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Abstract: This paper explores the use of sliding mode observers to detect the onset
of potentially dangerous vehicle modes such as oversteer, understeer or split-mu
braking. Provided these modes can be detected quickly enough, existing stability
controllers can be engaged to ensure safe performance of the vehicle. It is shown
that the equivalent output error injection signals associated with the sliding mode
observer have distinctive signatures depending on the particular mode which is
encountered. Appropriate thresholds on these signals can be set so the scheme
ignores variations which arise during the course of normal driving, but can detect
and isolate different undesirable vehicle modes within 0.3 seconds of their onset.
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1. INTRODUCTION

This paper describes a scheme capable of de-
tecting when a vehicle performing a transient
manoeuvre enters a potentially dangerous mode,
such as oversteer, understeer, or split-u braking,
to distinguish between these modes, and to give
some indication of the severity. This informa-
tion could then be used, in real-time, to select
a control strategy appropriate to the vehicle’s
circumstances, such as controllers which attempt
to improve ride comfort in normal driving, ve-
hicle stability controllers which manipulate indi-
vidual wheel torques to prevent a vehicle from
understeering or oversteering dangerously, or con-
trollers to facilitate safe braking on harsh split-pu
surfaces. Various commercial systems now in the
marketplace such as Dynamic Stability Control
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(DSC - BMW, Jaguar); Electronic Stabilization
Programme (ESP - Audi, Mercedes-Benz, SAAB)
(Bauer, 1999) use a combination of wheel speeds,
ABS information, yaw rate, lateral acceleration
and steer angle and seek to robustly estimate all
the wvehicle states. In this paper a simpler ap-
proach will be adopted which does not attempt
to explicitly estimate the states and instead looks
for ‘signature differences’ between the behaviour
of an ideal linear vehicle model and the actual
measured behaviour. The approach described in
this paper makes the assumption that as a ve-
hicle starts to understeer, oversteer, or enters a
harsh split-u braking manoeuvre, unexpected ve-
hicle yaw moments and unezpected lateral forces
will arise. For each of the scenarios, these two sig-
nals can reasonably be expected to display differ-
ing characteristic signatures. These quantities are
difficult to measure directly and instrumentation
to do so is unlikely to be fitted to commercial
vehicles. Therefore, ideally, any scheme should be



designed to reconstruct these ‘unexpected’ signals
from more easily measured quantities. In the pro-
posed scheme, it is assumed that measurements
of yaw rate, r, and lateral acceleration, a,, are
available. It is also assumed that the front road-
wheel steer angle, 6 and its derivative, are known.
The scheme is based on a sliding mode observer,
which, using the principle of equivalent output
error injection (the natural analogue of the so-
called ‘equivalent control’” (Utkin, 1992)), gener-
ates two signals which possess different character-
istic signatures depending on the mode in which
the vehicle is operating.

2. MODELLING AND OBSERVER DESIGN

The performance of the mode detection scheme
will be tested on a nonlinear vehicle model. An
8th order nonlinear model of the vehicle, wheels
and road/tyre interaction has been developed,
similar to Yu and Moskwa (1994). This model is
representative of a typical family saloon — details
of the model are given in (Hebden et al., 2004).

A sliding mode observer (Drakunov and Utkin,
1995; Edwards and Spurgeon, 1998) designed
around a variation of the so-called bicycle model
(MacAdam, 1981) will be used as the basis for
the mode detection system. Usually, this model
is given in terms of the yaw rate r and side-slip
angle. Here, however, it will be given in terms of
r and the lateral velocity v to tie in with the non-
linear 8th order model in (Hebden et al., 2004).
A schematic of the bicycle model is shown in
Figure 1. The equations of motion are derived to
include, explicitly, the ‘unexpected’ moment and
force signals, My, and F,,.

Fig. 1. Bicycle model

From Newtonian mechanics
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where Cy¢, Cy, represent front and rear lateral
tyre stiffnesses, and ay, a, represent tyre slip-
angles at the front and rear of the vehicle respec-
tively and I, is the inertia. Given that
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where u and v are the longitudinal and lateral
velocities respectively and the coefficients a and b
are given in Figure 1, it follows that
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Given the lateral acceleration a, = © + ur and
Mray = Fyy + Fy, + Fyp (5)
where My represents the total mass of the vehicle,
it follows that
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For design purposes, the measured outputs are
considered to be r and a,, where
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For the development which follows, it is conve-
nient to establish new equations in terms of r and
ay. By re-arranging equation (7) and substituting
for © from the expression for lateral acceleration

