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ABSTRACT

The intent of this article is to present a methodgl that deals with steering/brakirmpordination task, for
automotive vehicle yaw control scheme. Becauskeofite nonlinearity that is mainly due to the sation

of cornering forces, vehicle handling performansémproved but limited to a certain extent onlystgering
control. Direct yaw moment control using brakingckes is effective not only in the linear region higo in
the nonlinear ranges of the tire friction circle.ottever, braking effect is not desirable in normaVlidg
situations. Consequently, the maximum benefit iseghthrough the coordinated and combined use ti bo
steering and braking control methods. In this sfutlg coordination task is achieved through a slgagain
scheduled LPV (Linear Parameter Varying) contrgllethere braking control is activated only when the
vehicle reaches the handling limits. The controlesynthetized within the LMI framework, while uirsg
linear optimal Ho performances. Computer simulations, carried outiaomplex full vehicle model subject
to critical driving situations, show that the veleichandling is much improved by the integrated mmnt
system compared against an uncontrolled vehicle.
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1. INTRODUCTION

Some of the major advances in automotive technologgcent years have been in
the area oWehicle handling and safety contrétor example, most modern passenger
vehicles are now equipped with active safety syst@mgABS, ESP,..).

Stability control systems that prevent vehiclegrfrekidding and spinning out are
referred to as yaw stability control. The basiaideto assist the vehicle handling to be
close to a linear vehicle handling characteristiat tis familiar to the driver, and to
restrain the vehicle lateral dynamics to be withive stable handling region in
agressive maneuvers. In this scope, different obtechnologies have been proposed
and implemented to help the driver in achievingghér level of vehicle steerability
and in retaining stability (preventing over and ensteering situations).

For steerability enhancement, one approach consistsmmand additional steering
angle to counteract the undesired yaw motion. Tégtnique, called\ctive Steering
(AS), is intensively studied by both the automotive stdy and research [1,2AS
systems improve the vehicle steering response alpdtie driver to avoid getting into
critical handling situations. This method is maieffective when the lateral tire forces
linearly depend on the sideslip angles. Howevearpltapses when the vehicle reaches



the handlinglimits due to the tire saturations. In order to mwain vehicle stability
under critical driving conditions, an alternativepaoach utilizes differential braking
forces between the left and the right sides of wbRicle to produce the required
corrective yaw moment. This technique is refer@@gsDirect Yaw moment Control
(DYC), and is widely studied in [2,3,4]. HowevdDYC is not desirable in normal
driving situations because of the direct influenaie the control action on the
longitudinal vehicle dynamics (i.e. it causes thahicle to slow down significantly).
Consequently, these different control methods qtémized individually in specific
handling regions, and the maximum benefit can eeglethrough the coordinated and
combined use of both methods of corrective yaw omoggeneration in the control
strategy. In this scope, many papers, like [5,60rdpose combined control strategy
allowing the ASto perform in its effective range (linear rangd)ile providing the
assistance of thBYC in critical situations

This work deals with the design of a new contrahesne that integrates and
coordinates braking and front steering in ordeemtance vehicle handling and yaw
stability. The proposedDSC (Vehicle Dynamic Stability Controllelows to control
the yaw rate, attenuates the body sideslip angld, linits the use of the braking
actuator only when the vehicle goes toward thealribty region. The vehicle stability
threshold is chosen based on the vehicle bodylgpdasgle dynamics. This controller
is based on 2-DOF (Degree-Of-Freedomniinear planar vehicle model and designed
as a Linear Parameter Varying (LPV)controller structure. The controller is
synthesized within theinear Matrix InequalitiegLMI) framework, while warranting
Hoo performances.

The behavior of the vehicle with the proposed adnécheme has been evaluated
with Matlab computer simulations using a compleX feehicle nonlinear model
subject to critical driving situations. The obtadnesults confirm the effectiveness of
the proposed control.

