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variance Control does not tilt. The so calledbllover avoidanceis subject of
[3], where an additional actuator located at the joint between
the load and the chassis is used to modify the roll angle, thus
improving stability of the roll dynamics. Another method using
Abstract a controller that reduces the steering angle chosen by the driver
. . is suggested ir4]. In both approaches the controller design is
In t.h's paper we address _the problem of vehicle rollovglse'on 4 linearized one-track vehicle model extended by an
avoidance control by applying the novel control method Qajdditional mass to model roll motionS][ Formal arguments

Invariance antrolvvh|ch allqws a nonlinear and non'smootqor stability of the underlying nonlinear system of the vehicle
controller design together with a formal proof of stability. Th re not presented

presented strategy leaves a maximum degree of freedom tor

steering to the driver. In addition a time-discrete rollover avoidéased on the novel control methodlafariance Contro(IC)

ance controller suitable for implementation is derived, whidi®, 7, 8] we present aollover avoidance controlle(RAC),

is both, robust and real-time computable. We validate tMéich guarantees stable roll dynamics and leaves a maximum
proposed approach by hardware-in-the-loop simulations of tthegree of freedom of steering to the driver. Our control de-
nonlinear vehicle with a human driver in the loop, using a forcgn approach can be applied to a large class of nonlinear, non-
feedback steering device. smooth vehicle models.

1 Introduction The key idea is that a state space region is calculated such that

The fundamental task of a driver is to guide a road vehicig its interior stable roll dynamics are guaranteed. As long as
along a desired path. From a system theoretic point of vidlie system state remains inside the region th_e driver has full
an experienced driver acts as a controller employing his/iRgering autonomy. When the system state hits the boundary
knowledge of the vehicle dynamics. The overall system dyr@f the region the steering is switched to the Invariance Con-
mics can be decomposed into controlled and internal dynami8!ler (thus overriding the steering commands of the driver) to
The controlled dynamics represent the direction and lengthk§i€P the region positively invariant. Control is switched back
the velocity vector of the vehicle’s centre of mass while tH@ the driver when his/her steering input drives the system state
internal dynamics describe the roll-, yaw-, and pitch-motioRack into the interior of the invariance region. Major advan-
Roll and yaw motion may become unstable, resulting in tiltiig9es of this approach arg) guaranteed stable roll dynamics;
and skidding. Hence, followingl], a driver's task can be di- 1) nonlinear controller design for less conservative results;

vided into the path following task and the task of keeping tHéii) optimal steering assistance with maximum driver auton-
internal dynamics stable, also known as the disturbance att@Rl:

uation task. We present two different designs for RACs, both based on IC.

Recently, these stability problems have frequently been djd?€ first one is continuous time, using an exact input output
cussed ]. Considerable effort has been put into devemry_neanzauon technique. The second RAC is discrete time but
ing systems that assist the driver to avoid tilting or skiddinggatures real-time computability and can be made robust with
Two electronic driver assistants are the Anti-Blocking SystefRSPect to bounded physical parameter perturbations. The pro-
(ABS) and the Electronic Stability Program (ESP) developél?sed RAC_met_hod is validated by a re_al-t|me s_|mulat|or_1 W|t_h
by the Bosch company. These systems have the effect of @ puman driver in t_he Ioop. As cont_rol input active steering is
proving stability of the yaw dynamics by braking of singlé‘sed? seeq] for.a discussion t_hat th|s.has larger effect on the
wheels; a side effect is an improvement of the stability of tHaternal dynamics than selective braking of the wheels.



In Section? the structure of the vehicle model used for the RAGssumption 1 For all non-equilibrium points of(1) there ex-
design is presented. Sectidiprovides some background of ICists&f = 0** such tha R(4x,0**)| — 1 < 0, i.e. there exists
and the derivation of a continuous time RAC, a discrete tin@esuitable steering input“* such that the vehicle does not tilt.
RAC is discussed in Sectioh The proposed control is eval-
uated in Sectiorb by real-time simulations of a vehicle with
elevated centre of mass and a human driver in the loop.

2 Model
We consider a nonlinear vehicle model of the form

We call a vehicle with this property steerable vehicleNote
that we did not use the expressiamntrollableor accessiblas
they stand for much stronger conditions in the nonlinear case.

