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Abstract— In this paper we apply recent results from robust control ~ selected performance output for the rollover problem is the Load
to the problem of rollover prevention in automotive vehicles. Specifi-  Transfer RatioLTRy. This measure of performance is related to

caIIy_, we exploit the results of Pancake, Corless and Brockam, which tire lift-off and it can be considered as an early indicator of
provide controllers to robustly guarantee that the peak vales of the

performance outputs of an uncertain system do not exceed dain impending vehicle rollover. We also include the braking force
values. We introduce a new measure of performance for roller ~as a performance output to take into account limitations on the
prevention, the Load Transfer Ratio LTRy, and design differential- ~ maximum braking force. The aim of our control strategy is to
braking-based rollover controllers to keep the value of thé quantity — avimize the magnitude of the allowable disturbance inputs which

below a certain level; we also obtain controllers which yiel robustness . . . e
to variations in vehicle speed. We present numerical simutions to do not drive the performance outputs outside their prespecified

demonstrate the efficacy of our controllers. limits; in this case the disturbance input is the driver steering input.
We also want to guarantee robustness with respect to the parameter
|. INTRODUCTION uncertainty that arises from changing vehicle speed. We indicate

It is well known that vehicles with a high center of gravity how our design can be extended to account for other sources of

such as vans, pickups, and the highly popular SUVs (Sport Utilityncertainty such as unknown vehicle center of gravity and tire
Vehicles) are more prone to rollover accidents. According to thgtiffness parameters.
2004 data [1], light trucks (pickups, vans and SUV’s) were involved

in nearly 70% of all the rollover accidents in the USA, with SUV’s

alone responsible for almost 35% of this total. The fact that the Rollover prevention is a topical area of research in the automotive
composition of the current automotive fleet in the U.S. consists dpdustry (see, for examplénttp://www.safercar.gov/Rollovefior a
nearly 36% pickups, vans and SUV’s [2], along with the receng0od introduction to the problem) and several studies have recently
increase in the popularity of SUV’s worldwide, makes rollover arPeen published. Relevant publications include that of Palkovics et
important safety problem. al. [8], where they proposed the ROP (Roll-Over Prevention) system

There are two distinct types of vehicle rollover: tripped andor use in commercial trucks making use of the wheel slip difference
un-tripped. A tripped rollover commonly occurs when a vehicleon the two sides of the axles to estimate the tire lift-off prior
slides sideways and digs its tires into soft soil or strikes a#P rollover. Wielenga [9] suggested the ARB (Anti Roll Braking)
object such as a curb or guardrai]_ Driver induced un_trippeaystem UtllIZIng braking of the individual front wheel outside the
rollover can occur during typical driving situations and poses a re&#irn or the full front axle instead of the full braking action. The
threat for top-heavy vehicles. Examples are excessive speedjdurftggested control system is based on lateral acceleration thresholds
Cornering, obstacle avoidance and severe lane Change maneuvémlor tire lift-off sensors in the form of Simple contact switches.
where rollover occurs as a direct result of the lateral wheel forcéghen et al. [10] suggested using an estimated TTR (Time To
induced during these maneuvers. In recent years, rollover h&$llover) metric as an early indicator for the rollover threat. When
been the subject of intensive research, especially by the majdf R is less than a certain preset threshold value for the particular
automobile manufacturers; see, for example, [3], [4]. That rekea vehicle under interest, they utilized differential braking to prevent
is geared towards the development of rollover prediction schemégllover. Ackermann et al. and Odenthal et al. [11], [12] proposed
and occupant protection devices. It is however, possible to preveatrobust active steering controller, as well as a combination of
such a rollover incident by monitoring the car dynamics andctive steering and emergency braking controllers. They utilized
applying proper control effort ahead of time. Therefore there i@ continuous-time active steering controller based on roll rate
a need to develop driver assistance technologies which would Beeasurement. They also suggested the use of a static Load Transfer
transparent to the driver during normal driving conditions, whiléRatio (LT Rs) which is based on lateral acceleration measurement;
acting in emergency situations to recover handling of the vehiclis was utilized as a criterion to activate the emergency steering
until the driver recovers control of the vehicle [5]. and braking controllers.