The rest of this paper is structured as followscti®a 2 briefly introduces the
models used for synthesis and validation purpo$es. contribution of the paper,
mainly the proposed global control scheme and yhéhssis of the yaw controller are
presented in Section 3. Performances analysis @me ¢ Section 4 through time-
domain simulations performed on a full vehicle mod&onclusions and discussions
are given in Section 5.

2. VEHICLE MODELING

In this paper, a full nonlinear vehicle model isdidor simulation and validation
purpose only. This model considers the load tranttie suspension dynamics, the tire
nonlinearities, the slipping and the sideslip asgtkat are essential factors which play
a major role in the global chassis dynamics. THemwdel and its parameters have
been validated on a real french ¢®enault mégane coupé™The complete model
equations are omitted for space limitations, andy dateral dynamics will be
highlighted in the next. For more details aboutftiemodel, please refere to [7, 15].
To represent the main variable dynamics underastea 2DOF (Degree-of-freedom)
classical bicycle model depicted in Fig.1 is coesgdl [8]. Although this model is



relatively simple, it includes the important feasirof the lateral vehicle dynamics.
Neglecting the effect of the longitudinal forces the lateral dynamics, the vehicle
lateral behaviour could be described as follows:

« lateral motion dynamics equation:

mU(B-¢) = Fy, +Fy, (1)
e yaw motion dynamics equation:
Iz =1, Fy, cosd + | Fy, + M, (2)

where ¢ is the yaw ratey is the vehicle forward velocityry, and Fy, are the
front and rear lateral tire forces respectivelyand |, are the distance from the COG

(Center Of Gravity) to the front and rear axlegezsively, |, is the yaw inertiagp is
the steering angle, and, is the yaw moment.

Fig.1 2-DOF model of lateral vehicle dynamics

For controller synthesis, a linear bicycle modelagopted. This linear model is
obtained through the following assumptions:
* low steering anglestosd C 1.
* low sideslip angles3 < 7°. Therefore:

, =cf[5—ﬂ—lf%}; Fy,=cr[—ﬁ+l,%] ®)
whereC, and C,are the front and rear cornering stiffness respelgti

3. CONTROL SYSTEM DESIGN

The proposed control system is a model matchingrolber which makes the
vehicle follows the desired dynamic model by usinfeedback of the yaw rate. An
additional criteria to get a better control forntida is to limit the vehicle sideslip
angle s, to be within an acceptable region to prevent clehspin. Fig. 2 shows the
proposed global control structure including thédiwing blocks:

* Vehicle: is the full vehicle model introduced incBen 2. The vehicle inputs

are the steering angle (sum of the steering angienanded by the driver
and the corrective angle delivered by the activeersng actuator), the



braking torque delivered by the braking actuaipr and a disturbance lateral
forceF,, .

Vehicle velocity, v Steering angle, &4 Driver
l \ command

B, B |Sideslip . 84
dynamics observer

Reference model

l Yaw rate target, Y T EmB |
t VDSC
J -
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‘ 5 5 Vehicle simula-
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Monitor —

External yaw
Yaw rate, W disturbances, Fdy

Fig.2 Global control scheme

« Reference model: it provides the desired valyes,needed to achieve good

performances by means of a suitably designed fe&dbantrol law. The
reference model is adopted to keep the vehicleinitie linear region that is
familiar to the driver (see Subsection 3.1).

 VDSC (Yaw controller): is the proposed MIMO steegrioraking controller.
It responds to the yaw rate errcasrw I, and its output are the additive steering

angle () and the desired braking torqug, §. VDSC is scheduled by a
parametep, function of the sideslip dynamics (see Subse@i@.

» Actuators (AS & EMB): are the Active Steering andaBng actuation
systems that generate the control input signalesé@lactuators are modeled
as first order low-pass transfer functions as presgkin Subsection 3.4.

* Monitor: is the scheduling strategy that supervites VDSC(p). This

strategy is based on the sideslip dynamics analisithe phase plang3(3)
(see Subsection 3.3).