3 Rollover avoidance controller
Since a RAC using the steering angle as the control input ef-

= flaz) + glaz, &) 4 0 5 fects the vehicle path and thus decreases the steering autonomy
L(¢) T(§) of the human driver, we define optimal rollover avoidance as a
= f(x)+4g(&)4, (1) Strategy that assures bothaximum driver autonomgndsta-

ble roll dynamics

where the overall system state= [4=” ¢”]7 is divided into Definition 1 Invariance Region/ Maximum Autonomy Region.
the stategz € R"~" of the chassis dynamics and the stte  LetG = {(4z,&1)| |R(4z,&1)] — 1 < 0} be the set of points
[¢:] € R™ of the normal form feedback linearized, controlledvhere all wheels have ground contact. The boundarg o
steering dynamics. given bydG = {(4z,&1)| |R(qx,&1)| — 1 =0}. We define a
ﬁt;fite space regiod C G to be a suitable invariance region if it
can be controlled positively invariant by a RAC, overriding the
driver’s control input action. In addition we define a maximum
yjonomy regiors/* as the maximally expanded regign

We understand the controlled steering dynamics as the dy
mics between the steering inptifwhich is usually the posi-
tion of the steering wheel) and the steering antjfeof the
front wheels. These dynamics are supposed to admit a glo% R
normal form feedback linearization with respect to an outp&tom the definition of a suitable invariance reg@it follows
function&; = §%, resulting in the dynamics of the second rowhat the roll dynamics are stable if the system state is kept pos-
of(YWith L = [& -+ & L (&)]T, T =1[0 --- 0T,.(&)]T and itively invariant in the interior of;. We now derive the switch-
the normal form paramete®s.(¢) # 0, L,.(£)[10]. ing Invariance Controller which is a RAC if the underlying in-

The chassis dynamics (first row of (1)) are described by a dr\(ﬁrlance region s/

vector field f and a control input vector fiel§ which are as- With a  (possibly)  discontinuous  output  function
sumed to be smooth except for a finite numbet state-space h = R(4x, &) — 1 we can decomposéy)into

surfaces where only the continuity propeftyg € C° is given.

This allows e.g. to take into account non-differentiable physical & = fi(z) +g,(®) forzeD;, ic{l,....l} (4)
effects like tire characteristics of road vehicles. hi(qxz, &) = Ri(qx, &) — 1, (5)

The control inpub is subject to a state dependend constraintyhere thez-state-space is divided into a number/aggions
o o D; € R*, i € {1,...,1} with the property that in the inte-
D(&) = {0 6™ (&) < < 0™ (€)}, (2) rior of each regiony) is smooth. Then we can find coordinate
arising from limited actuator torques of the controlled steeririggnsformationg = T'(z) with T'y(z) = L’}jlhi(dw, ¢1) and
dynamics. In the following we have= §%"" if a human driver a feedback linearizing control law
determines the control input add= 6 in case the presented w— bi(2)

electronic driving assistant steers the vehicle. S(u, z) = ) zeD;, (6)
a;\ =z

For this model we consider tilting as the situation when either
the right-hand side or the left-hand side wheels of the vehiopth a;(z) 7 0 andb,(2) as the standard normal form feedback
loose contact to the ground. A quantitative measure is given lfjearizing coefficients for the relative degresystem §), (5)

therollover coefficient achieving locally valid normal form representations
F,p—F, 2=Az+bu, zeR" @)
R(dx’fl) = i _—nh (3) : min max
F.p+F.r with respect tox™""(z) < u < u™*(2) , (8)

depending on the stat¢gx, &, = 0) only, whereF, g, F, .  with (A,b) in Brunovsky canonical form and as a virtual
denotes the right, left contact force of the vehicle to the grourmbntrol input. The regiory is now represented in the simple
The rollover coefficient ranges betweeri < R < 1 when form G = {z| z; < 0}. More details about the derivation of
both sides of the vehicle have contact to the ground. Take offlotally valid normal forms can be found in]].

the left (right)-hand side yield® = +1 (R = —1). According - i
to (3) a rollover coefficientR| > 1 is not possible and does notFurthermore, we assume that sliding does not occur along pos

physically make sense. Moreover for ease of presentation 3\'/%'3/ non-differentiable surfaces of system ¢ontrolied by ¢)

. . . : since in this case a system model of order less thasults as
consider only left-hand side takeoff, i.e. we are only interesté .
. . ¢an be shown by the method of equivalent-control.
in keepingR < 1 (rather thariR| < 1).



