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Abstract: In this paper we present an adaptive controller implememétased on the multiple models,
switching, and tuning (MMST) paradigm [13, 14, 15] for pretiag un—tripped rollover in automotive
vehicles. Our approach relies on differential-brakingée the value of the Load Transfer Ratid R))
below a threshold. We first employ multiple models to infex ttnknown center of gravity height and
the suspension parameters of the vehicle, which are substguised to switch to the corresponding
rollover controller. The proposed multi—controller svhiéd scheme is shown via numerical simulations
to result in better performance than its fixed robust coyater

Keywords: Automotive control; Multiple models; Paramegstimation; Adaptive control; Switched
controllers.

1. INTRODUCTION rollover has been the subject of intensive research, eslfeloy

the major automobile manufacturers, which is geared tosvard
It is a well known fact that vehicle center of gravity (CG)the development of rollover prediction schemes and ocdupan
position plays an important role for the vehicle dynamicd anprotection devices. It is however, possible to prevent saich
the vehicle road handling behavior. Therefore, the effeéts rollover incident by monitoring the car dynamics and apply-
changes in the CG position, or the uncertainty in the knogged ing proper control effort ahead of time. Therefore there is a
of it, have to be considered for analyzing vehicle dynamic$ieed to develop driver assistance technologies which would
and must be accounted for in designing active control systere transparent to the driver during normal driving condiio
for accident mitigation. However, the difficulty is thatshin-  while acting in emergency situations to recover handlinthef
known parameter is not directly measurable and it can vary sivehicle until the driver recovers control of the vehicle.[2]

nificantly with changing passenger and loading configuratio .The height of CG along with the lateral acceleration are the

such changes are the most severe in large passenger vehi : .
such as (Sport Utility Vehicles) SUVs. ﬁjﬁa)%t important parameters affecting the rollover propgrui

an automotive vehicle; while the vehicle lateral accelemat

It is an irrefutable fact that vehicles with a high center ofan be measured directly by sensors, the CG height can not
gravity such as vans, pickups, and the highly popular SU¥s abe measured and it needs to be estimated indirectly. One such
more prone to rollover accidents than other passengerleshic method for inferring CG height was suggested in [3, 4, 5]. We
According to recent statistical data [1], light trucks ¢pips, utilize this result for the control strategy advocated is fraper
vans and SUVs) were involved in nearly 70% of all the rollovewith the aim to improve the performance of our active rollove
accidents in the USA, with SUVs alone responsible for almognitigation systems. Specifically, we use multiple idendfion

35% of this total. The fact that the composition of the currenmodels for inferring the unknown vehicle CG height, which is
automotive fleet in the U.S. consists of nearly 36% pickupshen used to switch among a paired set of rollover prevention
vans and SUVs [2], along with the recent increase in theontrollers.

popularity of SUVs worldwide, makes rollover an importants . nstivation for considering an adaptive controller iepl

safety problem. mentation is twofold. Firstly, adaptive controllers are #iter-
There are two distinct types of vehicle rollover: trippediam-  native option to the robust ones and they can potentiallyigeo
tripped. A tripped rollover commonly occurs when a vehicldigher performance. Robust controllers have fixed gairisitea
slides sideways and digs its tires into soft soil or strikas achosen considering the worst-case that the plant underfgoes
object such as a curb or guardrail. Driver induced un-trippethe rollover problem the worst operating condition tratesa
rollover can occur during typical driving situations andsps a  to operating the vehicle with the highest possible CG pasiti
real threat for top-heavy vehicles. Examples are excespwed While choosing the controller gains for the worst-case guara
during cornering, obstacle avoidance and severe lane ehariges the performance (i.e., safety) under the designedregtr
maneuvers, where rollover occurs as a direct result of teedla  operating condition, the feedback performance of the ribpus
wheel forces induced during these maneuvers. In receng yeagontrolled systems under less severe or even normal opgrati
conditions are suboptimal. The second motivation for abnsi
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CEmMACS 004175 and BAP 07HA202.




