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Abstract: The emerging new idea of lane-keeping electronic stakibitytrol is investigated. In a critical
situation, such as entering a road curve at excessive sffeedptimal behavior may differ from the
behavior of traditional ESC, for example, by prioritizingaking over steering response. The important
guestion that naturally arises is if this has a significafgatfon safety. The main contribution here is to
give a method for some first quantitative measures of this. fased on optimal control, applied to a
double-track chassis model with wheel dynamics and higtlifidtire-force modeling. The severity of
accidents grows with the square of the kinetic energy foh lvglocities, so using kinetic energy as a
measure will at least not overestimate the usefulness afdhesafety system principle. The main result
is that the safety gain is significant compared to traditiaparoaches based on yaw rotation, for several
situations and different road-condition parameters.

1. INTRODUCTION 1.1 Kinetic Energy as Severity Measure

New possibilities for electronic stability control systeifeSC) Quantifying the level of safety and severity of criticalsitions
(Isermann, 2006; Bosch, 2011; Rajamani, 2006) of vehiakes deading to collision is complex, but to get a first grasp kimet
now emerging, and the reason is increased situation ansgenenergy is a reasonable measure. The kinetic energy is propor
due to preview sensors like cameras, radar, and satellgie paional to the square of the velocity and thus an increase in
tioning systems (such as GPS). With the availability of indivelocity Av results in increased kinetic energy. In a crash the
vidual braking of each wheel, possibilities arise for a $pen  kinetic energy has to be absorbed, and more absorbed kinetic
of new systems, for example, collision avoidance or caliisi energy implies that more damage will be caused. In (Jansson,
mitigation (Chakraborty et al., 2013). 200%) it is stated that the probability of fatality is proponal to

; " TS . . (Av)?, up to a certain maximum velocity. The velocity interval
One highly critical situation is if a vehicle leaves its latieat where this is valid is also bounded below and the reason is

Is, enters the lane of opposing traffic or exits the road.a@lie y " -ar< are built to handle reasonable amounts of damage,

now there exists lane-departure warning (LDW) systems (Kim\y satety belts and airbags protect driver and passengéos u

ﬁqned d(r)i\?érzigocsez,sgvgflc dhalireeravTvﬁifir?ffofrl:](;:ic;srlluijsg?snos dand ales%me limit. Therefore, using kinetic energy as a measufetvil
ger. epdby least not overestimate the usefulness of a new system that ca

In Ianet—keegmg S?Fﬁ.ms' W?'C? Idur|ng{1hormal driving agg\rl]l handle cases where the vehicle enters maneuvering sitsatio
corrects a driver drifting out of lane with superimposeddnil \ i critically high velocities.

control (Ali, 2012). A next step would be to utilize this imfo
mation in more severe situations, such as in (Ali et al., 2013

and (Benine-Neto, 2011), leading to systems we here refer 122 Contribution and Outline
as lane-keeping ESC.

A number of interesting questions immediately arise, botﬁhe main contribution in this paper is that we address the

around what the resulting vehicle behavior would be and hoﬂpetﬁt'%nir?'sfd in thetpre(\jnqus subs?ct(ljong with a ?ﬁﬂgmf.
significant it would be in terms of increased safety for thger M0 A ISt Major Stép doing so IS (o devise a method ot in-

and passengers. Regarding vehicle behavior, it is intagest vestigation. A closely related study was presented in (2dile

to compare traditional ESC and optimal lane-keeping ESC f{ %1g),Tvr\]/h_ere a Iane(;keepting ESC _ist co?parf\zﬂdptc(:) tradtiti(?lnal
critical situations, and a typical situation to study is speed - 'NeIr proposead systém consists or an controfler,

when entering a curve. Hence, this paper aims to quantify tﬁésentially preventing the vehicle from entering the aaitop-

performance gains in terms of the highest possible entrgd;peeratmg regions when initiating a corner with excessiveespe

while staying in lane, when also trying to maintain vehicld” @ Similar context, others have studied optimal behavior |
controllability. a curve using a similar setup as we do, for example, (Sund-