3.1 Reference model

The objective of the reference model is to keepwibleicle within a safe operating
envelope. In this study, the response dfnaar bicycle model with quasi-constant

speedis adopted as the model responge, to be followed by the chassis control.

Consequentlyyy, is function of the driver steering wheel angfg, and the vehicle



speed,v. Since the lateral acceleration of the vehiclencarexceed the maximum
friction coefficient, ¢, the desired yaw rate must be limited by the foilg value:

£ ) (4
\'

<

wd max| —
where g is the gravitational acceleration.

3.2 VDSC controller
The proposed VDSC controller is designed to foheeuehicle to follow the reference

yaw rate through driving the tracking error betwéke actual ¢) and desired yaw

rate (¢,) to zero. The VDSC structure is hierarchical assighed in 2 stages:
» The upper controller, that is the key part studiedhis brief, provides the
active steer angleX ) and the corrective yaw momemi{) needed to track the

target yaw rate, and thus ensures the vehicle imgndn additional criteria to
get a better control formulation is to limit thehide sideslip angle3, to
remain within an acceptable region to prevent dehspin. Besides, VDSC is
also supposed to reject disturbances that maytatieclateral motion of the
vehicle. Recall that when the vehicle is in theedéin region, the VDSC
controller serves as steerability controller antly ateering is used to follow
the desired response. However, when the vehiclehesathe handling limits,
steering and braking act together to maintain gfacle stability.

* The lower controller converts the stabilizing yawvoment generated by the
upper controller into effective braking torque, ahdecides which wheel must
be braked to counteract the undesired yaw motion.

3.2.1 VDSC — upper controller

To synthesize this controller, théo control performance is used (for more details,
about Ho control theory, please refere to [9]). In the dwling, the generalized
synthesis plant, calle€,, together with the performance weighting functiofbe

generalized plant model is illustrated in Fig. 3iane actuator dynamics are neglected
during the design process,, is given thereafter:

x| [A B B, [x
Zg: z|=|C, D, D,|w (5)
yl [c, o o |u

where x includes the state variable of the system andhefweighting functions,

;
W=[lﬂd,de} is the exogenous input vectorJ,:[d’d,M;]T includes the control

;
inputs, y:[e} IS the measurement vector, and:[zl,zz,zs,z4]T collects the
4

weighted controlled outputs which have to be adlsmsgossible.
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Fig.3 Generalized plant model for synthesis

Weighting functions:

In order to formulate the general control configia for theHeo controller defined in
Fig. 3, the frequency weighting functiok¢,W, ,W,,W, are designed and defined to

characterize the performance objectives and theiatwt limitations (actuators
description is given in Subsection 3.4):

« W, weights the sideslip angle signal:

W, =10". (6)

It restricts the body sideslip angle and the vehiateral velocity evolution. Recall

that, since not only the turning rate responsenortant during cornering, but it is

also desired to have low sideslip angle, thus,ahge is penalized in the controller
setup.

* W, weights the yaw rate error signal:

2:75/1077f1+1, 7)
s/10mf, +1

Where f, =8Hzis the cut-off frequency of the low pass filt&, is shaped in order

to reduce the yaw rate error.

* W, weights the braking control signal according sxheduling parametep.:
s/70f, +1 | (8)
s/700f, +1
where f,=10Hz is the braking actuator cut-off frequency, is linearly

W, =10°p

parameterized by the scheduling paramejef), where pD[p,b}, with

p =0.1and p =10. Then, whenp = ,E) the braking is penalized, on the contrary,



when p = p, the braking control signal is relaxed. Fok p < ,o an intermediate

behaviour is obtained.