2% Table 1. Model parameter definitions

- T Parameter  Description Unit
' o Steering angle [rad]
% m Vehicle mass kg
e v Vehicle speed [m/s]
Vean, Jux Roll moment of inertia at CG [kgrr?-]
i G i Jzz Yaw moment of inertia at CG [kgm?]
P i lv Longitudinal CG position w.r.t. front axle [m|
T "”i Ih Longitudinal CG position w.r.t. rear axle [m|
AN T Vehicle track width [m]
! h CG height from roll axis [m]
I—LX S, c Suspension roll damping coefficient [Nmg/rad]
k Suspension roll spring stiffness [Nm/rad]
Cy Linear tire stiffness for front tire [N/rad]
Fig. 1. Single track model with roll degree of freedom. %h ;'ir;zz;igrsnj;zn;sééor reartie H\;/dr}ad]
problem is related to the time constant of rollover accigent g Yaw rate [rad/s]
which is on the order of seconds (sometimes even a fraction @ Roll angle [rad]
1] Roll rate [rad/s

of a second) and is usually accepted to be quite small (see
for example [6] for a discussion of this). While conventionaimodel switching framework. The 2-state roll plane modehés t
adaptive controllers are known to have slow convergenas ratsimplest model capturing the roll dynamics of an automotive
and large transient control errors when the initial par@metvehicle and it is free from the effects of uncertainties imaging
errors are large (a factor that renders these control appesa from unknown tire stiffness parameters; we emphasize lhst t
unsuited for use in rollover mitigation applications) ligition  a factor that makes the roll plane model suitable for the real
of MMST type algorithms [7] may overcome these problemsime estimation of unknown CG position.

and provide high performance adaptive controllers. Tioeesf

when improving the controller performance and speed for tHdnder the small angles assumption, and with reference i rig

rollover problem is considered, MMST framework become and side of Fig_ure 1, the equations .Of motion dgscribing the
an ideal choice as it can provide a rapid identification of thE!l Plane dynamics can be expressed in the followiffydzder

unknown parameters as part of the closed loop implementatic € Space form
This way we can rapidly switch to a controller that is optimal

. . oy . 0 1 0
for the maneuver and the vehicle operating conditions, thus ol k—mgh c ® mh N
improving the overall safety of the vehicle without saciifge | |- —— |l + | Mia, @)
its performance. Jieq Jreq Jreq

. . . . hereay is the lateral acceleration, anplis the gravitational
The controller design described in the sequel is based en dﬁ’ . e o o
. X cceleration. As a simplifying assumption for the derivatof
ferential braking actuators only, where each of thgroposed plifying P

switched controllers based on difierential raking aciuhs o (ol 2cut a iwed horizontal roll axis along the cimer
a linear feedback structure with a fixed gain mattix vyhere . of the vehicle body at the ground level. Alsk,, above denotes
n€{l2..nj. '_I'he chqce of the (_:(_)ntrol actuator is motl-y,. equivalent roll moment of inertia of the vehicle abouw th
vated by the desire to aid the exposition of the multiple nhodc?o” axis, which is given by

switched control implementation, as the resulting cofgrsl '

are of simple proportional type. Our controllers are design I = ot M 2)
to keep the peak magnitude b R less than one, which is o Treq XX ' o

the criterion for preventing rollover occurrence as it isigg  FOF further description of the parameters appearing in afie r
alent to preventing one-side wheel lift off. We demonstratglane model refer to Table 1.

the effectiveness of the resulting control design with naoaé

simulations. Single track model with roll degree of freedom:We use this

model to represent the real vehicle in our simulations due to
2 VEHICLE MODELLING its relative simplicity. We note that this model is the siesdl
model with combined roll and lateral dynamics. With refexen
For the multiple model switched controller design that khaf® Figure 1, we denotg as the sideslip angle anglas the yaw
be described in the following sections, we utilize two sepd2t€ Of the vehicle representing vehicle motion on a hotaion
rate vehicle models; the second order roll plane model, arfrface. Then the equations of motion corresponding to this
the single track model with roll degree of freedom and witfnedel are given as follows
differential brake input. While we use the roll plane modeis f