strom et al., 2010) and (Andreasson, 2009). In the two referred
* This work has been supported by ELLIIT, the Strategic Arem IoT _StUd'eS' V\{heel dyna,m'cs ?‘re ne_glec_t(_ad ar,]d longitudinakfor
research, funded by the Swedish Government. B. Olofsson aretatorp 1S Used directly as input in a simplified tire model. We are
are members of the LCCC Linnaeus Center at Lund Universitypaued by |nf3|Ud|ng wheel dynamics and comprehen&ve tire-force mod
the Swedish Research Council. eling. Moreover, the problem of lane keeping is formulated a




an optimization problem for each of the considered ESC cowptimal lane-keeping ESC, denoted OLK-ESC. The intergstin

figurations, with the lane borders as boundary conditiorikén research question is to investigate if there are any piiacip

optimization. The major questions to analyze in the resarts differences in behavior, and the maximum velocities that ca

whether braking all wheels and then steer should be pdedti be handled when over-speeding in a curve. Regarding behavio
or if braking wheels on one side to create a turning mometihie question is whether the vehicle makes a different triédeo
inducing early rotation of the vehicle is more beneficialeTh between yaw rate, side slip, and lane keeping. The fundahent
particular aspect to consider here is the effect such éiffegs aspect here is to investigate if the different strategibsbany

in strategy has on kinetic energy. significant improvements of safety. This gives a first engine

This paper is outlined as follows. In Section 2 the prelimias ir?_g value for the potential of the different approach, whish

of the study are presented and the method of investigation |'sgh|y valuable.

defined. The employed chassis and tire modeling is described

in Section 3. In Section 4, the optimal control problem farda 3. MODELING

keeping in a curve situation is defined. The results are ptede ) ) )

in Section 5 and they are subsequently discussed in SectionVe use a double-track model with roll and pitch dynamics

Finally, conclusions are given in Section 7. and both longitudinal and lateral load transfer. Motivabgdan
ESC-system perspective in the study performed, it is essdent
2. METHOD to model the individual tire forces and also to incorporate

load transfer effects, heavily influencing the availablakimg

As mentioned above, there are previous studies compariﬁgpacny (Lundahl et al., 2013). The chassis model has five
different optimal solutions for various actuator configurationsdedrees of freedom, and is illustrated in Figure 1. The Vehic
(Sundstem et al., 2010; Andreasson, 2009). However, to odf@ssis inertias in the roll, pitch, and yaw directions ke
knowledge, there are no previous comparisons to judge ¢he slyy: andlz,, respectively. Moreover, the distance from the center
nificance of different behaviors compared to traditionaitool  Of Mass to the road in steady state is dendtetihe complete
strategies including yaw-moment regulation, and a reason §erivation and dynamic equations for the model are omitted
presumably that it is not evident how to do so. A complet@ere because of space limitations; for the details we refer
comparison is out of reach since it would require completf® (Berntorp, 2013). The suspension system is modeled as a
implementations of both, including a state-of-the-art E§6-  rotational spring-damper system. Consequently, the momgen
tem and a proper driver model. The outcome would then oduced by the suspension system in the roll directionvisrgi
heavily dependent on the properties of these, and especidfly .

the lane-keeping skills of the driver model. However, thk fo C Tp= (Ko, +Kg,r )@+ (Dg,t +P¢,r)‘l’a _ _(1)
lowing approach should give a reasonable first estimate. Théheregis the roll angle, and correspondingly foyin the pitch
characteristics of the traditional ESC, which we denote -as Wirection according to

ESC, is to control yaw rate and body slip towards reference To = Kg6 + Dy, )

values, calculated from the driver steering input. Thisticmn Wpere 6 is the pitch angle. In (1) and (2K and D are

is achieved by generating a yaw moment, around the vertic . ) .
axis of the vehicle, by braking individual wheels (Boschl 2) fodel parameters for the stiffness and damping. The dynamic

Given a desired moment, the optimal braking strategy is t%quatmns for the longitudinal load transfer are given by

apply braking on both wheels at one side, distributed beatwee _ : 4 o
front and rear depending on the current circumstances (éTﬂnd(FZ71+ Fz2)lf — (Fz3+Fza)lr = Kg8 + D, ,;FZ' =mg
and Johansen, 2005; Johansen, 2006). = 3)

