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Abstract

In this paper we address the problem of vehicle rollover
avoidance control by applying the novel control method of
Invariance Controlwhich allows a nonlinear and non smooth
controller design together with a formal proof of stability. The
presented strategy leaves a maximum degree of freedom for
steering to the driver. In addition a time-discrete rollover avoid-
ance controller suitable for implementation is derived, which
is both, robust and real-time computable. We validate the
proposed approach by hardware-in-the-loop simulations of the
nonlinear vehicle with a human driver in the loop, using a force
feedback steering device.

1 Introduction
The fundamental task of a driver is to guide a road vehicle
along a desired path. From a system theoretic point of view
an experienced driver acts as a controller employing his/her
knowledge of the vehicle dynamics. The overall system dyna-
mics can be decomposed into controlled and internal dynamics.
The controlled dynamics represent the direction and length of
the velocity vector of the vehicle’s centre of mass while the
internal dynamics describe the roll-, yaw-, and pitch-motion.
Roll and yaw motion may become unstable, resulting in tilting
and skidding. Hence, following [1], a driver’s task can be di-
vided into the path following task and the task of keeping the
internal dynamics stable, also known as the disturbance atten-
uation task.

Recently, these stability problems have frequently been dis-
cussed [2]. Considerable effort has been put into develop-
ing systems that assist the driver to avoid tilting or skidding.
Two electronic driver assistants are the Anti-Blocking System
(ABS) and the Electronic Stability Program (ESP) developed
by the Bosch company. These systems have the effect of im-
proving stability of the yaw dynamics by braking of single
wheels; a side effect is an improvement of the stability of the

roll dynamics. Stable roll dynamics means that the vehicle
does not tilt. The so calledrollover 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
a controller that reduces the steering angle chosen by the driver
is suggested in [4]. In both approaches the controller design is
based on a linearized one-track vehicle model extended by an
additional mass to model roll motions [5]. Formal arguments
for stability of the underlying nonlinear system of the vehicle
are not presented.

Based on the novel control method ofInvariance Control(IC)
[6, 7, 8] we present arollover avoidance controller(RAC),
which guarantees stable roll dynamics and leaves a maximum
degree of freedom of steering to the driver. Our control de-
sign approach can be applied to a large class of nonlinear, non-
smooth vehicle models.

The key idea is that a state space region is calculated such that
in its interior stable roll dynamics are guaranteed. As long as
the system state remains inside the region the driver has full
steering autonomy. When the system state hits the boundary
of the region the steering is switched to the Invariance Con-
troller (thus overriding the steering commands of the driver) to
keep the region positively invariant. Control is switched back
to the driver when his/her steering input drives the system state
back into the interior of the invariance region. Major advan-
tages of this approach are:(i) guaranteed stable roll dynamics;
(ii) nonlinear controller design for less conservative results;
(iii) optimal steering assistance with maximum driver auton-
omy.

We present two different designs for RACs, both based on IC.
The first one is continuous time, using an exact input output
linearization technique. The second RAC is discrete time but
features real-time computability and can be made robust with
respect to bounded physical parameter perturbations. The pro-
posed RAC method is validated by a real-time simulation with
a human driver in the loop. As control input active steering is
used; see [9] for a discussion that this has larger effect on the
internal dynamics than selective braking of the wheels.



In Section2 the structure of the vehicle model used for the RAC
design is presented. Section3 provides some background of IC
and the derivation of a continuous time RAC, a discrete time
RAC is discussed in Section4. The proposed control is eval-
uated in Section5 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

ẋ =
[
f̂(dx) + ĝ(dx, ξ1)

L(ξ)

]
+

[
0

T (ξ)

]
δ

= f(x) + g(ξ) δ , (1)

where the overall system statex = [dxT ξT ]T is divided into
the statedx ∈ R n−r of the chassis dynamics and the stateξ =
[ξi] ∈ R r of the normal form feedback linearized, controlled
steering dynamics.

