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Real-time Implementation of a Novel Safety Function for Preention of
Loss of Vehicle Control

Mohammad Al*, Claes Olsschand Jonas Sjobetg

Abstract— We present a novel safety function for prevention
of vehicle control loss. The safety function overcomes some
of the limitations of conventional Electronic Stability Control
(ESC) systems. Based on sensor information about the host
vehicle’s state and the road ahead, a threat assessment algo \
rithm predicts the future evolution of the vehicle’s state. If
the vehicle motion, predicted over a finite time horizon viohtes
safety constraints, autonomous deceleration is activated order
to prevent vehicle loss of control. The safety function has éen
implemented in real-time. Experimental results indicate hat the
safety function relies less on the driver’s skills than conentional
ESC systems and that a more controllable and comfortable

vehicle motion can be acquired when the function is active. @ @

Index Terms— Vehicle Stability, Semi-Autonomous Vehicles,
Threat Assessment, Active Safety.

|. INTRODUCTION Fig. 1. lllustration of a vehicle’s vertical load distrilboih in a curve
situation. The ellipses are so called friction ellipses egmtesent available
Roadway departure related crashes account for a grédtton at each of the four wheels. The size of each ellipgpeshds on the

share of all traffic related accidents. According to [13], irvertical load at that wheel. The force vector produced atctiratact patch
. . f each wheel is constrained to lye within the friction edipat that wheel.

developed countries about half of all fatal and a third of alfn a curve situation, much of the vehicle’s weight is rediistred to the
severe vehicle accidents are due to single vehicle crasheser side, hence available brake force at the inner bacleMibegreatly
Over the last three decades, several research and technol&g-ced
ical advancements have contributed to the reduction of fata
roadway departures. Probably the first milestone in active
safety dates back to the seventies, when Antilock Brak- In this paper we address some of the limitations of conven-
ing Systems (ABS) were put into production in passengéirona| ESC systems which are not ready to take advantage of
cars [4]. Successively, in the mid-1990s, car manufacsurePreview capabilities envisioned to be a standard functigna
began to equip vehicles with Electronic Stability Controfn future vehicles. Rather than utilizing knowledge abdet t
(ESC) systems which have proven to be efficient in reducing?ming road, conventional ESC systems rely heavily on the
the amount of fatal roadway departures that are caused gjver’s actions when controlling the vehicle’s motion.dgd
loss of vehicle control. Studies have shown that ESC systerf8 the steering wheel angle provided by the driver, ESC
reduce the amount of fatal single vehicle crashes by 30-508%Stems compute a desired trajectory, which is tracked in
for cars and 50-70% for Sport Utility Vehicles (SUVs) [7]. prder to ma?ntain s:afe travel. _B_y commgmding a desired tra-

A drastic increase of the overall vehicle safety is expectd§Ctory; a skilled driver can efficiently utilize the ESC &
from future active safety systems, which are envisioned t €xtremely challenging situations to keep the vehicleran t
rely on sophisticated sensing infrastructures providings p "0@d. Normal or unexperienced drivers however, might panic
view of the coming road and information about the surround? Such situations and fail to guide the ESC system in order
ing environment. Such preview capabilities are expectd@ Mmaintain a safe trajectory. In fact, according to [17]sit
to enable early interventions, in order to prevent vehiclegommon that vehicle motion reaches the limit of adhesion
from working in unsafe operating conditions where clagsic@etween tire and road due to the panic reactions of the driver
active safety systems like ESC are activated. Moreover, theAnother limitation with conventional ESC systems is
possibility of partially or completely replacing the drive that loss of vehicle control is detected only once it has
with an autonomous driving system will enable the abilityalready occurred. Consider Figure 1, which illustrates a
to recover vehicle control in critical scenarios, where théituation where a vehicle is negotiating a curve. Due to

coordination of multiple vehicle actuators might lead tormo excessive speed, the vehicle’s yaw rate is too low to follow
effective evasive maneuvers. the curvature of the road and the driver is incapable of
‘ _ ‘ generating enough yaw moment through steering only. In
G;’e*gg‘r’ge sz‘lsig’ef]’_]d Chassis, Volvo Car Corporation, PV4AI96405 31 thjs sjtuation, a conventional ESC system would typically
bDepartment of Signals and Systems, Chalmers Universitgafiiblogy, Prake the inner rear wheel of the vehicle in order to generate
SE-412 96 Goteborg, Sweden a yaw moment which would in turn increase the yaw rate



of the vehicle in the desired direction. Due to the vehicle's
lateral acceleration a large portion of the vehicle’s weigh
however redistributed to the outer side of the vehicle irhsuc
a situation. The available friction at each tire dependshen t
normal force acting on the tire, hence a small vertical load
at the inner rear wheel also means that available friction at
that wheel is low. The influence of the brake intervention
is thus limited and if the situation is severe, availablekbra
force is not sufficient to keep the vehicle on the road. If an
intervention would be issued earlier, before availabletifsh

is reduced at the inner rear wheel a more significant effect
would be acquired, thus increasing the possibility for the
vehicle to stay on the road.