In order to investigate the full potential of the controbségies whereF,; denote the time-dependent normal foroesis the
used in T-ESC, the best possible steering input togethdr witehicle massg is the constant of gravity, ard, |, are defined

an optimal braking distribution of the wheels on one side igs in Figure 1. The lateral load transfer is determined by the
considered. The studied maneuver is a left-hand turn fedia relations

with excessive speed. In this situation the vehicle is sulije o :
understeering, and a counterclockwise yaw-moment is there “W(Fe1—Fo2) =Ko 1@+ D"”f(P’ “)
fore desired by the T-ESC scheme. To achieve this moment —W(Fz3 —Fz4) = Kpr @+ Dy @, (5)
with an optimal braking distribution, the wheels on the &fte  wherew is the half-track width, see Figure 1.

are the only ones to be actuated according to the statements

above. It is clear that such a strategy would overestimate th 1 \yheel and Tire Modeling

best behavior achievable with implementations of ESC syste

today, since the driver influence is neglected and the bgaki ; , ; e : ; ;
and steering in traditional ESC are coupled via the ref@engggg)l.lp anglesi and slip ratiosq are defined as in (Pacejka,
model, and thus they are not free control variables. Such a ve '

hicle with optimal braking on the left side in combinationthvi aii +aj= —arctan(wi> (6)
an optimal steering-wheel input is one of the two vehiclesdus Vxii Vxii ’
in the comparison. This vehicle will be labeled UBT-ESC for Ry — Wy

it - it j= 1,2,3,4 7
upper-bound traditional ESC. Given the preconditions far t Ki = Vo ,1€{1,2,3,4}, (7
ﬂ:gﬁre?%;ﬁt:rn}slzgg safety potential for UBT-ESC iscetyi where g is the relaxation lengthR, is the wheel radiuse

is the wheel angular velocity for wheglandvy; andvy; are
The other configuration in the comparison will be able to brakthe lateral and longitudinal wheel velocities for wheéetith
all wheels individually and to steer optimally, and is heattad  respect to an inertial system, expressed in the coordigatera



Vo V4 Table 1. Vehicle model parameters used in (1)—(8).

- =
I S Notation Value Unit
o) ’

z P I 13 m
F F2 W Iy 15 m
X2 ¢ Y \ Fya w 0.8 m
X m 2100 kg
6 V3 Ixx 765 kgn?
V1 w lyy 3477 kgn?
Tl R 0.3 m
5 ’ Fx3 hw 4.0 kgn?
F1 yr 0.1 S
Pt y v Fs o 0.3 m
g 9.82 ms2
¢ I h 0.5 m
' Kot Kor 89000  Nm(rad)?
Fig. 1. The double-track model, with roll and pitch dynamics Dg,,Dgr 8000  Nms(rad)!
Ko 363540  Nm(rad)!
of the wheel. Note that Figure 1 illustrates the static stigles, Dg 30960  Nms(rad)!

describing a pure geometric relation, compared to the djmam

relation in (6). The wheel dynamics are given by Table 2. Tire model parameters in (10)—(17). The

Ti—lww —FiRy=0, i€{1,234} ®) same parameters are used for both the left and the
Here,T; is the drive/brake torque arlg is the wheel inertia. right wheel.
First-order dynamics are introduced firaccording to
TiVI' + T = Tui, (9) Notation ~ Front Rear
whereTy; is the control signal angr a time constant. Hx 120 120
Bx 117 111
The nominal tire forces—that is, the forces under pure slip Cx 1.69 169
conditions—are computed with the Magic Formula mddel Ex 0377 0362
(Pacejka, 2006), given by Hy 0935 0961
. By 886 930
Fro.i = Hx,iFzi Sin(Cxjatar(By ki — Ex; (B, ki — atarByki))), c, 119 119
(10) E  -121 -111
Fo,i = MyiFzisin(Cyiatar(By,ai — Eyi(Byiai — atarBy;ai))), Bua 124 124
11) Bx -108 -108
. Cua 109 109
for each wheel, i € {1,2,3,4}. In (10)—(11),ux andpy are the By 6.46 646
friction coefficients andB, C, andE are model parameters. To Byz 420 420
model combined slip we use the empirically verified approach Cyx 1.08 108

described in (Pacejka, 2006), where the nominal forces—(10)
(11) are scaled with weighting functio@q i andGy i, which

depend oror andk. The relations in the longitudinal direction ¥ IS the algebraic variables vector, ands the input signal

are vector. The time dependency of the variables will be implici
in the rest of the paper. The wheel-torque control signals,
Hxa i = Buj cogatar(By;iki)), (12) 7, = (Tu1 Tuz Tus Tua), as well as the steer ang® of the
Gxa,i = €0§Cyq jatarHxq,ia)), (13)  front wheels are considered as inputs. For simplicity wermss
Fri = F0iGxaiis | € {1,2,3,4}, (14) that the front wheels have the same steer angle. In the case

with braking only on the left wheels, that is, UBT-ESC, it

and the relations in the lateral direction are given by is required thafly» — T,4 = 0. Further, the tire-force model