Without proof — see e.g. 1] — and assuming that
dY(z)/8z. # 0VYz € dG — i.e. no so-called escape points
[7, 8] exist on the boundar§G — we give the following invari-
ance result:

Theorem 1 A regionG = {z| T(z) < 0} with its boundary
0G = {z| Y(z) = 0} is positively invariant iffY (z) < 0 for
all z € 9G, whereY'(z) is smooth with) as a regular value.

Figure 2: Suitable invariance regighfor r = 2.

Thus, the problem of guaranteeing stable vehicle roll dynamics

is transformed into the problem of keeping < 0. The ne- applied ¢ = u™* = § = §*(u™", 2)) such that the system
cessary and sufficient invariance condition hence is given Bpves alon@g into the origin.

means of the time derivative df along the trajectory off) as In case the assumption of constant control boundaries is glob-

dY(z) . ally valid and not conservative, the syvitching surfacimdeed
== (Az+bu) <0 Vzeog. (9) represents the boundary of the maximum autonomy region
since every other point above the upper partaé not steer-
Solving @) for the control variable yields the Invariance Conable back taj without passing a region wherg > 0 holds.
trol inputu = u** which keepsj invariant. Hence, under this assumption there does not exist another re-
ionG providing more steering-autonomy to the driver than the
We shown in Fig2.

T

In order to leave as much steering autonomy as possible
the driver, we only override the driver’s input ifi) the state .
hits the boundar@G and (ii) 69" is such that the state wouldThis idea of generating an invariance regipnan be extended
leave the invariance region. From this we obtain the structufethe case = 3 as shown in detail inl[1].

W unit
6drv . ‘

of the RAC as Summarizing the results of this section a four step design algo-
5 . 3\ 80 rithm for a RAC can be formulated:
=8 or= e gA\ g. dro #1  Calculate a globally valid output linearizing
6" (um(z),2) forz e dg A Y(z,677) >0, state feedback controlleB)
(1_0) #2  Find a conservative constant control limitation
where the second part of the control law results fra@nwith box for the linear systenfy.
u = u'"(z) from the invariance conditiond). Replac- | #3  Compute the switching surface of a time
ing z by _I‘(a:) we obtain the structure as shown in Fig. optimal controller for the linear systeni)(
Thedecision unit detects when the system state Kt and determine the suitable invariance regign
and switches according td.@) between the driver and the G={z|T(2)<0}.
calculation unit : #4  RAC of Fig.1: Calculate the invariance con-
:* ***** T R Ach; troll_er 6f"” from (6) and ©) fo_r the invariance
‘ de“?lon | region G, serving ascalculation unit
T = {dm} l unit 1 The decision unit follows from the eval-
¢l ~alculation ! uation of the invariance functiolf and its time
: derivativeY in the switching strategyl().

4 Discrete Time RAC
Using a discrete time version of the RAC we omit the first two
Figure 1: Structure of the RAC. steps of the design algorithm; this results in a more conserva-
. . . ._tive invariance regiory. The discrete time version of a RAC
In the previous paragraphs we assumed a suitable invariance _, . . .
L IS real-time computable and may provide a low cost implemen-
tion more appropriate for applications. The main difference

trol boundaries within the range of operation of the vehicle, 1€ the preceding case is that the steering dvnamics are now re-
u™n = const, u™** = const, one way to obtain such a region b 9 gy

is to define its boundary by the switching surface of the tin%?égi?:]ja?s ?hzesr;tg;t;atlog ts;g?czyste?' J:)etz:]:téggseswssng'
optimal control law for system7§-(8). For the special case” g dy yap y sy

r = 2 the switching surfac& of the time optimal control law 0%(t +7) = o(t) with time delayr > 0.