We understand the controlled steering dynamics as the dyna-
mics between the steering inputδ (which is usually the posi-
tion of the steering wheel) and the steering angleδw of the
front wheels. These dynamics are supposed to admit a global
normal form feedback linearization with respect to an output
functionξ1 = δw, resulting in the dynamics of the second row
of (1) with L = [ξ2 · · · ξr Lr(ξ)]T , T = [0 · · · 0 Tr(ξ)]T and
the normal form parametersTr(ξ) 6= 0, Lr(ξ)[10].

The chassis dynamics (first row of (1)) are described by a drift
vector fieldf̂ and a control input vector field̂g which are as-
sumed to be smooth except for a finite number ofl state-space
surfaces where only the continuity propertŷf , ĝ ∈ C0 is given.
This allows e.g. to take into account non-differentiable physical
effects like tire characteristics of road vehicles.

The control inputδ is subject to a state dependend constraint

D(ξ) =
{
δ| δmin(ξ) ≤ δ ≤ δmax(ξ)

}
, (2)

arising from limited actuator torques of the controlled steering
dynamics. In the following we haveδ = δdrv if a human driver
determines the control input andδ = δinv in case the presented
electronic driving assistant steers the vehicle.

For this model we consider tilting as the situation when either
the right-hand side or the left-hand side wheels of the vehicle
loose contact to the ground. A quantitative measure is given by
therollover coefficient

R(dx, ξ1) =
Fz,R − Fz,L

Fz,R + Fz,L
(3)

depending on the states(dx, ξ1 = δw) only, whereFz,R, Fz,L

denotes the right, left contact force of the vehicle to the ground.
The rollover coefficient ranges between−1 < R < 1 when
both sides of the vehicle have contact to the ground. Take off of
the left (right)-hand side yieldsR = +1 (R = −1). According
to (3) a rollover coefficient|R| > 1 is not possible and does not
physically make sense. Moreover for ease of presentation we
consider only left-hand side takeoff, i.e. we are only interested
in keepingR < 1 (rather than|R| < 1).

Assumption 1 For all non-equilibrium points of(1) there ex-
istsξ∗1 = δw∗ such that|R(dx, δ

w∗)| − 1 ≤ 0, i.e. there exists
a suitable steering inputδw∗ such that the vehicle does not tilt.

We call a vehicle with this property asteerable vehicle. Note
that we did not use the expressionscontrollableor accessibleas
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-
fects the vehicle path and thus decreases the steering autonomy
of the human driver, we define optimal rollover avoidance as a
strategy that assures both,maximum driver autonomyandsta-
ble roll dynamics.

Definition 1 Invariance Region/ Maximum Autonomy Region.
Let G = {(dx, ξ1)| |R(dx, ξ1)| − 1 ≤ 0} be the set of points
where all wheels have ground contact. The boundary ofG is
given by∂G = {(dx, ξ1)| |R(dx, ξ1)| − 1 = 0}. We define a
state space region̂G ⊆ 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
autonomy region̂G∗ as the maximally expanded region̂G.

From the definition of a suitable invariance regionĜ it follows
that the roll dynamics are stable if the system state is kept pos-
itively invariant in the interior ofĜ. We now derive the switch-
ing Invariance Controller which is a RAC if the underlying in-
variance region iŝG.

With a (possibly) discontinuous output function
h = R(dx, ξ1)− 1 we can decompose (1) into

ẋ = f i(x) + gi(x)δ for: x ∈ Di, i ∈ {1, . . . , l} (4)

hi(dx, ξ1) = Ri(dx, ξ1)− 1 , (5)

where thex-state-space is divided into a number ofl regions
Di ∈ Rn, i ∈ {1, . . . , l} with the property that in the inte-
rior of each region (1) is smooth. Then we can find coordinate
transformationsz = Γ(x) with Γk(x) = Lk−1

f i
hi(dx, ξ1) and

a feedback linearizing control law

δ(u, z) =
u− bi(z)
ai(z)

, z ∈ Di, (6)

with ai(z) 6= 0 andbi(z) as the standard normal form feedback
linearizing coefficients for the relative degreer system (4), (5)
achieving locally valid normal form representations

ż = A z + bu, z ∈ Rr (7)

with respect to:umin(z) ≤ u ≤ umax(z) , (8)

with (A, b) in Brunovsky canonical form andu as a virtual
control input. The regionG is now represented in the simple
form G = {z| z1 ≤ 0}. More details about the derivation of
locally valid normal forms can be found in [11].