Hyki = Bysj cogatanByz;iai)), (15) is written as the equation systehtx,y,u) = 0. The chassis
Gyxi = cogCyx jatan(Hyx iki)), (16) and tire dynamics are implemented using the modeling lan-
Fy’i _ FinGyK’ia i €{1,2,3,4}, (17) 9uage Modelica (Modelica Association, 2014). The optimiza

where B and C are model parameters. The vehicle mod E|on problem is formulated over the time horizore [0,t],

o . Qvhere the upper limit; on the time interval is free in the
parameters used n this paper are shown in Table 1 and the t(‘fﬁtimiz:’;\tion. The optimization objective is to maximizesth
model parameters in Table 2.

initial velocity vo when entering the curve. However, depending
on the road geometry and the surroundings, it is sometimes
not enough just to stay in lane; for example, when it leads to
] ) ] ] highly reduced vehicle controllability potentially resog in

The chassis and tire model presented in the previous sectigiher dangerous situations. Thus, the aim is also to aveoge la

is formulated as a differential-algebraic equation sys&m pody slip, which is defined a8 = atar(vy/Vx), wherevy and
cording tox(t) = G(x(t),y(t), u(t)), wherexis the state vector, , are the longitudinal and lateral velocities, respectiv&lyis

1 Also the tire modeling is essential in the study, since theltieg maneuvers  tradeoff is parametrized by using a weightin the objective

are expected to utilize the maximum available tire forces.ddea model of function. Accordingly, the dynamic optimization problemiie
comparably high complexity is motivated. solved is written as:

4. OPTIMAL CONTROL PROBLEM




L t Table 3. Initial velocity and maximum body-sli
minimizeé  —Vo-+1 0 Bdt (18) for differentn, usingy, = 1 andR= 30 m.y P
SUbject to Tu,i,min S Tu,i S Tu,i,max; I S {1a 27 37 4}7 (19)

: : UBT-ESC OLK-ESC
18] < Smaxe 0] < Omax, (20) N Volkm/] [Blmax[deg] vokm/h]  |B|max[deg]
X(0) =xo,  X(t) =X, (21) 0 62.6 15 65.6 7.0
[0%.15) <0 A -
x=G(xyu), hxyu) =0, - (23 1000 556 2.1 64.5 1.0
wherexg are the initial conditions for the differential statesg,
are the desired values at the final time t, and(Xp, Y)) is the Table 4. Initial velocity for reduced friction coeffi-
position of the center of gravity of the vehicle. In pracfitiee cients, using] = 100 andR =30 m.
terminal conditions on the differential states are onlyliggp
to a subset of the model variables. Furthé(Xp,Yp) is a Yu  UBT-ESC,wp[km/h]  OLK-ESC,vg [km/h]  vo-diff. [%]
mathematical description of the road constraint for thetaren 1.00 60 65 8.2
of gravity of the vehicle in the curve maneuver. This coristra 0.90 57 62 8.1
is formulated as two circles with different radii in t)éY-plane. 0.80 54 58 7.9
. . _— . 0.70 51 55 7.4
Since the primary objective of the safety system is to captur g gg 47 51 73
the first and most critical part of the situation, the terrhina .50 43 46 7.3
constraint is formulated as 0.40 38 41 7.4
&(t;) = 0. 0.30 33 36 7.7
0.20 27 29 8.4

Here e is the lateral deviation from the middle of the lane,

defined as Hx scaled= YuHx;

e=, /Xg +Yg -R (24) Hy scaled= Yu My,
whereR is the mean radius of the curve. This terminal conwherey,, is the scaling parameter. This is not an ideal repre-
straint implies that the vehicle has succeeded in avoidaiggy  sentation for low-friction surfaces, see (Olofsson et2013).
out-of-lane, and can either begin recovering from theaaiti However, it will give an indication of possible differencks
situation, or immediately return control back to the driver various road surfaces. Solutions for all parametrization-c
. figurations of the optimization problem were typically faln

