenario is nearly limit situation
(max : ~0.99). The responses of the systems, however, are different. As seen in Fig
5.3, the proposed ICC well manipulate given chassis module to track the desired
motion. First of all, because the proposed ICC system has degree of freedom in roll
motion, peak-to-peak roll angle is significantly minimized as seen in Fig 5.3. (e),
compared to other systems. Second, the yaw rate error of the proposed ICC is
stabilized more than the other systems as seen in Fig 5.3. (g). From root-mean-
squrae(RMS) error analysis, compared to base model(‘No control’), the chassis
control module can reduce nonlinearity in handling characteristics. It is shown that
AWD/ESC module can reduce yaw rate error. However, 4WD/ESC Integrated
control system causes yaw rate error oscillation, which can be easily shown in limit
handling situation due to small tire damping.[27,28] In contrast to 4WD/ESC
integrated control system, the proposed algorithm reduces yaw rate error oscillation
as seen in red dash line of Fig 5. (g). Moreover, as seen in legend of Fig 5. (g),
RMS error of the proposed algorithm is less than that error of 4WD/ESC integrated
system.

The reason of performance enhancement can be analyzed in tire saturation
penalty. The maximum stable tire saturation penalty can be defined by simply
replacing combined slip in the equation (25) with the equation (24). Then, tire
saturation penalty is normalized with the maximum stable tire saturation penalty

1]
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and defined normalized tire saturation penalty as tire saturation index as seen iny
axis of the Fig. 5.4. Because the tire saturation penalty is not zero with zero
combined slip, the tire saturation index is not zero. As seen in Fig. 6, in the case of
base vehicle, the tire saturation index of specific tire is significantly larger than 1
and oscillating. With 4WD/ESC integrated control system, the sum of the tire
saturation penalty is minimized. Thus, tire saturation index is more stable, yet some
tires have near maximum tire saturation penalty which implies that the unstable tire.
In contrast to base model(‘No control’) and 4WD/ESC, the proposed ICC
algorithm effectively keep the tire saturation index below the maximum by
minimizing sum and variance of the tire saturation penalty.
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Figure 5.4. Tire saturation index at constant speed

To evaluate the proposed algorithm with combined acceleration case, the DLC
scenario with same open-loop steering condition and constant longitudinal
acceleration is conducted. The simulation results are shown in Fig. 5.5 and Fig. 5.6.
As seen in 4~5sec in Fig 5.5. (g), the yaw rate error oscillation is reduced by the
proposed ICC algorithm. Moreover, the RMS error is reduced. Similarly, as seen in
Fig. 5.6, the proposed ICC algorithm maintains tire saturation stable.
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Figure 5.6. Tire saturation index at accelerating DLC

5.4.2. Closed-loop accelerating circular turning

In this scenario, the comparison the proposed ICC algorithm (4WD/ESC/ARS)
with the ICC algorithm in [41] is conducted. The purpose of this scenario is to
evaluate the performance of the proposed cost function and integration framework.
The vehicle speed is set from 40kph to 100kph with constant 0.4g acceleration.
Note that for fair comparison, ECS is not controlled in this simulation because
effective integration of individual chassis module enhances the performance as
seen in previous scenario.

The simulation result is shown in Fig. 5.7. As seen in Fig 5.7. (d), the lateral
acceleration is nearly 1g(max : ~0.9g). The proposed algorithm well maintains
steady state vehicle state even at the limit as seen in Fig 5.7. As seen in Fig 5.7. (),
within same time, travelling distance of the proposed ICC control system(234.4m)
is larger than travelling distance of the ICC algorithm in [41](222.7m). This
difference in travelling distance (11.7m) is equal to the 0.5sec difference in lap
time. This difference results from the velocity tracking performance as seen in Fig
5.7. (c). Even though the upper level controller of the longitudinal force part is
totally same, the tracking performance is different due to different cost function

and integration framework. In lower level controller of [41], to avoid yaw
1] €

69 H =2TH @



instability, the velocity tracking performance is compromised.
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Chapter 6

Vehicle Tests of AWD/ESC/ECS Algorithm

To evaluate the performance of the proposed algorithm, vehicle tests have been
conducted. The configuration of the test vehicle is shown in Fig. 6.1. The test
vehicle is developed for vehicle chassis validation. The test vehicle has three
chassis modules — 4WD : Front/Rear traction distribution / ESC : Four Independent
wheel brake / ECS : Four suspension damping coefficient. Microautobox is
implemented to control the vehicle and RT 3002 is employed to measure vehicle
states.