N . L . X = AX+Bs0 +B
estimating the unknown CG height of the vehicle in real time, );y:\;((sz)+ ”l\JNith
we utilize the single track model with roll degree of freedom Oeq  Pleq hc  h(mgh—k)
to represent the vehicle in simulations and also to implémen Tmlv M2 3 v
the output feedback controllers based on the lateral aetiEla P LS 0
measurement and utilizing differential braking actuatétsr A= Jﬁg ﬁg" ¢ mgh—k (3)
detailed derivations of the following vehicle models see98 -0 T .
S T G
Roll plane model: We use the roll plane model given here Cideq Clv hC, 17 T T
for the realtime estimation of CG height based on the meltipl Bo=| i 3 I 0} Bu= {0 ~23, ° 0}
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Fig. 2. Differential braking force as control input.

wherex= [ ¢ ¢ qo]T is the state, andi represents the
total effective differential braking force acting on the ewdts;

it is positive if braking is on the right wheels and negative

if braking is on the left wheels. Differential braking forees
the control input is depicted in Figure 2. Further notatiand
parameters appearing in (3) are described in Table 1.

. . . . Controller C,
In order to model the change in the vehicle longitudinal spee w0

as a result of the braking force, we assume that the longiaidi
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wheel forces generated by the engine counteract the rollifigg. 3. Multiple model switched adaptive control structure

resistance and the aerodynamic drag at all times. Under this ) ] o
assumption, the vehicle speed is approximately governed byimplementation given here is inspired, at large, by the MMST

1
-

(4)

control framework developed by Narendra et al. in a series of
publications [7, 13, 14, 15]. In the MMST control framework,
each identification model is paired-up with a controllerd an
based on a performance index of the identification errors a

Comment: The rationale for using differential braking actua-model/controller pair is chosen to control the plant at gver

tors for the rollover mitigation problem discussed hereus d

to the fact that such actuators are already available in mal
modern production cars. Vehicles equipped with systemB su
as ABS (Anti-lock Braking System) and EBS (Electronic Brak
System) or similar such systems are capable of selectiveé\é
braking each of the wheels. Thus our design can potentially %r

implemented using these systems.
2.1 The Load Transfer Ratio, LR

Traditionally, some estimate of the vehicle load transégior

instant.

Bur multiple switched controller design is unique in thessen
that it enables us to synthesize locally robust controltens

?’esponding to each CG height configuration. This approach,

compared to the alternative robust controller desigtis-in
ature, yields improved vehicle cornering performance. W
emphasize that in this controller implementation, ad&mas

a byproduct of the switching itself.

Since we wish to prevent rollover of the vehicle, our switthe
controllers are designed to keep the peak magnitude of &tk lo

(LTR) has been used as a basis for the design of rollovéiansfer ratio less than one, which implies preventing side-

prevention systems. The quantityT R [10] can be simply
defined as follows

Load on Right Tires-Load on Left Tires (5)
Total Load '

Clearly,LT Rvaries within[—1,1], and for a perfectly symmet-
ric car that is driving straight, itis zero. The extrema a&a&ahed
in the case of a wheel lift-off of one side of the vehicle, inieth
caseL.TRbecomes 1 or-1 depending on the side that lifts off.
A dynamical approximation for the load transfer ratio, diexo
LTRy, is given as follows [11, 12]

LTR=

2(cp+k
LTRy = — 201 kD) r‘:’]gT‘p).

(6)
3. ADAPTIVE ROLLOVER CONTROL DESIGN WITH
MULTIPLE MODELS & SWITCHING BASED ON
DIFFERENTIAL BRAKING ACTUATORS

wheel lift-off, and thus avoiding rollover. The switched hiple
model control structure is schematically shown in Figure 3,
where there areidentification models driven by the same plant
output, which are paired up withlocally robust state feedback
controllers. In what follows, we first describe the switched
identification algorithm as a control switching critericamd
then give the implementation of the switched adaptive weito
controller design utilizing differential braking actuago

3.1 Controller switching criteria

The height of CG along with the lateral acceleration are the
most important parameters affecting the rollover proggroi

an automotive vehicle; while the vehicle lateral acceleratan

be measured directly by sensors, the CG height can not be mea-
sured and it needs to be estimated indirectly. Here we use mul
tiple identification models for inferring the unknown veleic

CG height along with the relevant suspension parameteesin r
time [3, 4, 5], which is then used as a criterion to switch aghon