Furthermore, we assume that sliding does not occur along pos-
sibly non-differentiable surfaces of system (1) controlled by (6)
since in this case a system model of order less thanr results as
can be shown by the method of equivalent-control.



Without proof – see e.g. [12] – and assuming that
∂Υ(z)/∂zr 6= 0 ∀z ∈ ∂Ĝ – i.e. no so-called escape points
[7, 8] exist on the boundary∂Ĝ – we give the following invari-
ance result:

Theorem 1 A region Ĝ = {z| Υ(z) ≤ 0} with its boundary
∂Ĝ = {z| Υ(z) = 0} is positively invariant iffΥ̇(z) ≤ 0 for
all z ∈ ∂Ĝ, whereΥ(z) is smooth with0 as a regular value.

Thus, the problem of guaranteeing stable vehicle roll dynamics
is transformed into the problem of keepingz1 ≤ 0. The ne-
cessary and sufficient invariance condition hence is given by
means of the time derivative ofΥ along the trajectory of (7) as

Υ̇ =
dΥ(z)
dz

(Az + bu) ≤ 0 ∀z ∈ ∂Ĝ. (9)

Solving (9) for the control variable yields the Invariance Con-
trol inputu = uinv which keepsĜ invariant.

In order to leave as much steering autonomy as possible with
the driver, we only override the driver’s input if:(i) the state
hits the boundary∂Ĝ and(ii) δdrv is such that the state would
leave the invariance region. From this we obtain the structure
of the RAC as

δ =

{
δdrv for z ∈ Ĝ \ ∂Ĝ
δinv(uinv(z),z) for z ∈ ∂Ĝ ∧ Υ̇(z, δdrv) > 0 ,

(10)
where the second part of the control law results from (6) with
u = uinv(z) from the invariance condition (9). Replac-
ing z by Γ(x) we obtain the structure as shown in Fig.1.
Thedecision unit detects when the system state hits∂Ĝ
and switches according to (10) between the driver and the
calculation unit .
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Figure 1: Structure of the RAC.

In the previous paragraphs we assumed a suitable invariance
regionĜ to be given. Assuming the existence of constant con-
trol boundaries within the range of operation of the vehicle, i.e.
umin = const, umax = const, one way to obtain such a region
is to define its boundary by the switching surface of the time
optimal control law for system (7)-(8). For the special case
r = 2 the switching surfaceS of the time optimal control law
has a qualitative form as shown in Fig.2. Since the relation
z1 =R−1 holds by the definition of the normal form coordi-
nate transformation leading to system (7)-(8), we need to assure
z1 ≤ 0 to prevent the vehicle from tilting. From this we can
graphically derive a suitable invariance regionĜ as shown in
Fig. 2. Hence, whenever the system state hits the upper part of
the switching surface the maximum available control effort is
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Figure 2: Suitable invariance region̂G for r = 2.

applied (u = umin ⇒ δ = δinv(umin,z)) such that the system
moves along∂G into the origin.

In case the assumption of constant control boundaries is glob-
ally valid and not conservative, the switching surfaceS indeed
represents the boundary of the maximum autonomy regionĜ∗
since every other point above the upper part ofS is not steer-
able back toĜ without passing a region wherez1 > 0 holds.
Hence, under this assumption there does not exist another re-
gion Ĝ providing more steering-autonomy to the driver than the
one shown in Fig.2.

This idea of generating an invariance regionĜ can be extended
to the caser = 3 as shown in detail in [11].

Summarizing the results of this section a four step design algo-
rithm for a RAC can be formulated:

# 1 Calculate a globally valid output linearizing
state feedback controller (6).

# 2 Find a conservative constant control limitation
box for the linear system (7).

# 3 Compute the switching surface of a time
optimal controller for the linear system (7)
and determine the suitable invariance region
Ĝ = {z | Υ(z) ≤ 0}.