has a qualitative form as shown in Fig. Since the relation Another difference arises from the fact that ngwinstead of

z1 = R—1 holds by the definition of the normal form coordi< is controlled invariant. Therefore the discrete time RAC ob-
nate transformation leading to systern(8), we need to assuretains the steering autonomy when the system state has entered
z1 < 0 to prevent the vehicle from tilting. From this we carthe region boundary lay&ay \ G. The regionG is now de-
graphically derive a suitable invariance regigras shown in fined byG = {(qx,&1)| (a4, &) < —e} with T(gz, &) =

Fig. 2. Hence, whenever the system state hits the upper partR{f;x, 1) — 1. The constant > 0 takes system perturbations
the switching surface the maximum available control effort iato account such as the neglected steering dynamics, physical



parameter perturbations and discrete time implementations.2™** 7. Clearly the discrete time controller cannot detect the

As will be shown later, the size of increases as the per-faXaCttIme when the trajectory hij. Hence another delakt

__ pmax/qd __ pmax
turbations grow. For a numerical calculation of the size ' nee.ded such that= RUS(T + 2 At) = RP™ (7 + At).
: : .—_Proof: of Theorem2.
¢ we model the perturbations which result from unprecise

: . ¥ will be shown thatg is invariant, i.e.Y < 0 holds for all
known vehicle parameters by assuming a numbenqihys- . o . -
: : . . n : times. Therefore it is assumed that the trajectory legves
ical vehicle parameters; with estimatesy,;. Following [6],

time t* within the intervalt,_; < t* < t;. The discrete time

we define an error vector = [r;] € R with relative er- A : i

rors i — (pi — ps)p. " and a bounded error spade — controller detects the state Ieaviiggafter a time period less
} . . - . -

(7| ri] < max(rs),i € {1,--- ,m}}. Thus the chassis dyna_thanAt at the timet;.. With 7 = T + At and (1) the invari

mics of (1) now depend om also. Furthermore ldf € R™~" ance functioril'(4,,) can be estimated by

denote a closed set including the operational area of the state Y(t;) < Y(t*) + R™MAXAf — g 4 RMAXA —
space of the chassis dynamics, determined by physical lim- _ pmax Smax A4 pmax

itations of the chassis system states (such as e.g. maximum BT + 208) + RPHAL = —R™r.
velocity). With these definitions we are able to determine & time ¢ = ¢;, the invariance anglé;"* is chosen according
maximum rate of growthR™** within the state space regionto Theoren® such that {3) holds. This has its impact — due to

(14)

(G\ 8G) N B by the time delayr — at timet,, + 7. During this period, i.e. for
. . tr <t <ty + 7, invariance ofG is assurgd due to the choice
R™ = max R(qx, 6, 7). (11) of e, since the inequality( (t) < Y(t,) + ™7 = 0 follows
; 5 from (14). Attimet = ¢, + 7 the invariance function evaluates
with respect t we(g Q)ﬁB,reR,deD ) k
pectia \ © due tod™(t + 7) = 6(¢) to
The value ofR™* is well defined a3, R, D are closed sets. Tty + T)‘é’w(tk+7):5i"v < T(tk)lgw(tkﬂ):gim +
For a discrete time implementation we assume a constant sam- R™&Xp — _g 4 RMaXy — _ RMaXA¢

Frilntg_tlr?he At an_d the nOttat'Oﬁf’“ - F(k‘ At), k E.dNO'ng:: Inserting this result into the calculation of the following inter-
atn the previous sections we always considereac .valty +7 <t < tgy1+ 7, the invariance condition still holds:
trolled steering dynamics. Now, in order to formulate a dis-

crete time RAC we have to do the following assumptions to the Y(t,677) < Tty + 7,607 + R™ At < 0. (15)

underlyingcontroller: . kol )
. . . This proofs that for alt > t* where the Invariance Controller
Assumption 2 Control of the steering dynamics. . . . : .
: . . . . steers the vehicle, the invariance funcfibis negative result-
Consider the steering dynamics and a desired steering ahglelzn in the postulated invariance 6f =
The controller of the steering dynamics is such that there existd P

atimeT? with the property; (t > T¢) > 6. The structure of the RAC is equivalent to the continuous time

