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ABSTRACT

The paper presents a collision mitigation methodiich the aim is to stabilize the motion of théniede after a
light impact has occurred. A yaw rate servo con@ted on the bicycle model is applied for conpraiposes.
The collision is assumed to have been detected pgsaive safety system, e.g., airbag sensors. dhtot
system is activated by the monitoring signal. Aftez collision has occurred the motion of the vighand the
operation of the control system are illustratedtigh CarSim simulation examples. Two control sohsi are
analyzed: in the first case active steering is ugkile in the second case steering is combined differential
braking. With the knowledge of certain vehicle paeters and the impact force and direction, postachp
vehicle states (yaw rate, velocities, roll ratef b& analyzed. A sensitivity analysis is carrietl toudetermine
the validity range of the vehicle model in the mrese of uncertainties and different kinds of impfactes.
Several software packages are used for the desgramalysis of the controlled system. The contedigh is
performed by using the Matlab/Simulink software éimel verification of the designed controller isfpemed by
using the CarSim software.
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1. INTRODUCTION

In the past decades vehicle safety has become brteeokey issues in the
automotive industry. Together with the effectivgamization of the traffic flow, the
engineers’ goal is to decrease the number anduseress of vehicle accidents. In the
developed countries with the grown motorizatioreredad capacity is nearly at it's
maximum, hence the number of conflict situationsoag vehicles increased.
Accordingly vehicles participating in traffic neeéd meet constantly higher safety
standards. Safety features can be rated to two rnEtegories: passive safety
equipment (seat belts, safety cabin, airbags, etdiyjate the severity of accidents
already occurred, while active safety tools arepoaesible for the prevention of
dangerous traffic situations (ABS,ESP, ACC, et&atistics show that in the
developed countries the number of fatal accideetsetsed in the past few decade
despite the dramatic growth of the traffic. The m&ictor contributing in this result
besides the advanced traffic engineering is thedrigafety standards of the vehicles.



However to approach the goal of a road trafficheiitt fatal accidents defined by
government agencies, various type of hazards neustilminated. Several statistics [1]
shown that a vehicle involved in a light impact nexperience a severe secondary
crash, and 1/3 of all accidents with severe ingiaee due to multiple events. Thus the
task of controlling a vehicle in an accident isiaiportant issue studied by relatively
few researchers.

One of the first study on collision control was ogpd by Chan [2], in which a
post-impact steering control was investigated. betroller used information about
the vehicle position in the lane and the headinglearwhich can be realized with
technically complex and expensive tools (markeisses) computer vision, etc...). In
addition, steering control alone without brakingprebably not capable to deal with a
severe collision with bigger impact angles.

Bosch, a German company, released a prototype &@eeondary Collision
Mitigation (SCM) system. Here the active and passafety systems of the car are
combined. The airbag sensors detect the collisi@mnteby measuring the vehicle’s
acceleration (passive), and after the detectiorsgoheutomatic braking is applied
(active). Accordingly the kinetic energy and thetdnce traveled after the collision is
reduced for the subject vehicle, thus the risk @ndhhe severity of a secondary
accident is mitigated.

One may think that an electronic stability coni{e5C) is capable of stabilizing a
vehicle after an impact, but research conducte@hnyr [3] has shown the limitations
of such systems. Since the disturbance and theat@durce of such control system
are both from the tire force variations, an exogenionpact induced vehicle motion is
likely to be beyond the operation range of the ESC.

A four-DOF collision vehicle model was proposed bignbo Lu et al. [4] for
collision control. With the knowledge of certainhigle parameters and the impact
force and direction (or the bullet vehicle’s velgand heading angle), the post impact
vehicle states (yaw rate, velocities, roll rate)reveletermined. The results were
compared with the results calculated with the #»&€F momentum-conservation-
based model and was validated by the calculatidn€asSim. One of the major
achievement of this four-DOF model was the capgiiti consider tire forces and roll
rate variations. This model was the base for thiismm detection and control
developed later with a sliding surface method anodeh predictive supervisory
control [5] [6].