Autobox

« 4WD

- Front/Rear traction force distribution

+ ESC/ ABS

- Individual wheel brake force control

+ ECS

- Suspension damping force control

v

Figure 6.1. Configuration of Test Vehicle

The vehicle is luxury sedan. The test scenario is closed loop double lane change
(DLC). This scenario is conducted on dry, asphalt road and driver conducts double
lane change in constant speed, 80kph. In this scenario, the proposed
ICC(4WD/ESC/ECS) algorithm is compared to base vehicle to evaluate
effectiveness of integration of individual chassis module. Note that maximum
brake pressure for ESC is limited to 15 bar due to actuator limitation.
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6.1. Experimental Results
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Figure 6.2. Overall vehicle performance at 80kph double lane change

The vehicle performance is validated via vehicle tests. Test scenario is 80kph
double lane change (DLC) and the vehicle tests are conducted with luxury sedan of
2000kg weight. The results are shown in Fig.6.2. Steering wheel angle cannot be
exerted identically unlike simulation results because the scenario is taken in closed
loop by a driver. As seen in the Fig. 6.2, the ICC equipped vehicle reduces yaw rate
error compared to base vehicle even at the limits as seen in lateral acceleration
results.
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Chapter 7

Conclusion & Future Works

A tire slip based integrated chassis control (ICC) algorithm of four-wheel
drive(4WD)/ electronic stability control(ESC)/electronic controlled
suspension(ECS) for enhanced limit handling is presented in this paper. Various
simulations and vehicle experiments are conducted to validate and to compare the
proposed ICC(Integrated Chassis Control) with other ICCs, the base model, and the
ESC-equipped system.

The proposed algorithm consists of the following three parts: 1) a supervisor
determines the desired dynamics from vehicle states and driver commands; 2) an
upper level controller determines the desired force and moment to track the desired
state based on the sliding mode controller; and 3) a lower level controller optimally
allocates virtual control inputs, desired force and moment, to actual actuator
control commands to minimize the performance index.

The performance index is newly proposed with the allocation guideline by using
the sub-optimal solution and tire saturation penalty by monitoring the combined
slip in this paper. To avoid nonlinearity of optimization procedure, the lower level
controller consists of longitudinal(4WD/ESC) and vertical ECS/ARS) tire force
control allocation. The main concept of the control allocations are management of
tire saturation penalty. In 4WD/ESC control allocation part, the sum of the tire
saturation penalty is minimized. In contrast to longitudinal force control allocation
part, the variance of the tire saturation penalty is minimized due to constant sum of
the vertical force.

The proposed algorithm has been investigated via computer simulation. It has
been shown that the proposed algorithm keeps stability and maneuverability at the
limits by well management of tire saturation of four tires. By comparison the
proposed system(4WD/ESC/ECS/ARS) with base model and 4WD/ESC equipped
system, proposed cost function scheme is effective on integrating individual
chassis modules. By comparison the proposed ICC algorithm with another ICC
algorithm, proposed integration framework and cost function effectively increase
maneuverability and guarantee stability.

The proposed algorithm has been investigated in target vehicle with
4WD/ESC/ECS. Compared to base vehicle, ICC equipped vehicle reduces yaw rate
error even at the limits. This yaw rate tracking performance at the limits can be
ensured safety when drivers encounter the possibility of lateral instability.

However, there are many possibilities for future research.
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1. Real-time tire parameter identification and friction estimation
Although tire parameters dominate the vehicle dynamics, reliable tire
parameter identification method is still challenging tasks and research topics
of many researchers. Varying road condition also affects to vehicle
dynamics as well as tire parameter. In particular, road friction represents
maneuver limits. If real-time tire parameter identification and friction
coefficient estimation are achieved, integrated chassis control algorithm can

cope with varying tire parameter and road condition appropriately.

2. Excessive brake usage
To correct yaw rate error between vehicle yaw rate and desired yaw rate,
brake is frequently used in this algorithm. Even though the excessive use of
brake can achieve yaw rate tracking performance, longitudinal performance
of the vehicle can be interrupted. Thus, minimization of brake use to
maintain actual yaw rate in the vicinity of the desired yaw rate is important.

3. Allocation guideline for ECS/ARS
The allocation guideline of the AWD/ESC provide the optimal solution
which is robust and consistent against weighting gain and simulation case.
However, the allocation guideline for ECS and ARS is not studied. By using
allocation guideline for ECS and ARS, the robust performance can be
achieved.

4. Paradigm of integrated chassis control with ESC : Yaw rate tracking
Previous integrated chassis algorithms are aimed to track pre-defined
desired yaw rate based on model. To blindly track desired yaw rate, the
brakes of ESC are excessively used. However, unlike control algorithm,
drivers cannot know desired yaw rate and only percept excessive
deceleration by use of brake and discomfort. Thus, additional research on the
design of integrated chassis control objectives are needed.

The development of the integrated chassis algorithm for limit handling of the

vehicle will lead the increment of maneuver region and guarantee stability of the
vehicle at the emergency situation, such as collision avoidance.
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