We present in this paper a robust rollover prevention controller
design methodology based on differential braking. The proposed
control design is an application of recent results on the design In this section we introduce the model that we use for controller
of control systems which guarantee that the peak values of ti§€sign. We also define the rollover detection criterlohRy and
performance outputs of a plant do not exceed certain thresholB&esent the assumptions on the sensors and actuators used in the
when subject to bounded disturbance inputs [6], [7]. The maifesign.

Il. RELATED WORK

[1l. V EHICLE MODELLING AND LTRy

S. Solmaz ¢elimsolmz@uimie) and R. Shorten A. Vehicle Model
(robert.shorten@uimie) are with the Hamilton Institute,  \ye yse alinearized vehicle model for control design. Specifically,

(I\(I:aotlrolngls s é?lhvreéﬂtg e(c)ifu) Iggla\?v(ijt-hMeggooStréhoollr EIOafndAerméutg?B& we consider the well known single-track model with a roll degree

Astronautics, Purdue University, West Lafayette, IN, USA. of freedom. In this model the steering angle the roll angleg
*Corresponding author. Phone:+353 1 7086100, Fax: +353 626838 and the vehicle sideslip angJ@ are all assumed to be small. We
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fi Fr MODEL PARAMETERS AND THEIR DEFINITIONS
Fig. 1. Linear bicycle model with roll degree of freedom. Parameter _ Description Unit
m vehicle mass kg
v vehicle speed m/s
) steering angle rad|
further assume that all the vehicle mass is sprung, which implies J,, roll moment of inertia at CG [kg- P
insignificant unsprung mass. The lateral forces on the front and Jz yaw moment of inertia at CG kg- ]
rear tires, denoted b, and S, respectively, are represented as v :0”9!:‘13!”3: gg pasfian w.c. front axlle m}
. . . . . _ h ongitudinal position w.r.t. rear axie |m
linear functions of the tire slip angles, anday, that IS,S, _Qvav T vehicle track width mi
and$, = C,ap, whereCy andC;, are the front and rear tire stiffness h distance of CG from roll axis m
parameters, respectively. In order to simplify the model description, ¢ suspension damping coefficient N-m-s/rad]
we further define the following auxiliary variables k suspension spring stiffness N-m/rad]
Cy linear tire stiffness for front tire N/rad]
o 2 C+GCh, Ch linear tire stiffness for rear tire N/rad]
p = GCilh—Cly, 1)
K 2 CIZ+Cil? i iven i -
v T %hlhs the parameters in (4) are given in Table |. See [13] for a detailed

' - ... derivation of this vehicle model.
where the lengthk, andly, are defined in Figure 1. For simplicity, In order to model the change in the vehicle speeat a simple

itis assumed thgt, relative to. the unsprung mass, the sprung m?ﬁ'ﬁction of the braking force, we assume that the longitudinal wheel
rolls about a horizontal roll axis which is along the centerline of th(—%‘o

. . r nerat the engin nteract the rolling resistan
unsprung mass and at ground level. Using the parallel axis theorem o> 9€Nne ated by the engine counteract the rolling resistance

of mechanicsJy,,, the moment of inertia of the vehicle about theand. the aerod}_/namm dr_ag at all times. Under this assumption, the
R vehicle speed is approximately governed by
assumed roll axis, is given by

Jeg = Ix + MIF, ) V= —%- (5)

whereh is the distance between the vehicle center of gravity (CG  The Load Transfer Ratio LR
and the assumed roll axis aldgy is the moment of inertia of the

vehicle about the roll axis through the CG. Introducing the state Iradtltlonfatllgl, ash@lscmljssg(: n tfhe ri_latelt_jTév Oquk sle;ctlon, sodme
"« — [ﬁ U ¢ (p}T, where (y is the yaw rate of the unsprung estimate of the vehicle load transfer ratio (LTR) has been used as