The continuous-time optimal control problem (18)—(23) ISn 100— : . - ; .
solved using the open-source software JModelicaAkg¢son SrlanOdOari(%jOé)ét(\?vri?;‘l(;rrl]sl,nrteeclqlég?gig%r;[ggg;%tf ly 200-30@1810

et al., 2010), according to the method we presented in (Bern-
torp et al., 2013). In particular, the continuous-time ojitia- In Table 3, the initial velocity and the maximum body-slip,
tion problem is discretized using direct collocation metho corresponding to differenfy-values, are summarized for the
(Biegler et al., 2002), and the resulting discrete-timelimen optimal solution obtained with UBT-ESC and OLK-ESC for
ear optimization problem (NLP) is solved numerically usingy, = 1 and curve radiuR = 30 m. For OLK-ESC, it is
the state-of-the-art interior-point solver Ipopt &hter and obvious thatyy does not suffer from a largey, that is, when
Biegler, 2006). The Jacobian and the Hessian related to thenalizing body-slip more. For example, there is only a 1.7%
problem are computed with numerical precision using autdess invp betweenn = 0 andn = 1000 for OLK-ESC. On
matic differentiation (Griewank, 2000), which is esseintta  the contrary, UBT-ESC exhibits a 11.2% reductionvinfor
robust convergence of the complex optimization problem dhe corresponding weight difference. Also note that UBTGES
hand. For further details on the solution methodology, seesults in considerably largéB|max for all values ofry. Table 4
(Berntorp et al., 2013). presents the initial velocity for UBT-ESC and OLK-ESC, when
reducing the friction coefficiernt, using a weighting parameter
5. RESULTS of n = 100 and a road-curvature radiusRé 30 m. The table
shows that the advantage of OLK-ESC can be seen to persist
The optimization problem (18)—(23) was solved for both UBTfor the different friction levels, with very small variatis,
ESC and OLK-ESC, in the circular-shaped curve with the latallowing an entry velocity of approximately 7-8% higherrha
eral deviation (24) limited to-1 < e < 1 m. The maximum UBT-ESC. The initial velocities resulting from differernad-
steer angle and maximum steer rate were sétg = 29 deg curvature radii are shown in Table 5. As for the friction-
and dmax = 57 deg/s, corresponding to reasonable physicabefficient scaling, OLK-ESC results in a larggrfor all radii.
and driver limitations. The vehicle was only allowed to uti-Concerning entry velocity, the relative advantage of OLBEE
lize braking torques. The wheel torque limitations wereteet is also consistent over the different road-curvaturesdabout
Tuimax= 0 andTy; min = —7.4 KNm. HereTy; min Was chosen 7-9% compared to UBT-ESC.
sufficiently large, such that the tire forég is the main limiting
factor for braking in the maneuver.

In the following, the results achieved as the optimal sohai

for UBT-ESC and OLK-ESC, using) = 100, y, = 1, and

To evaluate the influence of the weighting factprthe opti- R = 30 m, are compared. In Figure 2, the geometric vehi-
mization problem was solved for different values of thisgmar  cle trajectories are presented. The start position wascset t
eter. In addition, to quantify the differences between UBIE  (Xp0,Yp0) = (30,0) m, that is, in the lower right corner in the
and OLK-ESC for different road conditions, the friction &oe figure, with the vehicle heading in the tangential directbthe
ficientsu and the road-curvature radiBswere also separately road. Figures 3 and 4 display the optimal trajectories oésisa
varied. The scaling oft was done according to variables and tire forces for UBT-ESC and OLK-ESC, in which
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Fig. 3. Optimal control solutions obtained for UBT-ESC, lwit = 100, y, = 1, andR =30 m.
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Fig. 4. Optimal control solutions obtained for OLK-ESC, kwif = 100,y = 1, andR= 30 m.
Table 5. Initial velocity for various road-curvature onal to the road, is visualized. These quantities are displa
radii, usingn = 100 andy, = 1. as functions of the driven distanseo allow a more eligible
comparison of the results from UBT-ESC and OLK-ESC. In
R[m] UBT-ESC,v[km/h] OLK-ESC,vo [km/h]  vo-diff. [%] Figure 6, the component of the yaw moment that is a result of
10 38 1 93 the applied braking torques is shown. This moment is denoted
15 46 49 8.4 AM and consists of the longitudinal braking forégsas well as
20 52 55 7.6 the reduction of the lateral forces resulting from the iased
25 56 61 7.7 slip ratiok during braking, and is defined as
30 60 65 8.2
40 68 74 8.2 AM = —Fy 1(wcosd — | sind) + Ky 2(wcosd + 1 sind)
50 75 81 7.8 ’