Without further loss of generality we may assume additional§aSe as shown in Fig. However, instead of being determined
T¢ = k At. With this reasonable assumption to the steerifdy (10) thedecision unit is now given by
dynamics we are able to formulate the following result for a 5

Y 9 = {51‘?“ for (4xp, &1 x) €G

discrete time RAC: : .
) ) . . . o for (¢xp.&16) €G\G.
Theorem 2 We consider a vehicle with the nonlinear chassis

dynamics of the first row of1) such that the correspondingComparison: Discrete Versus Continuous Time RAC
rollover coefficientR(¢) is continuous. Moreover we assum
the constant time&¢ and7};, a maximum variation ofzmax
according to(11), and the resulting rollover security value

(16)

Both RACs keep a suitable invariance regi@rpositively in-
variant. Thedecision unit detects in both cases the time
when the state hits the boundaly in the continuous time case
orG\G in the discrete time case and switclié%’ or 5" to the
input of the steering dynamics. However, ttedculation

to be given. Choosing the invariance angl&® for all imes unit receives the valu&™v from (13) in the discrete time and
t,, according to from (9) in the continuous time case.

£ = R™™(T9 £ 2 At). (12)

, . In the continuous time case the regi@iis determined without

mnmuv — w ) ) N ) )
T(az,0;") = —¢, for (az(t),0"(tk)) € G\G  (13)  conservative assumptions; the price one has to pay is a high
computational effort as this requires a state feedback lineariz-

ing control and in addition the computation of the switching
Remark to Theorem 2: Assume that the controller needs ofigface of a time optimal controller.

sample period\t to calculate and command a new control in- ) . ) ) )
putd, and a delay- = T + At between the time when theln contrast to this, the regiog of the discrete time RAC is
state hits the bounda@é and the time when the control inputd€términed in a much simpler way by calculatigft** and re-
acts on the chassis. From1j we know that during this time ducingg@ in a conservative way. Thus the main disadvantage is

delay, the invariance functioli () can maximally increase by & reduced driver autonomy compared with the driver autonomy
reached in the continuous time case.

all wheels will have contact to the ground.



5 Experiments human driver

hum
For real-time simulations the discrete time RAC was imple_[force 4_5 hand | eyes |- 3D-
mented to prevent a truck-like motor vehicle with an elevate: feedback . ey T RN |
center of mass from tilting. Therefore we used the well knowr paddle haptic | display
nonlinear one-track model which is extended by an additionz A rmax
load to obtain a model that is able to perform roll motions.
. . human- Fpaddle

The one-track model assumes a stiff chassis; the center of gif .- chine R(z) |-
vity CG; is located in the lane. As illustrated on the left of | interface
Fig. 3 the kinematics can be described by the speed vagtor -1 0OR1
the angle3, and the yaw rate. §drv — - z

L——= | 1lVariance 1) . sensor data

|| vehicle [ . .
T» controller processing unit

Figure 4: Simulation block diagram with a human in the loop.

h-cos®

human driver and the interface to the simulation existing of a

fffffff force feedback steering paddle and a 3D-vision display is in-

hr cluded. For a real system the system stateand §* must

road be estimated in an additional data processing unit as shown in
Fig. 4.

Assuming a vehicle equipped with a steer-by-wire system im-
) ) ~ pliesthat the driver does not necessarily feel forces on the steer-
Figure 3: Top view of the one-track model and back view Gfig wheel. If the driver gets no feedback on the controller sta-
the extended one-track model tus, shattering between the RAC and the driver might result

This model features on the one hand simple equations of rrj1fot-he driver — from a system theoret|c_ point of VIeW — does
t have enough damping. The damping can be increased by

tion; on the other hand, it is not suitable for our purpose as. ) . .
cannot perform roll motion. Followingt] an additional load mterfgcmg th_e d”V?r (o the vehicle through a f?lz(l:f feedback
mass is assumed to be mounted to the chassis through a spl?ﬁ %‘{Qg)fg‘”ce _lis('_ng(tt)rlel) foﬂﬁfx ch'aracterlsﬂt‘f ) =
damper-system as shown on the right of FigThe center of meaz and :160 JE with the maximum force
gravity CG,, of the second mass is located at a heiglabove p=2