. . : a basis for the design of rollover prevention systems. The quantity
mass, the motion of this model can be described by LTR [12], [14] can be simply defined as the load (i.e., vertical
X = Ax+Bs5+Byu (3) force) difference between the left and right wheels of the vehicle,

normalized by the total load. In other words

where LTR= Load on Right Tires-Load on Left Tires 6
_Okq Pleq 4 _ hc  h(mgh-k) - Total Load ’ ©
[N mJ 2 JxV JexV i L i
A — JE _ﬁ 0 0 Clearly, LT R varies within[—1,1], and for a perfectly symmetric
- _ho ho _c mgh-k ’ car that is driving straight, it is zero. The extrema are reached in
Jo Jxé" ixx Jg the case of a wheel lift-off of one side of the vehicle, in which case
T LTR becomes 1 or1 depending on the side that lifts off. If roll
By = [ rCnviXe\cj %Iv f}& 0 ] , (4) dynamics are ignored, it is easily shown [12] that the corresponding
. [ . i ; “ . : ]T LTR (which we denote by.TRs) is approximated by
u = 23, 2ayh
LTR & =L, (7)
andu represents the differential braking force on the wheels; it is o7

positive if braking is on the right wheels and negative if braking isvhereay is the lateral acceleration of the CG.

on the left wheels. Differential braking force as the control input A contribution of this paper is to note that rollover estimation
is depicted in Figure 2 below. Note that we can brake either fronhased upon (7) is not sufficient to detect the transient phase of
rear or both of the wheels on each side of the vehicle dependimgllover (due to the fact that it is derived ignoring roll dynamics.)
on the maneuver and is the total effective braking force acting Consequently, we obtain an expression for LTR which does not
on either side as illustrated in the figure. Further definitions for ailgnore roll dynamics. We denote this by Ry. In order to derive



LT Ry we write a torque balance equation. Recall that we assumethereK is a constant state feedback gain matrix. This results in a
the unsprung mass is insignificant and the main body of the vehictdosed loop system described by
rolls about an axis along the centerline of the unsprung mass at the )
ground level. We can write a torque balance for the unsprung mass x = [A(8)+Bu(B)K]x+B(6)w (15)
about the assumed roll axis in terms of the suspension torques and z = [Ci(0)+Diu(8)K]x, i=1,...,r. (16)
the vertical wheel forces as follows: ) ) )
We require the following assumptions.
T T - i X
—FRE + FLE —kp—cp=0. (8) Assumption 1: There are matrices
Now substituting the definition dfT Rfrom (6) and approximating Aj, Bj, Byj, ji=1,...,N
the total load by the vehicle weight, yields the following expression
for LTRy: so that for eacl®, the matrix[A(0) B(8) By(0)] can be written as

. a convex combination ofA; By Byi], ..., [An Bn Bun]-
TR, — - 2C0+ko) ©)

mgT Assumption 2: For eachi =i,...,r, there are matrices

In terms of the stat&, LT Ry can be described by Cie. D K1 M
ik iuk; =4.. i

LTRy =Cix, (10) , .
so that for eactp, the matrix[Ci(6) Dijy(6)] can be written as a
where convex combination ofCis Diy1), - - , [Cim; Diumi]-
C=|0 0 —Z& -2 | (11)

Remark 1: Suppose that each of the matrigg®),B(6), By(0)

C. Actuators, Sensors and Parameters depends in a multi-affine fashion on the components df-aactor

We are interested in control design based on differential braking, @1d €ach element @ is bounded; specifically,
Active braking actuators are already available in many modern = =
<< =1,...,L.
production cars that are equipped with systems such as ABS (Anti- 6 =86<6 for =1L (17)

lock Braking System) and EBS (Electronic Brake System) or similafhen, for all 6, the matrix [A(8) B(8) By(8)] can be expressed

systems, which are capable of selectively braking each of the a convex combination of thé- Zertex matrices corresponding
wheels. The fact that control designs using these actuators can{gethe extreme values of the components @f that is, 6 =

commissioned without much financial overhead makes them ”E or@ forl=1,...,L

preferred actuator candidates in the literature. _ We have now the following result which is useful for control
We also assume full state feedback information for the design efesign.