# 4 RAC of Fig. 1: Calculate the invariance con-
troller δinv from (6) and (9) for the invariance
region Ĝ, serving ascalculation unit .
The decision unit follows from the eval-
uation of the invariance functionΥ and its time
derivativeΥ̇ in the switching strategy (10).

4 Discrete Time RAC
Using a discrete time version of the RAC we omit the first two
steps of the design algorithm; this results in a more conserva-
tive invariance region̂G. The discrete time version of a RAC
is real-time computable and may provide a low cost implemen-
tation more appropriate for applications. The main difference
to the preceding case is that the steering dynamics are now re-
garded as a perturbation to the system. To this purpose we ap-
proximate the steering dynamics by a pure time delay system
δw(t+ τ) = δ(t) with time delayτ > 0.

Another difference arises from the fact that nowG instead of
Ĝ is controlled invariant. Therefore the discrete time RAC ob-
tains the steering autonomy when the system state has entered
the region boundary layerG \ Ĝ. The regionĜ is now de-
fined byĜ = {(dx, ξ1)|Υ(dx, ξ1) < −ε} with Υ(dx, ξ1) =
R(dx, ξ1)− 1. The constantε > 0 takes system perturbations
into account such as the neglected steering dynamics, physical



parameter perturbations and discrete time implementations.

As will be shown later, the size ofε increases as the per-
turbations grow. For a numerical calculation of the size of
ε we model the perturbations which result from unprecisely
known vehicle parameters by assuming a number ofm phys-
ical vehicle parameterspi with estimateŝpi. Following [6],
we define an error vectorr = [ri] ∈ R with relative er-
rors ri = (pi − p̂i) p̂−1

i and a bounded error spaceR =
{r | |ri| ≤ max(ri), i ∈ {1, · · · ,m}}. Thus the chassis dyna-
mics of (1) now depend onr also. Furthermore letB ∈ R n−r

denote a closed set including the operational area of the state
space of the chassis dynamics, determined by physical lim-
itations of the chassis system states (such as e.g. maximum
velocity). With these definitions we are able to determine a
maximum rate of growthṘmax within the state space region
(G \ ∂Ĝ) ∩ B by

Ṙmax = max Ṙ(dx, δ, r). (11)

with respect todx ∈
(
G \ Ĝ

)
∩ B, r ∈ R, δ ∈ D(ξ) .

The value ofṘmax is well defined asB,R,D are closed sets.

For a discrete time implementation we assume a constant sam-
pling time∆t and the notationΥk = Υ(k∆t), k ∈ N0. Note
that in the previous sections we always considered thecon-
trolled steering dynamics. Now, in order to formulate a dis-
crete time RAC we have to do the following assumptions to the
underlyingcontroller:

Assumption 2 Control of the steering dynamics.
Consider the steering dynamics and a desired steering angleδ.
The controller of the steering dynamics is such that there exists
a timeT d with the propertyξ1(t ≥ T d) ≥ δ.

Without further loss of generality we may assume additionally
T d = k∆t. With this reasonable assumption to the steering
dynamics we are able to formulate the following result for a
discrete time RAC:

Theorem 2 We consider a vehicle with the nonlinear chassis
dynamics of the first row of(1) such that the corresponding
rollover coefficientR(t) is continuous. Moreover we assume
the constant times∆t andTd, a maximum variation oḟRmax

according to(11), and the resulting rollover security value

ε = Ṙmax(T d + 2 ∆t). (12)

to be given. Choosing the invariance angleδinv for all times
tk according to

Υ(dx, δ
inv
k ) = −ε, for (dx(tk), δw(tk)) ∈ G \ Ĝ (13)

all wheels will have contact to the ground.