In this section we describe an adaptive control design fa paired set of locally robust rollover prevention coneml We

preventing rollover based on differential braking actusito

emphasize that due to this structure of multiple indiretines:

We use a multiple switched controller structure where th#on models and the paired controllers, the suggested &sidb

controller switching logic is based on the real-time estiora

implementation is an adaptive control approach for the [prab

of CG height [3, 4, 5]. We note that the adaptive controbf mitigation of rollover, which involves inherent paramet



uncertainties due to the unknown and/or time varying vehicl3.2 Switched controllers based on differential brake input
parameters.
Here we present a simple proportional feedback controbdesi

The identification models are based on tfié @rder roll plane o "he individual switched controllers. The reason fomgsa

model (1) and are mainly used to determine the unknown C

, X o : -controller design in this paper is twofold. Firstly, itaasier
height of the vehicle. The estimation models are obtained Ry i ylement and show the benefits of the suggested switched
varying the uncertain model parameters within bounded-inte

o ; . control design. Secondly, P-design has been used in tha-lite
vals and at a finite number of grid points, where the uncertafye i the context of rollover prevention: for example 6k [
pa(rjanr]]eters” e:jre the CG hef;_dm“'”egr roI_If_spIrlmg St'f{]ne‘;’kh We emphasize that our suggested switched control approach
Eﬂkngvsnrgara?nn;?é?g igO:ssIEI;r:d top(ta)cellcl)cnz Bt/o zaglo:e dt u?lcgzn be used in conjunction with any other preferred control

i 'sign method for the individual controllers. The switghin
tainty interval such thah € J#, k € J#, andc € ¥, where 9 o

. . T i . controller gains is determined by the realtime estimatidbn o
each interval contains a sufficient number of grid points sge cG height described earlier, where for each combination
that they can be represented#S= {hy,hy,hs,....hp}, & =

s . of hy € {h1,...,hp}, ky € {ki,....kq}, andc, € {cy,...,cq},
{K1,ko, k3, ..., K}, and@ = {c1,Cy,Cs, ..., Cq} with dimensions o L ; ired local controller. ¢ {Cx. C c h
p,q andd respectively. Them = p x q x d different identifica- ere is a paired local controllély € {Cy,Cz, ., Cn}, where
tion models are formed corresponding to the cross combina- . _
tions of the grid points in the parameter space. Utiliziny (1 hich vi li” .h' h tn —]!<,,ay, i fe {1r,]2,...7n}, | (;1)f
the equations of motion corresponding to each mbgean be ‘Ii" ICh yields hig ::r pﬁr ormancltle or tf ehqurrenlt va L:Je ’pd
represented as below n, Cn- We note t at this co.ntr.o er switching rule is ased on
the certainty equivalence principle We further emphasize that
. 0 1 0 the CG height and the lateral accelerati@y) (are the most
Iz : {‘PZ} —| k-mgh o [%] + | ™ la, (7) important factors affecting rollover tendency of a vehidis
% %, %, % 4 we can estimate CG height, aagl is a measurable quantity,
where{ =1,...,ndenotes the identification model number an(ﬁgﬁigggﬁgcﬁﬂlg\?grthe simple feedback structure given in¢L1) f

Keq

er = g+ mlf We utilize the single track model with roll degree of freedom
i . a o nd with differential brake input given in (3) to design our
is the equivalent roll moment of inertia. We assume that adlimsje proportional controllers. AST Ry is a metric directly re-
models have zero initial conditions such thgt(0) = 0, and  |5ted to rollover occurrence, we wish to synthesize a ctiatro
@ (0) =0, for{ =1,...,n. Note that the zero initial conditions corresponding to each CG height setting, which prevents the
physically correspond to starting the identification aitjon at  peak value of. T Ry below some prespecified level. Specifically,
a straight driving state, where the roll anglgand the roll rate we want to keep
@ of the vehicle are both zero. Also note that every model is
driven by the same inpuy, (lateral acceleration), which is a ILTRy|| <1, (12)

measured sensor quantity of the vehicle. for the largest possible steering inputs, which is equiviale

We can then define the identification error for i roll plane  keeping all the 4 wheels in contact with the road and thus
model as the difference between the vehicle’s measured réfieventing rollover. The controller gain§, are chosen such

angle and the corresponding model output; we denote this Bjat for a certain maximum spe&glaxand a certain maximum
e; and compute it from steering inpumax (12) is satisfied. This in turn will guarantee

that||LT Ry|| <1 forall || < |dmax @andv < Vmaxcorresponding
to the CG heighthy,. In this respect each controll€;, is a
robust controller for the current CG heighy.