In this work, we assume the availability of advanced
sensing systems, providing preview of the road geometry.
We propose a novel active safety function which, based on
preview information, prevents the vehicle from operating i
conditions where assistance from an ESC system is normally
needed.

1. MODELING
In this section, we present the mathematical models used Vil
in the threat assessment and control design to account for ]

the vehicle behavior.

VUywi
A. Vehicle model i =3 i=4
Consider the notation introduced in Figure 2. We use the
following set of differential equations to describe the et Fig. 2. Modeling notation.
motion within the lane,
. 4
My = Moyt + Z Fus, (1a)
i=1
i 4
miy = —mut + Z; Fyi, (1b) -
Jzzz} =l (Fy + Fy2) — 1 (Fys + Fya)
+ S (=Fa+ Foo = Fig+ Foa), (10)
ey =1 — tu, (1d)
&y = vy cos(ey) + vz sin(ey), (le) 40 20 20 40

oc(odeg)
where,m andJ, denote the vehicle mass and yaw inertia,
respectively]; andl, denote the distances from the vehicle Fig. 3. Lateral tire force characteristics.
center of gravity to the front and rear axles respectively an
w; denotes the track widthu, and v, denote the vehicle
longitudinal and lateral velocities, respectively, is the
turning rate around a vertical axis at the vehicle’s cenfer
gra(ljv:ty. e¢|and§y in Figure 2 dlenpte the \éer}icle 3ri?£on Fyi = fricos(8;) — fyisin(6;), (2a)
and lateral position, respectively, in a road aligned ¢ (s (K .
system angwd is the dr:asired \):ehicle orientgtion, i.e., the Fyi = Jaisin0) + fyicos(d:), i €41,2,3,4}. (2b)
slope of the tangent to the cur¥g in the pointO. F,; and  The lateral tire forcesfy; are computed using a simplified
F,; are tire forces acting along the longitudinal and laterafersion of the well known Pacejka magic tire formula [10],
vehicle axis, respectively. B .

Forces are generated at the contact patch between tire and Jue = il sin (Cyarctan (Bjai)), 3)
road. We denote by,; and f,; the force components acting wherey,; denotes the road friction coefficieti,; denotes the
along the longitudinal and lateral tire axis, which leadhe t vertical load and’;, B; are tire parameters that are calibrated

following longitudinal and lateral forces in the vehicledyo
(;rame,



using experimental data. The lateral tire slip anglén (3) B. Linear single track vehicle model
is illustrated in Figure 2 and is defined as the arjgle_bet\{veen For the threat assessment presented in Section IIl, we will
the velocity vector of the wheel and the wheel's directiong|so consider a linear single track vehicle model. In this

€., v case we will only consider the lateral and yaw dynamics
Yyw

@; = arctan _v—_, (4) in the vehicle body frame. Compared to the model (7), the
h } are the lonait d'ml d lateral tfollowing simplifications are used,
WRETCUzwi, Uywi are the longitudinal and lateral COMPONENTS - g, iiication 1: The track width is set to zero and the

|0f tthet Wht(:]ells ;/elolct{ty ?t Whezl, resi)ef:t![yely.3F|g_]r:rl'§ ?)t"- left and right wheels at each axle are lumped together. The
ustrates the lateral tire force characteristics (3). Y tire slip angle at the front and rear axles are then obtained

components,.,; anduvy,; in equation (4) are computed as,by settinguw; — 0 in (6a) and (6b), respectively.

w, Simplification 2: The lateral tire force is approximated as

Vgt = (vy + Lph) sin 61 + (v — 5 h)cosdy,  (5a) linearly related to the tire slip angle,
yut = (vy + L)) cos 61 — (v, — %@)Sin g1,  (5b) fyi = (BiCiuFzj)a;, je{fr} 8
Vawa = (vy 4 L)) sin by + (ve + %1/')) cos 0, (5c) Where the subscript§), (-) are used to particularize vari-