Remark to Theorem 2: Assume that the controller needs one
sample period∆t to calculate and command a new control in-
put δ, and a delayτ = T d + ∆t between the time when the
state hits the boundary∂Ĝ and the time when the control input
acts on the chassis. From (11) we know that during this time
delay, the invariance functionΥ(t) can maximally increase by

Ṙmax τ . Clearly the discrete time controller cannot detect the
exact time when the trajectory hits∂Ĝ. Hence another delay∆t
is needed such thatε = Ṙmax(T d + 2 ∆t) = Ṙmax(τ + ∆t).
Proof : of Theorem2.
It will be shown thatG is invariant, i.e.Υ < 0 holds for all
times. Therefore it is assumed that the trajectory leavesĜ at
time t∗ within the intervaltk−1 ≤ t∗ < tk. The discrete time
controller detects the state leavinĝG after a time period less
than∆t at the timetk. With τ = T d + ∆t and (11) the invari-
ance functionΥ(tk) can be estimated by

Υ(tk) ≤ Υ(t∗) + Ṙmax∆t = −ε+ Ṙmax∆t =

−Ṙmax(Td + 2∆t) + Ṙmax∆t = −Ṙmaxτ.
(14)

At time t = tk the invariance angleδinv
k is chosen according

to Theorem2 such that (13) holds. This has its impact – due to
the time delayτ – at timetk + τ . During this period, i.e. for
tk ≤ t < tk + τ , invariance ofG is assured due to the choice
of ε, since the inequalityΥ(t) < Υ(tk) + Ṙmaxτ = 0 follows
from (14). At time t = tk + τ the invariance function evaluates
due toδw(t+ τ) = δ(t) to

Υ(tk + τ)|δw(tk+τ)=δinv
k

≤ Υ(tk)|δw(tk+τ)=δinv
k

+

Ṙmaxτ = −ε+ Ṙmaxτ = −Ṙmax∆t .

Inserting this result into the calculation of the following inter-
val tk + τ ≤ t < tk+1 + τ , the invariance condition still holds:

Υ(t, δinv
k+1) < Υ(tk + τ, δinv

k ) + Ṙmax∆t ≤ 0 . (15)

This proofs that for allt ≥ t∗ where the Invariance Controller
steers the vehicle, the invariance functionΥ is negative result-
ing in the postulated invariance ofG.

The structure of the RAC is equivalent to the continuous time
case as shown in Fig.1. However, instead of being determined
by (10) thedecision unit is now given by

δk =

{
δdrv
k for (dxk, ξ1,k) ∈ Ĝ
δinv
k for (dxk, ξ1,k) ∈ G \ Ĝ.

(16)

Comparison: Discrete Versus Continuous Time RAC

Both RACs keep a suitable invariance regionĜ positively in-
variant. Thedecision unit detects in both cases the time
when the state hits the boundary∂Ĝ in the continuous time case
orG\Ĝ in the discrete time case and switchesδdrv or δinv to the
input of the steering dynamics. However, thecalculation
unit receives the valueδinv from (13) in the discrete time and
from (9) in the continuous time case.

In the continuous time case the regionĜ is determined without
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
surface of a time optimal controller.

In contrast to this, the region̂G of the discrete time RAC is
determined in a much simpler way by calculationṘmax and re-
ducingG in a conservative way. Thus the main disadvantage is
a reduced driver autonomy compared with the driver autonomy
reached in the continuous time case.



5 Experiments
For real-time simulations the discrete time RAC was imple-
mented to prevent a truck-like motor vehicle with an elevated
center of mass from tilting. Therefore we used the well known
nonlinear one-track model which is extended by an additional
load to obtain a model that is able to perform roll motions.