the controllers and that all the model parameters are known. ThiSTheorem 1: Consider a nonlinear/uncertain system described by

is an unrealistic assumption; however, our control design is easiﬁz)_(m) and satisfying Assumptions 1 and 2. Suppose that there

extended to account for uncertainty in these parameters. As a sigd&st matricess— ST > 0 andL along with scalarsry,...,ay > 0

note, although we assumed all the vehicle model parameters to hey Vi,...,¥¢ >0 such that the following matrix inequalities hold:
known, it is possible to estimate some of these that are fixed (but o

unknown) using the sensor information available for the control AjS+ByjL+S T+|_TBT.+GJ-5 B
. s . . . Alr uj <0, (18)
design suggested here; this however is outside the scope of this B! —ajl
work [15]. ’
for j=1,...,N and
IV. STATE FEEDBACK CONTROLLERS FORROBUST
_ T4 DT
DISTURBANCE ATTENUATION { A s+§)» ) SC”T‘+;2|D'UK } <o, (19)
We are interested in designing a controller to prevent rollover Cix iuk i

that is robust with respect to parameter uncertainty. Our starting, j — 1,...,r andk=1,...,M;. Then the controller
point is in results obtained by Pancake, Corless and Brockman for ’

uncertain systems of the form u=Kx with K=Ls? (20)
X = A(B)x+B(6)w+By(6)u (12)  results in a closed loop nonlinear/uncertain system which has the
z = CGCi(0)x+Djy(6)u, i=1,....r (13) following properties.

where x(t) € R" is the state at time € [0,00), w(t) € R™ is a (@) T.he undisturbeq systgrw(: 0) is globally gxponentially stable,
bounded disturbance inputyt) € R™ is the control input, and thatis, all state trajectories decay exponentially.

z(t) e RP, i =1,2,..,r are performance outputs. All the uncer-(b) If the disturbance input is bounded, that j8(t)|| < Wmax for
tainty and nonlinearities in the system are captured in the parametgf t then, for zero initial state, the performance outpats. .,z
vector 8 which can depend oty x,w andu. We wish to synthesize of the closed loop system are bounded and satisfy

a stabilizing controller which prevents the peak values of the

performance outputs exceeding certain values. In other words, we [z < YiWmax- (21)
want to design a feedback controller, which guarantees a bounded

performance output given a bounded uncertain disturbance, that is,The scalars/y,..., y; are calledperformance leveland can be

[lw(t)|| < wmax We consider linear state feedback controllers of théegarded as measures of the_ ability of t_he closed loop system to
form attenuate the effect of the disturbance input on the performance

outputs; a smallery; means better performance in the sense of
u=Kx, (14) increased attenuation. For a proof of the theorem, see [7].



TABLE Il
MODEL PARAMETERS

V. ROLLOVER PREVENTION CONTROLLERS
Here we use the results of the previous section to obtain rollover

prevention controllers using differential braking as the control input. parameter value unit
We consider the driver's steering wheel angle in degrees as the Jm 32346 Hzg] )
. . . P : XX . g-
disturbance inputy; this is related to the steering angleby b 1280 kg- ?]
L Iy 1102 [m)
0= 804 " (22) I 1.25 m
T 1.51 m

where A is the steering ratio between the steering wheel and the h
wheels and is taken to be 18. c 4000 N-m-s/rad]
For reasons discussed earlier, we chopgse- LTRy given by k 36075 N-m/rad]

(9) as one performance output; we want to kdiep| < 1 for the Cv 90240  [N/rad]
largest possible steering inputs. We consider the magnitude of the Ch 180000 [N/rad|
braking forceu to be limited by the weighimg of the vehicle; so
we choosez, = u as a second performance output. The resulting

0.375 m

150

system with two performance outputs can be described by a5
X = Ax+Bw+Byu 100 40“—r\ """""""
71 = Gx (23) B s 35 Y
s \
72 = u, é— g 30 \‘
o ° \
where n g 0 = \‘
B = MB(S . (24) % _50 20 “
The parameters of the above model were tuned against the dynamics oo 1 N
of a compact passenger vehicle such that there is a perfect match 10 IS
at steady state. The tuning was performed at40m/s and with 150 s
a step steering input of magnitude°30he corresponding tuned S
vehicle parameters are given in Table II.
First we obtain a control design which is based on the above Fig. 3. Steering and speed histories.