Next we compute the MMST cost function [7, 13] (a functioncomment: A basic problem with the controller structure intro-
of the identification error for each model) duced above is that it is always active. That is, it will alway
i attempt to limit theL T Ry, even in non-critical situations, thus
Jo (1) = alle (t)]] +B/ e’)‘f“’r)||ez(r)||dr, (9) potentially interfering with, and annoying the vehicleweri It
0 therefore makes sense to activate the controller in simsti
where = 1,...,nand a,B > 0 are scalars controlling the only when the potential for rollover is significant. One can
relative weights on instantaneous and cumulative ideatifia  limit this by putting a threshold output for the activatiofi o
error measures. Alsts denotes the forgetting factor. Switchingthe controllers. Since the system output considered haheis
among the models and choosing the one with the minimum cdsteral acceleration we utilize the following rule for aetiing

eg=¢0—¢, for (=12..,n (8)

based on the criterion below the switched controllers
t)=arg min J;(t), 10 _Jup for |ay| > [ay]threshold
n(t)=arg, min X (1) (10) Y {0 o (212 Plives (13)

yields the model with the minimum cumulative error and the sevhere[ay]inresholdiS @ positive scalar representing the controller
lected model parameteks, ¢, andh,, represent the vehicle in activation limit. We note that the activation threshold elegs
the parametgr space descrlbedJﬁy 4 .andj.f’ (espectl\{ely. 1 in the sense of adaptive control, the principle of certagtyivalence from
Havmg described the _cor_1tr0|_|er_3\_N|tCh|ng criteria, Wem_yxe tuning to switching is based on the hypothesis that a smattiiiieation error
the procedure for des!gnlng individual rollover preventemn-  eads to a small tracking error [7],[15]. Therefore using a eldHat has the
trollers Cy, for the switched controller implementation shownciosest outputs to those of the plant is likely to yield thsttieedback control

in Figure 3. performance.




Table 2. Simulation model parameters

_ 100

parameter  value unit ijz sl

m 1300 kg 2

g 9.81 [m/<) g ©

v 40 (initial speed) m/g g ool

Opeak 90 [deg -g

Jxx 400 [kg- mZ] M 4 & 8 10 12 14 16 18 2

N 1200 kg- mZ] time [sec]

Iy 1.2 [m} =09

In 13 [m} go.sf

L 25 [ g

T 15 [ g o7

h 0.5 (initially unknown)  [m] £ ost

c 5000 [kg-m?/] S sl

k36000 [kg-m?/<?] I T T S T TR T T

Cy 60000 [N/rad] time [sec]

Ch 90000 [N/rad]

on the vehicle type and parameters. In the following sinitst 719+ 4 Steering input and the resulting CG height estinmatio

[ay]threshold= 4m/s? was utilized.

4. NUMERICAL ANALYSIS IR R ek

In this section, we investigate the performance of the psedo
adaptive switching rollover controller numerically. Irethimu-
lations, we have used the model parameters given in Table 2 fo
the model representing the simulated vehicle dynamicsdbase
on the single track model with roll degree of freedom. Foeeas
of exposition of the numerical results, we assume that tke su
pension parameteksaandc are fixed and known, but that the CG
height is unknown. In doing so, we considered the CG height
uncertainty to be such thate .7 = {0.5,0.55,...,0.85}, com-
prising of 8 possible CG height configurations in total. Also R S S S A N SR S

we set the free design parameters for the cost function (9) S P mekeg
asa = 0.2 and3 = 0.8, while the forgetting factoAs was
chosen to be 0. We emphasize that the forgetting factor beso
important if the plant undergoes rapid switches; this isthet
case for the CG height uncertainty considered here (where we

assume that CG height is unknown and not changing in a finigglaptive controller with respect to a fixed robust controlle

time horizon), thus we set; = 0 in the following discussion. ~ Where the robust controller has the fixed giiin.o.gs assuming
the worst case CG height bf= 0.85m. We also compare the