The motivation of this is paper is to propose thsigh of a control method dealing
with the stabilization of the vehicle after a ligtallision has occurred. The control
goal is to track the desired yaw rate set by tivedxvith the use of active steering and
differential braking. The design method is thenidated with the use of simulation
software Carsim, where control strategies usingedght actuators are compared to
each other along with the uncontrolled collisiosea

The paper is organized as follows: in Section Zhicle model used for collision
control is introduced. The description of the @alnh is discussed in Section 3. In
Section 4 a yaw rate tracking linear quadratic glesinethod is presented. The
simulation results are discussed in Section 5. llyinaonclusions are presented in
Section 6.



2. VEHICLE MODEL FOR COLLISION CONTROL

For modeling of the vehicle motion a commonly usedplification, the so called
bicycle model is used. This single track bicycledelowith 3-DOF as shown in Fig. 1
is unable to capture certain aspects of the vehcigon, such as the roll and the pitch
dynamics. In this work these motions are not inetlidsince the main task of the
controller is to maintain the vehicle’s directiorsthbility, thus the modeling of the
yawing motion is sufficient. In later work the maodmn be modified to incorporate
other aspects of the vehicle dynamics in ordewvtmdasuch treats as a turnover.

The left and right wheels at the back and at tbatfof the vehicle are represented
by one wheel in the bicycle model. The major assiompof this model is that the
wheels velocity vector is in the same directiorttes wheels orientation angle, which
is only true for small velocities. The state vakesbare the yaw rage and the vehicle
body side slip angl@. The vehicle velocity is considered as a changing parameter in
the model. The control input may vary dependingh@ncontrol strategy.

In the state equation below two controller inputs eonsidered: the steering angle
of the front tiress(considered equal for both sides of the vehicle) dre moment
applied on the vehicle vertical axi; generated by differential braking of the rear
wheels. The impulse of the collision is formalizesla disturbance acting on the input,
whereF, is the lateral force applied at the center of gyaef the vehicle M, is the
impact moment applied at the vehicle vertical axis.

+x axis

+8

x and y axes are horizontal

Turning center

Fig. 1 Single track bicycle model

The state equation is as follows:
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where  x=[y B, u=[s M [, d=[F, M,[, O <<
MfminSMSMfmaX'

The steering anglé of the front tires is constrained by the consiarctof the
steering system, while the moment applied on thacle M; is constrained by the
principle of limiting the friction. This maximum maent can be calculated with the

following equation:M ¢ ..., =—M« .., = UF,d , wherep is the friction coefficientd
is the half length of the rear axle afig is the normal load of the rear axle given by:
a
F, =mg—— 2
. =MI_— )

The moment applied at the vehicle center is giwedifferential braking of the rear
wheel (see Fig. 2). The relation between this mdraed the braking force is given as:

M f = (Fxr,L - Fxr,R)b (3)
wherea andb are the distances of the front and rear axle froendenter of gravity

(see Fig. 1)m is the vehicle masg is the gravity constanf, and Fyris the
longitudinal wheel force.

Fig. 2 Rear axle geometry

The tire side force constantgandc, are identified at constant speed. The vehicle
velocity v is a dynamic parameter considered to be constad0g km/h). Note, that
this vehicle model is nonlinear with the quadrggarameter and the tire side slip
forcesc,andc,, thus for a global solution for the above equagogain scheduling or
LPV controller must be designed.

Measuring vehicle statp is rather difficult and expensive, thus it is preal to
estimate it. Vehicle side slip estimation has be#roduced by several authors. The
side slip angle can be estimated by using GPS measuts in conjunction with other
vehicle sensors as shown by Beetyal. or can be estimated using observers [7,8]. In
this paper for the estimation of the state varislale observer was designed.

3. COLLISION DESCRIPTION

There are several types of collisions which canuo@n the roads with different
severity. In this paper, some assumptions needetonhde in order to design an



effective post impact control strategy. First of, after the collision impact the
steering and brake system must function propenyaftdeast a short period of time.
This assumption probably means that the velocitigdintial between the vehicles is
less than 40-55 km/h for rear-end collisions.

The resultant impulse vector of the collision isuaeed to have a specific point of
application on the target vehicle’s periphery. Tapplication point together with the
force vector amplitude and angle can be calcul&gdhe measures of the airbag
sensor.