. %t ' ables at the front and rear axles respectively.
Vyw2 = (vy + 151) cosda — (vg + 77,0) sindy,  (5d) Remark 1:The linear tire model (8) approximates, the

. Wy - more complex nonlinear tire characteristics well only when

. t

Vzwy = (vy = l) sin b3 + (ve — 77/’) cosdz,  (5€) restricting the vehicle operation to limited values @f see

; Wy sy Figure 3. This is also a region of the state space where

w3 = — l,,« S - x — L ) 5f H i

Uyws = (vy W) cos 03 — (v 2 ¥)sinds S normal drivers are used to operate and feel comfortable in
Vgwa = (vy — L) sin s + (v, + %@ cosés,  (50) manguvering th_e vehicle [10], [8]. .

) %t ) This results in a two-degrees of freedom linear model
Vywa = (vy — ;1)) cos by — (vg + 7@ sinds.  (5h)  which can be compactly written as,

We make use of the following assumptions, £(t) = AE(t) + Bi(t), (9)

Assumption 1:In equation (3) the vertical forcek,; are
assumed constant and determined by the vehicle’s Stea\%ereg = (v, b
state weight distribution when no lateral or Iongitudinalr
forces act on the vehicle.

Assumption 2:The friction coefficient enters the systemC. Driver model

eﬁuaﬁonls as a dlsturbapce,dls assumed to bef. the same 3h this paper the driver is described through a model,
ﬁ wheels "e'“ih_. K _VZ an constqnt overﬁa Inite tlrr(;e where the vehicle’s state and the environment information
orizon. Al each time instant an estlmatelpo_ S assumed .o exogenous signals. In general, the model can range from
available, see e.g. [18], [14], [11], [16] for friction eSO o yery simple structure used in this paper to complex
tei:lmquest: 3The sianald. in (1d ters th ¢ model structures accounting for a large amount of exogenous
ssumption 3.1he signa Wa in ( .) enters the SyStem qignals [2]. For instance, the model could be a hybrid model,
equations as a disturbance. Every time instant, an eSt'm%%ere different driver dynamics are selected depending

of the d|sturbar?ce/)_d IS awlable_over a finite tlme_honzon._ on the vehicle operating regions and drowsiness estimated
Estimates of this disturbance signal can be obtained (m'l”?hrough e.g., driver monitoring cameras inside the vehici
byAUSS;ll’JlrgntTiirTj.§SLﬂ’eam(i’lgS:;l$%S Esgdan[Q], [1. 81 oy study we are interested in very simple model structures,
plon 20, = 0z = ORI enabling the design of a low complexity model-based threat
Assumption 5:We assumev,..,; ~ v, + (—1)"%t¢ and assessment algorithm

approximate the slip angles as, Define the orientation erroaif, w.r.t. the look-ahead point

T
is the state vector. The matricels B
y from the equations above.

ollow immediate

1y 1y in Fi
= w —5 an= w _s, (6a) in Figure 2, as
v Y vt 5 el == lf = ey + MYy, (10)
Uy — lrw Uy — lrw 6b
as = Uy — %¢’ A4 = Ve + %w (6b) Wherewff is the desired orientation at time+ ¢;,,, with ¢
The vehicle model (1)-(6) is writtenn in the following the current time Ay, = g — ¢/ andt;, the preview time
compact form, that can be mapped into the preview distadgeunder the
. assumption of constant speeg. We compute the steerin
£(t) = Foen(2(8), u(t), wl(t)) () opolos as s P g
- g
where x = [vm, Uy, P, ey, e;] is the state vec- 5:Ky€y+K¢6if = Kye, + Kypey + Ky, (11)
tor, = [0, fe1, fo2, f23, Jfo the input vector and . . . ) )
g [ Tf b faz, Je3, fadl nput v with K, K, gains that are, in general, time varying and

w = [u, %] is the disturbance vector. might be updated online.