L
_A22

Fun
v <—(A21 + ’LL)T + Gy — BQ(Sf — ) (9)

Mr
Substituting from (9) into equation (4) gives
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Differentiating equation (8) and substituting from
equation (4) and the expression for a, yields
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Sliding mode ideas (Utkin, 1992) will now be used
to estimate the unknown signals Foun. Funs Myn.
The estimator uses two discontinuous injection
signals, v, and v,, to force the observed states,
and a,, to track the measured states of the system,
r and a,, from equations (10) and (11), perfectly.
Specifically, the estimator takes the form:

+B2(Sf + A21

L A12 ~ A12 ~
= (- G0 7 G,
A12
—+ Bl — —B2 (Sf —+ I/7(12)
A22
Ay

éy = A1142 — Asou — —2A21(A21 +u) )7
Az

A .
+ <A22 + £A21> Gy + Baby + v,
Aso

A
+Aq; <31 - £32> s (13)
A22

where

v, = —ppsigne, (14)
Vg = —paSigne, (15)

and e, = 7 —r and e, = ay — ay. The positive
scalars p, and p, must be chosen large enough to
induce a sliding motion on e, = 0 and e, = 0.
Once sliding is attained, é, = é, = €, = ¢, = 0,
and it can be shown from (10)-(13) that

Mun A12 Fun

=V, — —_— 1
0="or I, Aso My (16)
— Mun A12 Fun Fun
= Ty — Agy 4 A, D12 1
0=p 2 + 21A22MT+MT(7)

where 7, and 7, are the equivalent output er-
ror injection signals necessary to maintain sliding
(Utkin, 1992) in the face of Fy, and My,. Infor-
mation about the unexpected signals can be ob-
tained from (16)-(17) using the injection signals.
Note that a component of the second injection sig-
nal, 7,, is a scaling of the first injection signal, 7,
and that, by subtracting this component, 7, can
be used to obtain an estimate of the unexpected
signal, F,. The first injection signal, 7,., provides
a weighted average of the unexpected signals, M.,
and Fy,. As M,, and F,, are free to vary inde-
pendently, this injection signal alone cannot be
used to determine them explicitly without fur-
ther information. From the parameter values in
(Hebden et al., 2004), it can be shown that 7, is

dominated by the unexpected yaw moment, M,
since ﬁ—;z = 0.2026 (and is independent of forward
speed u).

3. MANOEUVRE DETECTION

In this section, the various manoeuvres will be
discussed in turn, each with a hypothesis outlin-
ing the characteristic signatures which might be
expected. By definition, the unexpected signals
occur whenever the system deviates from ideal
linear behaviour, and so can be considered as
the nonlinear component of the total yaw mo-
ment and lateral force signals. In the non-linear
model from (Hebden et al., 2004) it is possible
to extract the (total) values for the vehicle yaw
moment and lateral force, and to differentiate the
latter (within the Simulink model) to give F,. The
linear, ‘expected’ signals M,; = M.y — M., and
Fy; = Fy; + Fy, can be calculated from the linear
components of equation (1) and equation (5) using
the values of u, v and r from the nonlinear simula-
tion to calculate tyre slip from (2)-(3). The linear
expected signals can be subtracted to obtain the
‘unexpected’ signals. These can be compared with
the reconstructions from the sliding mode estima-
tor to assess its accuracy.

In an understeer manoeuvre, the actual yaw rate
experienced by the vehicle is less than the yaw
rate which would be expected if the vehicle were
operating linearly. For this reason, it is reasonable
to assume that the build up of understeer would
be accompanied by an ‘unexpected’ yaw moment,
M, in a direction away from the turn. The front
tyres will saturate leading to an increase in front
wheel slip-angles and increased lateral force, away
from the turn, at the front of the vehicle. In a left
turn (as in the simulation), F,; > 0, F,, > 0,
Fy,; > 0and M,; > 0 and the unexpected force
and yaw moments F,,, < 0 and M,, < 0.
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Fig. 2. Understeer manoeuvre

Figure 2 shows an understeer manoeuvre per-
formed on the nonlinear simulation described in
(Hebden et al., 2004). The first plot shows the
road-wheel steering angle and results in a left
turn. The second plot compares the actual yaw
rate from the nonlinear model with the expected
yaw rate, taken from a linear model.