Bullet Vehicle

Fig. 3 The scheme of the collision impact

Typical time duration of a collision is around @P2second. Hereinafter the time
duration assumed to be 0.15s. The impact forcesisraed to build up in a spike form.
The collision scene is shown in Fig.3, where th#8ebwehicle is hitting the target
vehicle which is controlled after the impact. Nthat this rear end collision is with a
certain angle, thus the impact force has comporantsoth thex andy axis.

4. YAW RATE SERVO CONTROLLER DESIGN

Control objectives can differ depending on theisamh event, the traffic situation
and technical facilities. Stopping the vehicle aftee impact as soon as possible may
be a logical control objective. However, this cdifl result in dangerous situations
like a suddenly stopping vehicle on motorway. Thaghis paper the control goal is to
maintain the target vehicle directional stability.

For this purpose a yaw rate tracking controller @wasigned with a servo structure
(see Fig.4). In this scheme the state feedbaclnsbmed with an output feedback
with integrating property. The vehicles statesnd3 were used for state feedback and

the system outpuy is tracked. The reference signal is the calculgees rate, which
Is set by the driver with the use of the steerirg&:

VCOS
=g, =Y tang;) -tangs) @
whered; andd, are the front and rear wheels cornering angle.



.........

4 A .
: @ E_é_,Yaw rate I _“i‘ _[ LE >0 1 =Axt+Bu
\d

| | | L
Driver

H

Observer

|| K1,3L|

Fig. 4 The scheme of the yaw rate tracking control

Then a new state is defined as follows:
t

z= [, ~)dt 5)
0

Let the augmented state vector be defined as felléw [x 2z, where X is the

estimated state vectolhe state equation is modified containing the abew®r
signal:

| cl?+cl,? cl,-cl, O_ ‘ol 1] i 0 1]
Jv J J J 0 J
X = —c2|2—201|1_1 ~ar% glg+| & olu+ Or+i 0 |d (6)
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The inp;ut signal is then as follows:
u(t) = —KX(t) + K z(t) 9)

whereK' is the gain of the states, whHg is the gain of the augmented staiefined

as an error signal. The control goal is to folldwe tesired yaw rate by the intervention

of the steering angle and the brake torque. Thegulesf control gains is based on
different robust control design methods such aL@8inf.

5. SIMULATION RESULTS

The post impact design method has been validatéd sunulation performed in
CarSim. The impact of the collision was given atepar force acting on the vehicle.
The vehicle speed was set to constant 104 km/hréafe collision, and after the
impact no driver intervention was assumed. Ingimeulation a full size SUV was
used with the parameters given in Table 1.

The impact of the collision was simulated by appdya force vector on the vehicle
with longitudinal €,) and lateral £,) components. The performances of the designed
controllers are shown in Fig.5, where the yaw teaeking ability of the vehicle is
analyzed.
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Fig. 5 Post impact yaw rate tracking with differemtthods

Variable | Value | Unit Variable | Valuel Unit
m 2210 | kg d 0.975| m
l, 4946 | kg.M| | 8mas=- Omin | 45 deg
a 1.105| m g 9.81 | m/§
b 1.745| m sl 0.7 -

Table 1 Vehicle data

6. CONCLUSIONS

A yaw-rate servo control method has been introduoealvoid stability loss in the
case of a light impact collision. The simulatiosults have shown that by applying
both differential braking and active steering tledicle’s yaw rate set by the driver can
be tracked much faster than by applying solely ltheak or the steering input or
without any control action. The vehicle’s directbrstability can be preserved with
the proposed method without significant deviatiorihe lateral position of the vehicle
or without the spinning out of the lane.

Future work must consider the problem of collisidetection and validation to
avoid any control action taken based on false seim$ormation or sensor error. A
sensitivity analysis must be carried out to desctitte margins of such post impact
control systems and to describe collision situaiwaiere the control action may be
ineffective or harmful. A three dimensional vehictedel should also be applied to
capture roll and pitch dynamics of the vehicle iidey to avoid a possible rollover.
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