Clearly, A4 in (10) depends on the preview timg that, This is a region of the state space where a normal driver is
in our modeling framework, is considered as a parameter deemed capable of maintaining a stable vehicle motion, see
the driver model and can be identified from experimentdRemark 1.
data. Recursive least squares estimation results of thertri We introduce a threat assessment  func-
model parameters are demonstrated in [6]. tion T (X (¢,2(t), Wi i+mr—1))). The definition of the

The driver model considered here does not apply arfynction T is crucial in the considered accident avoidance
longitudinal force which leads to the following control law function. In particular, T can range from a simple time

invariant function, e.g., evaluating the distance of the
u(t) = 81X3 []%" Ky } x(t) + { Kwkod(t) } . (12)  vehicle from the road %enterline, toga complex time varying
3 2 o function detecting the collision with moving objects. In
our predictive control loss prevention function we let
Ill. PREDICTIVE CONTROL LOSS PREVENTION Y = [yt_,t,...,yHHT_,t]T, Yoound = [ybound,...,ybound]T,

In this section we describe the safety function, Predictiv&hereY and Yi,.,q have the same dimension and define
Control Loss Prevention (PCLP), proposed in this papet€ threat assessment function as,
The threat assessment module, which repeatedly evaluates T (X) = { Y ] 3 [ Yoound ] (18)
the threat level is described in Section IlI-A, while the Y Yoound |-

intervention activated once an increased threat is d@teCtéomponentsdEare positive if the vehicle motion, predicted
is described in Section I1I-B. over a time horizon ofH; steps, through the autonomous
A. Threat assessment system model (14), violates safety constraints, less than o

Consider the autonomous system, obtained by combininegfIual to zero otherwise.

the vehicle models (7) and (9) with the control law (12), B. Autonomous deceleration
. If any component ofl" in (18) is positive at time, the
t) = t t 13 . . . '

(0) = fala(®), w(1)), (13) vehicle is expected to evolve to a region of the state space
wherez = [ 17, &7 }T. We discretize the model (13) with where a normal driver’s ability to maneuver the vehicle is
a sampling timeT’, reduced (Remark 1). An intervention is then activated to

DT autonomously decelerate the vehicle with an acceleration
e(t+1) = fo (@(t), w(t)), (14) aqec While the steering is left to the driver. Many vehicles
where, with an abuse of notation, the same symbols are us@day are already equipped with cruise control and/or colli
to denote the time, state and exogenous signal vectors of tien avoidance systems [3]. To achieve a certain accederati

system (13) and its discrete time version (14). level these systems commonly rely on lower level contrsller

Denote by X (t,z(t), W s p—1)) = that control the torque applied to the wheels based on an
[ty oy TedHp—1,t)s where Wy 4 g = acceleration request..,. We assume the availability of such
[w(t),...,w(t+ Hp —1)], a state trajectory over the a lower level controller.

time interval[t,...,t 4+ Hy — 1] obtained as a solution t0 ¢ Main Algorithm

the, in general nonlinear, differences equation (14), with

initial condition z,, = [x7 (£),¢7(t)] .
We let,

The main steps underlying the present safety function are
outlined in Algorithm 1. We note that in Steps 4 and 6 of

Qs =[0,0,1,0,0,0, — 1]z, (15) Algorithm 1 Evaluates whether an intervention is required at
each time step and signals a deceleration request if needed.

denote the difference between the yaw rate predicted by ["IW'put: Current state measuremen(t), sequence of distur-
nonlinear vehicle model (7) and by the linear vehicle model banceswl, , 1,1}, State update functiofi®”, output
) T—1) a 1

(9) at timet + I, with =, = =z(t). The difference between a map h, output bounds? ..
vehicle’s yaw rate and aominalyaw rate computed through Output: Acceleration request,.

a simplified linear vehicle model is often used in electronic 1. ComputeX (t (1), Wi pr 1])
stability control systems to activate closed loop contfdhe > EvaluateT (X’) P
vehicle motion and is also regulated to zero once the motiorgz if T (X) <0 then

control has been activated [15], [17], [12]. The predicted -

output is defined as & Greg =@
P , 5 else
Yertt = h(@eq10) = (16) 6:  Greg =10
T 7: end if
[Qt+l,t7 a1t+1,t’ a2t+l,t7 a3t+[,t’ a4t+l,t] ) a: return areq

where «;,,, ,, denotes predicted tire slip angles computed
using the relation (6). The following safety constraints ar

introduced, Algorithm 1 an acceleration request., is set. We remark

however that the driver always has the possibility to use the
—Ybound < Yt+i,t < Ybound, € {0,...,Hr —1}. (17) brake pedal in order to decelerate the vehicle even further.