In an oversteer manoeuvre, the actual yaw rate
experienced by the vehicle is greater than the
yaw rate which would be expected if the vehicle
were operating linearly. For this reason, it is
expected that the build up of oversteer would
be accompanied by an additional ‘unexpected’
yaw moment, M,,, in the same direction as the
turn. The rear tyres will saturate leading to an
increase in rear wheel slip-angles and increased
lateral force, away from the turn, at the rear of the
vehicle. In a left turn Fy,; > 0, Fy, > 0, Fy,; >0
and M ; > 0 and so the unexpected signals should
have the characteristics F,,, < 0 and M,, > 0.

A dynamic oversteer manoeuvre usually consists
of a series of oversteer regions, each one greater
than the last. The reconstruction signals in each
oversteer region should be progressively greater in
magnitude and should alternate in direction. In
order to encourage the vehicle in the simulation
to oversteer, the coefficient of friction on the two
rear tyres has been dropped (artificially) from 0.8
to 0.5. This has the effect of reducing the traction
available to the rear tyres.
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Fig. 3. Dynamic oversteer manoeuvre

Figure 3 shows the dynamic oversteer manoeuvre.
The first plot shows the road-wheel steering angle.
The second plot compares the actual yaw rate of
the nonlinear model with the expected yaw rate,
taken from a linear model. As a region of oversteer
is entered, the actual yaw-rate begins to exceed
the expected yaw-rate of the linear model. Two
oversteer manoeuvres are seen, one at around 3.75
sec, and also at around 4.75 sec.

Finally, the nonlinear vehicle model simulates
a harsh split-u braking manoeuvre on a surface
where the friction coefficient for the wheels on the
passenger side differ from those on the driver’s
side. In this case, the values ¢ = 0.8 and p = 0.2
have been used. Throughout the simulation, the
steering angle has been kept at zero. Here, an
emergency stop situation is simulated whereby a
simple model of an ABS system brings the vehicle
to a stop as soon as possible. The front high-pu
wheel reaches its peak braking torque at =~ 0.5
secs. At 0.7s, the vehicle leaves the split-u surface
and enters a homogeneous surface with p = 0.8.
The simulation runs open-loop and the vehicle is
allowed to drift toward the high-u surface.

In this scenario, it is expected that there would
be an initial unexpected yaw moment — due to the
asymmetric braking — with any unexpected lateral
force building up more slowly, as a result of the
assumed yaw angle. As the braking torque reaches
a peak, the unexpected yaw moment should level
off, leaving the lateral force continuing to build
up. As the vehicle leaves the split-u surface, the
unexpected yaw moment should rapidly decrease
as traction returns to the tyres and the braking
becomes symmetrical.
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Fig. 4. Split-u braking manoeuvre

Figure 4 shows the split-y braking manoeuvre on
the nonlinear vehicle simulation. The first plot
shows the four brake torques (T} - front left, Tyo
- rear left, Tp3 - front right, Tp4 - rear right). The
two rear brake torques coincide on the plot due to
the ‘select-low’ strategy (Bauer, 1996).

Based on these observation characteristic signa-
tures associated with F,,, and v are:

e An wundersteer manoeuvre may be detected
by a sudden increase in both the reconstruc-
tion signals in the same direction. As the
severity of the understeer manoeuvre reaches
a peak value, the v, signal should level off,
and the F,, signal decrease and switch sign.

e An owersteer manoeuvre may be detected
by a sudden increase in the reconstruction
signals in opposite directions. As the severity
of the oversteer manoeuvre reaches a peak
value, the v, signal should level off, and the
Fun signal decrease and switch sign.

e A harsh split-u braking manoeuvre may be
detected by the presence of a sudden ramping
of the 7, reconstruction signal with no initial
accompanying increase in the Fun signal.

4. VEHICLE MODE PREDICTION

The key observation from the previous section
is that the unexpected signals which are recon-
structed vary significantly between the manoeu-
vres. However, for a mode detection scheme to be
useful, it must be able to predict the onset of a
severe mode before it poses a risk, so that pre-
emptive action may be taken.

The method proposed for predicting the vari-
ous modes requires the definition of appropriate



thresholds for the two reconstruction signals. Here
values of +0.25 and £1000 have been chosen for
7, and Fun respectively. It can be verified that in
the earlier simulations, during any of the modes,
these thresholds would be crossed.

Noise with a standard deviation approximately
5% of the measurement range was added to both
output signals in the simulation. In the proposed
prediction scheme the undesirable effects of the
noise have been minimized by selecting the scalar
gains of the sliding mode estimator from (15) and
(14) as pr = p, = 10 and applying a low pass filter
to the reconstruction signals exiting the observer.
This is still in keeping with the notion of the
equivalent injection signals 7, and 7, as the low
frequency components of the switching terms v,
and v, (Utkin, 1992). However, whilst this filter
attenuates the noise, it also produces a time-delay
in the reconstructed signal. A satisfactory trade-
off between the requirements for noise reduction
without a significant reconstruction signal time-
delay has been found using a first order filter with
time constant 1/10.