model with a fixed speed; we call this the fixed model controller.
We then consider the effect of varying speed in our control design
and we obtain a control d_eS|gn assuming that the speed varies oy§f the controlled and uncontrolled vehicles are shown in Figure 3.
some prespecified range; we call this the robust controller. Notice that, the dramatic speed drop of the controlled vehicle is
A. Controller Based on Fixed Speed a direct consequence of the braking action. In Figure 4 we further
Here we base controller design on model (23) in which alpbserve that!_TI_?d|_>1for th_e uncontrolled vehicle throughqut the_
: ) . manoeuver indicating possible rollover, whereas the vehicle with
matrices are constant and correspond to a fixed vehicle speg - e :
. ; & e proposed controller satisfilsT Ry| < 1 achieving the intended
of v=40m/s. To obtain a state feedback controller, we applie ; . ;
design goal and demonstrating the effectiveness of the proposed

Theorem 1. Since we desire th <1 and||z]|| < mg for .
| < ||| < mg controller. Also for this maneuver, the peak value of the control

the Iargest po§S|bIe steerlng nputs, we considggee mgy. _By force generated was about 80% of the total weight of the vehicle
performing a line search with respect to the scalawe obtained . L .
(i.e., Jul < mg), thus achieving the other design goal.

a minimum value of M089 fory;. The corresponding control gain

matrix is
2 T = T
K=mg-| —7.1287 09842 03271 -0.0944]. '
15l ! : |
Remark 2: Consider the constant speed model subject subject l v

to the above control gain matrix. According to (21), the constraints
on the outputs will not be violated for this constant speed closed
loop system if the maximum magnitude,ay of the driver steer-
ing disturbance input satisfie8max < 1/y1 ~ 11297°. However
application of the braking controller reduces vehicle speed. As the
vehicle speed reduces, its tendency to rollover decreases and the
vehicle can actually tolerate disturbances inputs with magnitude
considerably larger thar/¥;. In simulations where the speed varies
according to (5), the above controller gain matrix was able to 2
maintain |LT Ry| < 1 and||u|| < mg for steering input magnitudes time fsec]
up to Wmax= 130°. i ) )

For numerical simulations we chose a driver steering ianE'g' 4. Comparison oET Ry for the controlled and uncontrolled vehicles.
corresponding to an obstacle avoidance maneuver that is known
as the elk-test; we chose an initial speedvof 40m/s and a In the following subsection we demonstrate how our control
peak steering magnitude ofimax = 130°. The steering profile design method can be extended to account for varying parameter
corresponding to this maneuver and a comparison of speed historiggcertainties.




B. Controller Based on Variable Speed Model the braking action. Also we observe that the speed loss due to

In this section, we present a rollover controller design whicn€ robust controller is slightly more than that due to the fixed-
takes into account varying vehicle speed; it assumes constant mof¥del controller. Further results are presented in Figures 6 and 7,
parameters given in Table Il. We assume that the speed is bound¥ere we compare the performances of both the robust and the
above and below by and v, respectively, that isy < v < V. fixed-model controller designs. We observe in Figure 6 that, the
In order to represent typical freeway driving conditions for aL TRy due to the fixed-model controller slightly exceeds the lower
compact passenger vehicle we chase 25m/s, and v = 40m/s boundary—1 at the initiation of the steering maneuver, while the
as the extremum design speeds. Again, we used the model (ngust controller results ifLT Ry| < 1 throughout the maneuver. In
for controller design, where the matricAsB, B, andC; are given Figure 7 we compare the normalized control force histories for both
in (4), (11) and (24). System matric&@ andC; are independent Of the controllers and observe that they are close and both result in
of speed. The matrice& and B can be expressed as affine linear|ul < mgas desired.