— B aW+ Faw — (Fyo,1 — Fy1) (11 c0sd +wsind)
the absolute velocity is defined as — (Ryo2—Fy2) (I cosd —wsind) + (Fyo3 — Fya)lr

+ (Fyo74 - Fy_’4)|r.
V= /VZ&+ V3.

Note that it is the wheel torqud&, from (8), that is shown From Figures 2—6 it can be seen that OLK-ESC completes the
in Figures 3 and 4. Further, Figure 5 shows the sum of thmaneuver both in shorter time and less driven distance. The
longitudinal and lateral tire-forcelsx and Fy, resolved in the time for executing the maneuver is for OLK-ESC= 1.0 s
road-surface plane. In addition, the yaw momigiatgenerated and for UBT-ESCt; = 1.2 s, and the total driven distance is
from the tire forces, that is, the moment about an axis orthog; = 14.8 m andss = 17.7 m, respectively.
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Fig. 2. Geometric trajectories for UBT-ESC and OLK-ESC &=
with n = 100, y, = 1, andR = 30 m. The black bars £
represent the vehicle position and heading direction fer tr o
initial, half-way, and final time-instant.

When analyzing the control strategies for UBT-ESC and OLK -5, . , . s m = " %
ESC, seen in Figures 3 and 4, the most apparent difference Driven distances [m]

the emphasis on braking versus creating a yaw moment. UBT- L

ESC initially applies heavy braking at the left wheels, whic Fi9- 5- Longitudinal forcé, lateral forceFy, and yaw moment
subsequently is reduced as the normal foFedsr these wheels Mz, developed by the tires, illustrated as functions of the
decrease as a result of lateral load transfer. With thisesjya driven distance.

a positive yaw-moment contribution is always achieved, se
AM in Figure 6, acting in the same direction as the total ya\
moment, sedz in Figure 5.

10 T
UBT-ESC
/ OLK-ESC
5p g
For OLK-ESC, however, braking is applied throughout thE |

whole maneuver, se€ in Figure 4. Initially, a large braking = o
effort is applied on all wheels, followed by reduced brakin¢3
on all wheels except wheel 4. Because of the longitudini -5
and lateral load transfer, the normal lobg; is significantly
reduced. Hence, only small tire forces can be realized, le&@d t  -10, 5 . . . m = " m
braking is therefore rapidly decreased for this wheelTseEor Driven distances [m]

the front wheels, the braking is gradually reduced as ther st

angle increases and the front lateral forces develop. Mereo

because of the lateral load transfer, larger tire forcesbman the approach of more traditional stability control incarting
utilized at the outer wheels (wheel 2 and 4), and a largeribgak yaw rotations. Regarding methodology, the most obviousds t
effort can thus be employed at these wheels. Notice that thigavy braking leading to decreased velocity (and thus ikinet
will contribute to a negativéM (see Figure 6) counteracting energy), instead of focusing on applying an asymmetricibgak
the yaw momenhz in Figure 5. The differences between UBT-pehavior achieving a yaw moment such that the vehicle starts
ESC and OLK-ESC in braking effort throughout the maneuveg rotate in the initial phase. A physical interpretationtiois

is also clearly seen iR, Figure 5. However, UBT-ESC leads to js that reduced kinetic energy makes it easier to stay in.lane
a solution with larger lateral forcé (mainly arounds=6m)  Moreover, the fact that OLK-ESC favors braking to such eiten

and, inthe initial phase, a larger yaw mombtit Hence, OLK-  that it generates a moment counteracting the yaw rotation is
ESC results in a strategy with more emphasis on brakingewhikyrprising (see Figure 6).

sacrificing some of the cornering abilities in terms of later

eFig. 6. The braking forces contribution to the yaw moment.