4.1 A detection algorithm

The algorithm chosen to identify the vehicle mode
is based on the variables t1, to and At = t5 — t1:

(1) When either reconstruction signal crosses a
threshold, define #; to be the time when the
threshold is crossed. Isolate whether F, or
7, has triggered the alarm and which side
of the threshold has been crossed. For both
signals at time t¢; record a reading of ‘0’
(within thresholds), ‘4’ (if the +ve threshold
is violated) or ‘—’(if the —ve threshold is
violated).

(2) Continue to monitor the two detection sig-
nals. If the other detection signal crosses a
threshold, set t5 to be the time at which the
threshold is crossed and compute At = t5—t4
i.e. the length of time necessary to make the
prediction. Otherwise, if the original detec-
tion signal drops below its threshold without
the second signal crossing a threshold, reset
the algorithm.

Figures 5-8 show a few seconds of each simulation
around the point at which the vehicle begins
a manoeuvre. For example, Figure 5 shows the
reconstruction signals around the point at which
the vehicle first enters the understeer region of the
simulation. These plots are taken from the same
simulations presented earlier. The solid line is the
actual Fy signal; and the ‘dashed’ line corresponds
to the reconstructed signal after filtering.

The results of the simulations are summarized in
Table 1. The quantity At, in Table 1, represents
the time between the first filtered reconstruction
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signal crossing a threshold and the point at which
a prediction can be made. The detection time in
each case requires approximately an additional
0.08 secs to be added to the values in Table 1
because of the lag associated with the filter.

15t Reading 274 Reading
Scenario ti(s) Fy v |ta(s) Fy v | Ats)
Understeer 1.65 — 0 1.85 — — 0.20
Oversteer 1 | 3.80 + 0 4.02 + — 0.22
Oversteer 2 | 4.71 — 0 4.91 — + 0.20
Split-u 030 0 + | 052 — 4+ | 022

Table 1. Prediction Readings
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Fig. 8. Prediction: Split- Braking

In the case of understeer (Figure 5), it can be
seen that the first signal to cross its threshold is
the Fy signal. At this point the algorithm defines
t; = 1.65s, and would rule out a split-p braking
manoeuvre as the F, signal is crossed first. The 7,
signal then crosses its threshold giving t5 = 1.85s
and At = 0.2s. At this point the algorithm would
deduce that a severe understeer manoeuvre is
likely as both the signal thresholds crossed had
the same sign. This information could then be
communicated to an overall monitoring scheme
and the appropriate controller could be engaged.

The Fy signal is first to cross its threshold for each
of the oversteer manoeuvres (Figures 6-7), which
suggests that either severe understeer or oversteer
is likely. In each case the 7, signal then crosses
its threshold, and in each case the two thresholds
crossed have opposite signs, which implies an
impending severe oversteer manoeuvre.

The split-p braking manoeuvre (Figure 8) stands
out from those studied as it is the only manoeuvre
in which the 7, signal crosses its threshold first.

All these timings depend on the choice of thresh-
old. In order to determine that a suitable choice
has been made a severe ‘chicane’ manoeuvre
which involves significant lateral dynamics whilst
avoiding significant under/oversteer, has been
considered. This involves the J; signal following
a sinusoid of amplitude 3° at a frequency of 3
rad/sec. The unexpected signals associated with
this manoeuvre are shown in Figure 9 and are
well within the set thresholds. (A more realistic
lane change manoeuvre has also been considered
in which the vehicle undergoes a lateral shift of
3.65m in 4 secs. This is less severe and pro-
duces unexpected signals which are visually zero.)
Therefore normal driving is not likely to provoke
a false alarm.

5. CONCLUSIONS

Using sliding mode observer concepts, a vehicle
mode detector and predictor has been presented.
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Fig. 9. Prediction: Chicane

The mode prediction is based upon reconstructing
certain signals which would be unexpected in a ve-
hicle behaving in a linear fashion, and identifying
distinctive signatures in these signals in the early
stages of the build-up to a severe vehicle mode.
The method utilizes an algorithm which allows
the scheme to not only detect a severe manoeuvre,
but also to predict likely severe manoeuvres before
they become dangerous. Appropriate thresholds
have been chosen such that the scheme ignores
signal variations which may arise in the course of
normal driving.
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