* W, weights the steering control signal. It is insgifeom [1], and used in [7].
This filter is designed in order to allow the stegrsystem to act only in
[1Hz,10Hz] frequency range, where the driver cannot intervéhgtside this

frequency range, the filter rolls off.
Controller Structure:

The Ho problem consists in finding a stabilizing conteo)lnamedS(p) (see Fig. 3),

scheduled by, of the form:
x.|_[AM BMO]x

S(p) : = 9

(0) L {Cc(p) 0 L} 9)

that minimizes theHoo norm of the closed lood PV system formed by the

interconnection of systems (5) and (9), whare [5*d,M;]T and y=e . As the
W

parameter dependency, enters in a linear way in the system definitiiwe polytopic
approachsolution consists in finding a common Lyapunov diion ateach vertex

{pb} of the polytope defined by system (5) (refer t6][for more details about the

polytopic approach). Thus, an LMI problem has to dmved, minimizing the
attenuation levely (see [11]). Using Yalmip/Sedumi solver [12,13],eonbtains

y = 089. Then, the applied controller is a convex comboratof these controllers

synthesized at the vertic%;s), p} :

According to the sensitivity functions Bode diagsamllustrated in Fig. 4, it is
interesting to make the following deductions:

* The sideslip anglgg, and the yaw rate error signal,, are well attenuated for
W

the LPV controller (see Fig.4 a) and Fig.4 b)).
e

. 4emphasizes that the yaw rate tracking performaatisfies the required
Wy
specifications (see Fig.4 a).

« The braking control is activated fgw = 0.1, and it is disabled fop =10(see
Fig. 4 c). Recall that, thanks to th®V polytopic approach, the closed loop

stability is guaranteed for any [,0, ,Z)} .

* The steering control is activated especially on specified frequency range
[1Hz10HZ| (see Fig. 4 d), where the driver cannot act.
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3.2.2 VDSC - lower controller

*

The desired yaw momem,,, determined by the upper controller can be geedrat
through the application of the braking torque toagpropriate wheel. The braking
control algorithm of the lower controller is baswdthe following rules:
* Rule 1: only rear braking system is used to avertlapping with front steering
actuators.
* Rule 2: from an optimal control point of view, & recommended to use one
wheel to generate the control moment



« Rule 3: the direct yaw momemd; is converted into effective braking torque

according to the transformatiofib’ = ZI\RA 2, whereRis the tire radius.

wd ) condition, the control moment is generated
by applying the braking torque on the inner reare&h whereas, in an oversteer
o] .

torque on the outer rear wheel.

Consequently, in an underste#&‘e

<w4|) condition, the control yaw moment is generatedapplying the braking

3.3 Monitor: coordination of steering and individua | wheel braking

As braking is not desirable in normal driving sttoas because of its direct
influence on the longitudinal dynamics, the aimtloed monitor is to minimize its

use. Consequently, the braking actuators must le@lysed when the vehicle goes
toward instability. Since vehicle stability is ditly related to the sideslip motion of
the vehicle, this motion must be bounded in ordekeep the vehicle stable. Here,
the boundary for judging the vehicle stability erigded from the phase-plane of the

sideslip angle and its time derivativg,{3). A stability bound defined in [6] is used
here, which is formulated as:

X <1, (10)
where y =| 2493+ 9554 | is the stability index.

The control task is also supposed to provide a k=smntroduction of the direct
yaw moment control, when it is required. Hence, sbkeeduling parametep(y) can

be defined as:

0 if x <A
y—y. XX -
0= )_( Xp+_ -p if)_(<)(<)( (11)
=X X
p if x> x

wherey = 08 (yis user defined) arﬁd:l. For stability index evaluation on real-

time, 8 and 8 must be availableg could be reconstructed through available measures
according to the following relationship:

ﬁ:%—w, (12)



where a, is the lateral acceleration, amdis approximated by the mean of the rear

wheel velocities. On the other hand, it is diffictd measur@ using standard sensors.
Hence,8 must be estimated (but this is not this paperctagee [14]).