forcesFy and yaw momeni/. A series of optimal control problems was solved, where the
maximum initial velocity was determined for different fticn
6. DISCUSSION coefficients and curve radii (see Tables 4-5). It is cleat tha

the OLK-ESC performs significantly better than UBT-ESC for
As an alternative to traditional ESC systems (T-ESC), whosal considered cases. The performance improvement over UBT
maximum safety potential is captured by the system callddSC that OLK-ESC can deliver in terms of higher entry speed is
UBT-ESC, we have considered an improved safety systeoonsistent regardless of friction coefficient and road+ature
principle, OLK-ESC, utilizing all wheels for braking andeth radius. Only minor deviations are seen in the relative diffe
situation awareness emerging in modern vehicles. Theratai ence in initial velocity for the different situation paratases.
results from a quantitative comparison based on optimatobn The gain achieved with OLK-ESC is approximately 8%, when
using the UBT-ESC and OLK-ESC control principles exhibitmeasured as increased initial velocity that can be handied.
several interesting differences. First, the control sggtob- mentioned in the introduction, it is to be noted that UBT-ESC
served for OLK-ESC in Section 5 differs considerably fromdetermined the optimal combination of steering input and ya



moment generation with full vehicle state and road informaBerntorp, K. (2013). Derivation of a six degrees-of-freedo

tion, which corresponds to the best achievable performanceground-vehicle model for automotive applications. Teehni

for this control principle in the given situation, but clgar  cal Report ISRN LUTFD2/TFRT--7627--SE, Department of
overestimates the capabilities of traditional ESC apgieac  Automatic Control, Lund University, Sweden.

Consequently, the safety performance increase from T-BSC Berntorp, K., Olofsson, B., Lundahl, K., Bernhardsson,ad

OLK-ESC in an implementation should be significant. Nielsen, L. (2013). Models and methodology for optimal

vehicle maneuvers applied to a hairpin turn. Aroc. Am.

Control Conf. (ACC)2142-2149. Washington, DC.

Biegler, L.T., Cervantes, A.M., and &k¢hter, A. (2002). Ad-
vances in simultaneous strategies for dynamic process opti
mization. Chemical Engineering Science7, 575-593.

Bosch, R. (ed.) (2011)Bosch Automotive Handbooliley,
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Considering the promising results obtained for OLK-ESC in optimal vehicle posture control to mitigate unavoidabliico

this paper, a natural question is the feasibility and imglem  sions using conventional control inputs.Rroc. Am. Control

tation of its strategy. One option would be to employ direct Conf. (ACC)2165-2170. Washington, DC.

onboard optimization, but with the computation times regdr Griewank, A. (2000). Evaluating derivatives: Principlesda

in Section 5 this is not possible to realize today. Neved$s| techniques of algorithmic differentiationFrontiers in Ap-

with the current trend with decreasing computation times an plied Mathematics, SIAML9.

increasing computing power in vehicles, the vision of implelsermann, R. (2006) Fahrdynamik-Regelung: Modellbildung,
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optimization (for example to the purpose of creating a lipra  baden, Germany.

of optimal solutions parametrized for a few key variables) oJansson, J. (2005)Collision Avoidance Theory—with Appli-

In Section 1, the kinetic energy was introduced as a meagure o
severity in impact situations. The kinetic energy is prdiooial

to the square of the velocity; hence, reducing the vehidigcve
ity prior to a collision is essential. Based on the resulti@aced
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system would be beneficial also from this perspective coatpar
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explicit modeling of wheel dynamics and tire-forces. Theneo  eyolutionary technique. IRroc. IEEE Intelligent Vehicles
putational method used is optimal control with the lane besd  symp, 361—-365. Columbus, OH.
as boundary conditions in the problem formulation. Theltssu | yndahl, K., Berntorp, K., Olofsson, BAslund, J., and

showed that initial full braking is advantageous compad t Nielsen, L. (2013). Studying the influence of roll and pitch
traditional ESC Strateg|es reSU|t|ng Inyaw rotation. At #ame dynamics in Opt”‘na' road-vehicle maneuvers. Fimc. Int.

time, reduced kinetic energy also decreases the severity of Symp. Dynamics of Vehicles on Roads and Tracks (IAVSD)

crash and the numbers presented indicate clear signifiac#nce Qingdao, China.

this. Hence, a lane-keeping ESC has double benefit sincé it Witodelica Association (2014). URL: http://www.modelicayo

both increase the possibility of avoiding an accident byisth  Qlofsson, B., Lundahl, K., Berntorp, K., and Nielsen, L.12).
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