The one-track model assumes a stiff chassis; the center of gra-
vity CG1 is located in the lane. As illustrated on the left of
Fig. 3 the kinematics can be described by the speed vectorv,
the angleβ, and the yaw ratėψ.
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Figure 3: Top view of the one-track model and back view of
the extended one-track model

This model features on the one hand simple equations of mo-
tion; on the other hand, it is not suitable for our purpose as it
cannot perform roll motion. Following [5] an additional load
mass is assumed to be mounted to the chassis through a spring-
damper-system as shown on the right of Fig.3. The center of
gravityCG2 of the second mass is located at a heighth above
the joint. The rolling angle of the second mass is denoted byΦ.
With this extension, rolling and tilting is possible. Calculating
the dynamics of the resulting extended one-track model yields
a differential equation of the form of the first row of (1) where
dx = [β v ψ̇ Φ Φ̇]T is the state vector of the vehicle and the
control inputδ is the angle of the steering wheel. The model is
nonlinear, especially as the function which is used to calculate
the forces experienced by the tires, the HSRI tire model, has
nonlinear, nonsmooth characteristics. The road is assumed to
be flat and to have a constant adhesion coefficient everywhere,
i.e. noµ-split. Loose or sloshing load is not considered, as
discontinuous external forces make rollover avoidance impos-
sible. The steering dynamics are of3rd order withξ1 = δw as
the steering angle on the wheels.

In order to test the discrete time RAC, a realtime simulator of
the vehicle that allows to verify the functionality of the con-
troller with a human driver in the loop is emplyed, i.e. the input
does not follow a predetermined vehicle path so that the RAC
has to cope with an unpredictable real driver’s input.

5.1 Experimental Setup
The experimental setup is illustrated in Fig.4. The block
vehicle contains a real-time simulator based on (1) while
the blockRACcontains the discrete time RAC. Moreover the
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Figure 4: Simulation block diagram with a human in the loop.

human driver and the interface to the simulation existing of a
force feedback steering paddle and a 3D-vision display is in-
cluded. For a real system the system statedx and δw must
be estimated in an additional data processing unit as shown in
Fig. 4.

Assuming a vehicle equipped with a steer-by-wire system im-
plies that the driver does not necessarily feel forces on the steer-
ing wheel. If the driver gets no feedback on the controller sta-
tus, shattering between the RAC and the driver might result
if the driver – from a system theoretic point of view – does
not have enough damping. The damping can be increased by
interfacing the driver to the vehicle through a force feedback
steering device using the force characteristicF paddle(t) =
(e−µ(R(t)+1) − e−µ(−R(t)+1))Fmax with the maximum force
Fmax andµ = 10.

In addition to the force feedback the driver receives visual in-
formation of the roll angleΦ by the horizon of the virtual driv-
ing scenario as well as the speed and direction (velocity vector
v) of the vehicle. Moreover, a bar changing its size propor-
tionally to the size ofR, and the position of a marking on the
steering wheel indicate the status of the vertical forces to the
ground.

5.2 Experimental Results
The driver is supposed to follow a straight two lane road. Py-
lons placed on alternating sides of the road force the driver to
change lanes resulting in a slalom manoeuvre. The plots in
Figs. 5 and 6 show a slalom manoeuvre performed by a hu-
man driver. The system parameters used for this simulation
are identical to those used in [4], except for the bigger height
h = 1.8 m making the stabilization problem harder.

From Fig.5 one can see that the driver tries to avoid three ob-
stacles at a regular distance alternately blocking either lane of
the road. Note that the scalings of the axes are different. The
steering angleδdrv corresponding to this manoeuvre is shown
in the lower plot of Fig6. In the experiment,ε = 0.1 in (13)
was chosen. As soon as the rollover coefficient (see Fig.6)
exceeds the threshold of0.9 (indicated by the dotted lines in
the upper plot), the system switches to Invariance Control. The
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controller commands an angleδinv (dashed line in the lower
plot) to the vehicle, which is smaller than the angle chosen by
the driver.

2
�

0 2
�

5 3
�

0 3
�

5
-1

-0.5

0

0
�

.5

1

t [s]

R

20 25 30 35
-5

0

5

t [s]

δ 
[d

eg
]

� � � � �

� 	 
 � �

Figure 6: Plots of sample simulation results; solid/dashed line
in the lower plot shows the steering angleδdrv of the human
driver andδinv of the RAC.

6 Conclusions and Outlook

Based on the novel nonlinear control method ofInvariance
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-discrete
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.

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 a
force feedback steering device which is used to increase the
damping of the human steering action and to provide a haptic
interface to the roll dynamics.

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

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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