IV. RESULTS oo.5328

66.5325

—Test 1, ESC
- =Test 2, ESC .
- =-=-Test 3, ESC+PCLP
v Test 4, ESC+PCLPY|

The suggested safety function PCLP has been impl
mented in a rapid prototyping system and tested in rea eessea
time on both high- and low-friction surfaces with promising
results. The low-friction surface tests where conducted
a frozen lake in the north of Sweden. Due to the absentg **
of lane markings on the lake, a digital map of the ice £ assonl
track was recorded to obtain the road geometry. Each vehi(§ sl
position on the track, provided by a differential GPS-syste
could then be mapped to e.g. a corresponding lane-wid sssstor
and curvature. In the low-friction surface tests, the iviat
coefficient was manually set to = 0,25. In addition the
experimental vehicle was equipped with an ESC systel
and a collision avoidance system. The vehicle’s interface 1 essse ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

20.1141 20.1142 20.1143 20.1144 20.1145 20.1146 20.1147 20.1148 20.1149 20.115 20.1151

66.5323

66.5318

66.5317

the collision avoidance system was used to command tl Longitude
autonomous deceleration interventions in the experinhenta
tests. Fig. 5. Vehicle position

For the sake of brevity we will only show low-friction

surface test results in this paper. Consider the four viloci . L :
trajectories reported in Figure 4. The trajectories wher\%li)jeerr\lloeamat' without PCLP the vehicle is required to take a

o In Figure 6 the vehicle’s yaw rate is plotted. In the Telsts

25 T
sl ; | —Test 1, ESC X
20l == Test 2, ESC i 1
e, -=--Test 3, ESC+PCLP i
ol T w N | sl Test 4, ESC+PCLP 1l i
g ”r”\' “‘ ’ “,‘ I}
§ 551 0 % > s o !
i “.-. 2 - o —~ !
8 A X, el e '
e 0’3\\ . A .E
50;;’ \’\'\ “ S
—Test 1, ESC .,
4511 == Test 2, ESC ey
{===Test 3, ESC+PCLP
““““ Test 4, ESC+PCLP
400 ‘5 1‘0 15
t [S} -20 L L
0 5 10 15
t [s]

Fig. 4. Longitudinal velocity
Fig. 6. Yaw rate
collected by driving four times through the same curve and
trying to approach the curve with the same velocity eachnd2 we observe a higher yaw rate in the beginning of the
time. In the Testd and2, the driver is only assisted by the curve when compared to Tes}sand 4. We also note that
conventional ESC system while in the Testsand 4, the in order to recover the vehicle’s orientation a high yaw rate
suggested safety function PCLP has also been activated. in the opposite direction is acquired in the Testand 2.

We observe that in the four tests, the vehicle was accefhis is also seen in the steering angle plotted in Figure 7.
erating slightly as approaching the curve. PCLP activatedla order to follow the road geometry, the driver is required
braking intervention at approximately the same point in theo steer more when only ESC is activated and later needs to
tests3 and4 and the braking was stopped at approximatelgountersteer in order to recover the vehicle’s intendetl.pat
the same velocity in both cases. In the telssnd2 on the We emphasize that these tests were performed by an expert
other hand, the vehicle was allowed to keep accelerating intriver and that not all drivers are skilled enough to perform
the curve until an ESC intervention was activated. We notsuch countersteer maneuvers. When PCLP is activated we
that, even though the ESC system only brakes individuabserve however that due to the initially reduced velocity,
wheels, a larger velocity reduction is obtained in this caséne driver’s skills are not as critical.
as a consequence of the control loss. Finally in Figures 8 and 9 we see the vehicle’s lateral

Figure 5 shows the vehicle’s path in the four tests. Weelocity and acceleration, respectively. A higher magiétu



150 in both lateral velocity and acceleration is acquired when
ESC operates alone, compared to the case with PCLP active.
100~ i ] We conclude that a more controllable and convenient motion
can be acquired with PCLP.

50

V. CONCLUDING REMARKS AND FUTURE WORK

o We have presented a novel safety function for prevention
= of vehicle loss of control. The safety function has been
?80 50 implemented in a rapid prototyping system and evaluated
in real-time with promising results. Experimental resitts
100 ‘ dicate that the safety function relies less on the drivekikss
—Test 1, BSC than conventional ESC systems and that a more controllable
sol] == Test 2, ESC i and comfortable vehicle motion can be acquired when the
---%est i» gggrgg%g function is active. An evaluation of the functions perfor-
00l est 4, + ‘ mance and requirements on sensor accuracy is currently
0 5 10 15 . T ..
t [s] being conducted on a large set of logged naturalistic dgivin
data.
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