the joint. The rolling angle of the second mass is denotedl.by In addition to the force feedback the driver receives visual in-
With this extension, rolling and tilting is possible. Calculatingormation of the roll anglé by the horizon of the virtual driv-

the dynamics of the resulting extended one-track model yieligig) scenario as well as the speed and direction (velocity vector
a differential equation of the form of the first row df)(where v) of the vehicle. Moreover, a bar changing its size propor-
ax = [B v ® ®]7 is the state vector of the vehicle and théionally to the size ofR, and the position of a marking on the
control inputd is the angle of the steering wheel. The model isteering wheel indicate the status of the vertical forces to the
nonlinear, especially as the function which is used to calculajeound.

the forces experienced by the tires, the HSRI tire model, ha .
nonlinear, nonsmooth characteristics. The road is assumei E_xperlmental Results .

be flat and to have a constant adhesion coefficient everywh r%e driver is supposed_to fO_IIOW a straight iwo lane road_. Py-
ie. nopu-split. Loose or sloshing load is not considered, j ns placed on alternating sides of the road force the driver to

discontinuous external forces make rollover avoidance imp |-asng5ea|r?crj]gssrr1%?/\lljlgnsglallr(])ri iﬂgg;g?gozﬁgreﬁeghs p;o’;]suln
sible. The steering dynamics are3sl order with; = 6% as gs. P y

the steering angle on the wheels. man driv_er. The system pz?\rameters used for_this sim_ulation
are identical to those used if][ except for the bigger height

In order to test the discrete time RAC, a realtime simulator af= 1.8 m making the stabilization problem harder.

the vehicle that allows to verify the functionality of the con-

troller with a human driver in the loop is emplyed, i.e. the ianﬁ

does not follow a predetermined vehicle path so that the R

has to cope with an unpredictable real driver’s input.

rom Fig.5 one can see that the driver tries to avoid three ob-
cles at a regular distance alternately blocking either lane of
the road. Note that the scalings of the axes are different. The
steering anglé?"” corresponding to this manoeuvre is shown
5.1 Experimental Setup in the lower plot of Fig6. In the experimentg = 0.1 in (13)
The experimental setup is illustrated in Figg. The block was chosen. As soon as the rollover coefficient (see &ig.
vehicle contains a real-time simulator based di hile exceeds the threshold 6f9 (indicated by the dotted lines in
the blockRACcontains the discrete time RAC. Moreover théhe upper plot), the system switches to Invariance Control. The



20 -
E obstacle
= 10

S

2 0

o

i -10

250 300 350 400 450

iX—Position [m]

Figure 5: Driven trajectory avoiding three obstacles.

controller commands an angé™ (dashed line in the lower

longitudinal acceleration as an additional control input for the
RAC. Another important issue will be the enhancement of the
interface to the human. Only an intuitive drive-by-wire haptic
feedback will achieve enough driver confidence to delegate the
steering autonomy to a control algorithm like the RAC.
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Figure 6: Plots of sample simulation results; solid/dashed line
in the lower plot shows the steering angl&® of the human
driver ands*"* of the RAC.

[6]
6 Conclusions and Outlook

Based on the novel nonlinear control methodlmfariance [7]
Control, an approach for rollover avoidance of a general class
of human driven vehicles was presented. Two RACs have been
derived: the continuous time RAC provides high driver autono-
my at the cost of high computational effort. The time-discretefg]
RAC features real-time computability and robustness with re-
spect to physical parameter perturbations. The disadvantage
of the second controller is a slightly reduced driver autonomy
compared to the continuous design. [9]

The proposed approach is evaluated on a truck-like motor ve-
hicle with an elevated center of mass in a real-time simulation
with a human driver in the loop. The interface to the human
driver includes a 3D-visual display of the road scenario and¥]
force feedback steering device which is used to increase the
damping of the human steering action and to provide a haptié]
interface to the roll dynamics.

Future work will include an extension of the continuous tim
RAC to steering dynamics of higher order. The presented R,ﬁ‘?]
reduces only the lateral acceleration, resulting in a reduced ra-
dius of the driven vehicle path. This can be improved using the

ithin the Collaborative Research Center SFB 453High-
delity Telepresence and Teleaction
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