functions of the time-varying parametefg:=1/v and 6, := 1/v2. It is of particular inter_est for us to see _how the suggested
These parameters are bounded as follows: contrqllers affect the vehlqle path. To _do this, we note _that the
. - coordinatex, y) of the vehicle CG relative to the road satisfy
0:<6<61, 6,<6:<6; (25) .
X X = vcogB+y), (26)
where . .
ol g 1 g_1 5 1 y = vsin(B+y), (27)
Ui =2, 1=, Y2—= =5, 2= 5-
v v v V2 where we choose the initial coordinateg0), y(0)) to be zero. In
Hence our system description satisfies Assumptions 1 and 2 wikigure 8 the CG trajectories of the controlled and the uncontrolled
the following vertex matrices vehicles are compared. Notice here that the shorter paths of the
— — — controlled vehicles are due to slowing down as a result of brak-
A= 61Y1+€2Y2+Y3’ Ap =01Y1+8,Y2+Ys, ing. We observe in Figure 8 that both controllers cause a small
Az = OM1+0Y2+Y3, AL=08:V1+8,Y2+Ys, divergence from the intended vehicle path during the first half of
B — By— [ CVJXqu ch ha g ]T the maneuver; in a real driving situation, the driver would time the
Ml 7l L 3 ’ second half of the maneuver based on the speed and location of the
Bs — By— [ Qleqg G hG g ]T7 vehicle. Hence the second part of the maneuver would occur later
Moc = Jaz X for the controlled vehicles.
where
[ 9eq 0 _hc  h(mgh-k) 150 50
Ve k% T
Yl _ 0 :] 2]?2 0 0 7 100 45 robust control
0 3 0 0
L O 0 0 0 T s
r Peq Fl 7
0 m 00 £,
Y, — 0O 0O 0O 7 3 H
0O 0O 0O 2 s
L0 0O o0 O
r o -1 0 0 -100
£ 0 o0 0
Y3 = _ho 0 —-=& mgh-k | - %% 5 10 15 20 %0 5 10 15 20
Jxx \]xx X time [sec] time [sec]
L O 0 1 0

We used Theorem 1 to design a controller which guarantees Fig. 5. Steering profile and a comparison of speed histories.
performance levelss and y» = mgy;, in presence of the any
variations in speed satisfying< v < v. We achievedy; = 0.009.
Also the corresponding control gain matrix is

Comment : From the simulation results for the fixed model and
the robust controllers, we observe that both controllers are effective
K=mg-[ —7.5858 11995 03508 -0.1478]. in reducing the vehicle load transfer ratid Ry, and thus preventing
rollover.

disturbance input permitted ish¥max = 1/y1 ~ 11136°. In our  sgurces of parameter uncertainty such as the vehicle parameters,
simulations however, for the reasons explained in Remark 2, thgass and center of gravity height.

robust controller was able to keepT Ry| < 1 for driver steering
inputs with magnitudes up tWmax= 136.5°. V1. CONCLUSIONS

For numerical simulations, we used the same obstacle avoidancéNe have presented a methodology for the design of vehicle
(elk test) scenario as before, however with a peak driver steerimgllover prevention systems using differential braking. By introduc-
input of magnitudewmnax = 1365° and an initial speed o = ing the load transfer ratibT Ry, we obtain a system performance
40m/s. The steering profile corresponding to this maneuver andutput whose value provides an accurate measure for determining
a comparison of speed histories for the uncontrolled vehicle dbe onset of rollover. Our rollover prevention system is based
well as the controlled vehicles with the two suggested contralpon recent results from Pancake, Corless and Brockman, which
designs are shown in Figure 5. Notice here again that, the dramagimvide controllers to robustly guarantee that the peak values of the
speed drop in the controlled vehicles is a direct consequence pérformance outputs of an uncertain system do not exceed certain



time [sec]

Fig. 6. Comparison oET Ry for the controlled and uncontrolled systems. Fig. 8.
vehicle.
1 T T T
= = fixed-model controller
] 8
5 [4]
:
(5]
O
-0.8 1 [6]
o ‘ ‘ ‘
0 5 10 15 20
time [sec]
i : : ) [7]
Fig. 7. Normalized control history comparisons.

[8]
values. Simulation results demonstrate the benefits of the proposed
approach in a real-life problem. 9

Future work will proceed in several directions. We shall extend ]
the methodology to include active steering, active suspension and [1q]
combinations thereof to refine our rollover prevention strategy.
Applications of control strategies with several actuators is not only
limited to road and railroad vehicle roll stabilization, but can also [11]
be used to make the dynamics of a vehicle emulate those of
another vehicle (e.g. having an SUV behave like a sports car). We
shall also investigate a gain-scheduled version of our controllers [12]
and implement a switching strategy to improve their performance.
Extension of our controller design for the case of tripped rollover [13]
is another future goal. Finally, we plan to implement and test our
control system in real production vehicles with the help of our
industrial partners. [14]
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