3.4 Actuator models

The corrective steer angle and rear braking tooqurerol signals can be generated via
actuation systems. In this particular researchydatonsider the following actuators:
» A Steer-by-wire Active Steering (AS) system prouglian additional steering
angle. This actuator is modeled as:

5" =2nk(s -o7) (13)
where, k =10Hz is the actuator cut-off frequency) and 0* are the steering
controller and actuator outputs respectively. Thituator is bounded between

[— 5 ,+5°].
» A Brake-by-wire Electro Mechanical Braking (EMB) taators providing a
continuously variable braking torque. The EMB madediven by:

*

T.+ bj = 201 fZ(Tbrj T+brj) (14)
where f, =10Hz, is the actuator cut-off frequency,, andT,; are the local braking

controller and actuator outputs respectively. Nibigt in this paper, only the rear
braking system is used to avoid coupling phenomecurring with the steering
system. This actuator control is limited betwg¢@mn20d Nm.

4. SIMULATION RESULTS AND ANALYSIS

To analyse and evaluate the proposed control scheoraerical simulations were
carried out on the nonlinear vehicle model platfdmefly introduced in Subsection 2.

In this brief, only a double-lane-change maneuwerraported, where the lateral
dynamic contributions play an important role. Tarify the effects of the proposed
controller, both the vehicle dynamics with and withcontrollers will be checked.
Scenario description and resultthe vehicle is driven at 100 km/h on a dry roathw
the adhesion coefficient of 0.9. Fig. 5 shows th@ yate response versus the steering
input. We can deduce that the uncontrolled vehideomes rather unstable as the
amplitude of the steering input becomes larger. tk: other hand, the controlled
output of the yaw rate is almost converging to @bgut of the desired linear model.
Comparisons between the yaw rates and the sidasties of the uncontrolled and
controlled vehicles are illustrated in Fig.6 and.F. Fig.8 shows the trajectories of
the vehicles with and without control. Accordingttese results, it is clear that the
handling performances are much improved by theqeeg VDSC controller, and that
the vehicle dynamic responses are smaller thacdhesponding uncontrolled system
responses.

Fig. 9 illustrates how the stability index and ttlependency parameter evolve

according to the driving situations. As stated befavhen the stability indexy, is
below 0.8, only steering control is involved to anbe the handling performance.




\pi [degis]

Therefore, o is equal to 10 and the corrective yaw moment r&appeed. On the other
hand, wheny exceeds 0.8, the braking system collaborates Wwéhattive steering to
keep the vehicle stable. When becomes greater than a, takes the value 0.1, and
braking is fully activated.

Fig. 10 shows the generated corrective steerinteaargl the brake torques to enhance
the lateral vehicle control. It is worth notingathdespite the agressivity of this test,
actuators are far from saturation that may leaddtability.

Yaw rate [degis)

1 L} LY
h F‘\-\‘I_.\Mcunlmlled 1o

1 i controlled

0 as 1 1.5 2 25 3
Time (5]

G tdeqi

Fig. 5 Response of the yaw rate versus  g.6Ffaw rate responses of the
steering angle controlled and uncontrolled vehicles

6. CONCLUDING REMARKS

In this paper, a vehicle handling control assisgastem was developed to improve
vehicle steerability and stability in dynamic vdhibandling maneuvers. The focus of
this work is on presenting the yaw stabilizing peob in the framework of a control
scheme. Therefore, a néwV//Hwo controller, that coordinates between steering and
braking actuators, is designed in this report. pragposed_PV controller is designed
in an original way and ensures that:

« Steerability is enhanced in normal driving conditio
« Braking is involved only when the vehicle tendsrstability.

Since, the general structure of the proposed cbatitteme does not involve any

online optimization process, it shows to be easyrplement in real vehicle and to

function in real-time. Simulations of critical dmg situations that compare the

responses of a controlled vehicle with respect tgassive vehicle show the
effectiveness of the proposed control design.

Future work consists to implement the controller amreal car, and to test its
robustness with respect to real driving conditions.
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