For the design of local controllers, we assumed a peak \&higlagy|ts with uncontrolled single track model with roll degrof
speed ofvnax = 40[m/g (i.e. 124knv/h[), which represents freedom, where appropriate.

typical freeway driving condition for a compact passenger

vehicle. Furthermore, we assumed a peak steering whedl infi@r the numerical simulations, we used a typical obstacelav

of dmax= 90° (Where the steering ratio of/18 was assumed) ance maneuver known as the elk test with a peak driver steer-
to design the switched controllers such that, when the lehidng input of magnitudedmax = 90° and with an initial speed

is operating amax and vimax, the condition (12) satisfied for of v = 124km/h]. The steering profile corresponding to this
each CG height configuration, which is sufficient for mitiggt maneuver and the resulting CG height estimation is shown in
rollover. We chose the controller gaiis as small as possible Figure 4, where the worst case CG height (ibgax= 0.85m))

to minimize the control effort. Note that a feature of thetcoh Was assumed till the initiation of the steering maneuveteAf
design suggested here is that it allows for reduction ofretiet ~ the maneuver starts, the CG height was estimated to5je0
actuation, which results in improved efficiency as compaeced as seen from the figure. In Figure 5 we show the resultiiBy
fixed robust control designs. The resulting 8 controllengai comparisons for the controlled and the uncontrolled vesicl

rT]:ig. 5. Comparison of theT Ry for the controlled and uncon-
trolled vehicles.

were calculated as follows Clearly the uncontrolled vehicle rolls over @3 Ry| > 1 during
the maneuver. Also, both of the robust (i.e., fixed gain) and
Kh=o085=—1280 , Kn—pg0o=—1100 the switched adaptive controllers prevent rollover by kegp

Kh—075=—-930 , Kh—070=-780 (14) LT Ry] < 1. However, the adaptive controller does it in a less
Kh—oe5=—620 , Kh_oeo= —480 conservative way which is favorable. In Figure 6 we compare
Kh=o0s5=—350 , Kh—os50=—-220 the vehicle states of the controlled and the uncontrolldd-ve
cles, where we observe that due to smaller attenuationratai
In what follows, we present the simulation results correspo by the adaptive (switched) controller, the resulting stata-
ing to the switched control structure shown in Figure 3 thgectories are closer to the uncontrolled vehicle statesoas ¢
utilize the above control gains based on varying CG configypared to the robust one. Again, this is favorable as the adapt
rations. In our plots we provide comparisons of the switchedontroller causes smaller driver intervention, and maista



Future work will proceed in several directions. We will eous
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Fig. 7. Comparison of the vehicle speeds and the normalized

control force.
[10]

natural response of the vehicle. Finally, in Figure 7 we show
the vehicle speed and the normalized braking force variatio
for the controlled and the uncontrolled vehicles. We obser!1]
that the adaptive controller results in much less contratz
tuation and less drop in vehicle speed; this clearly shows th
performance benefit of using the suggested switched cJHrtroI[lz]
as compared to the fixed robust control alternative.

5. CONCLUSION

[13]
In this paper, we presented a switched adaptive vehicleve|
prevention control design using differential braking attus.
We suggested the use of real time estimation of CG height ag)
a controller switching criteria. We demonstrated our oaintr
designs with numerical simulations and compared the ®sult
with fixed robust controllers. The results indicate sigmaifit
performance gains over the robust controller alternativés  [15]
emphasize that due to the chosen control actuator (i.e., dif
ferential braking), our suggested control designs carlyebsi
implemented and tested without much financial overheadesin
these actuators already exist in most stock passengeileghic

the control scheme with respect to transients, as the elov
problem is a safety critical problem. Particularly, we areei-
ested in the effect of sudden load changes during rollovet, a
we will investigate the controller selection criteria totigate

the transients as an integral part of our control design. as p
of this, we shall also look into alternative designs for indiual
switched controllers. Also, on the practical side of thisrkyo

40 c 10 15 2 we wish to implement and test the controller on a test vehicle
with an industrial partner.
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