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Abstract: A failure-sensitive driver model has been developed in the research study presented
in this paper. The model is based on measurements of human responses to different failure
conditions influencing the vehicle directional stability in a moving-base driving simulator. The
measurements were made in a previous experimental study where test subjects were exposed
to three sudden failure conditions that required adequate corrective measures to maintain the
vehicle control and regain the planned trajectory. A common driver model and a failure-sensitive
driver model have been compared, and results for the latter agree well with the measured data.
The proposed failure-sensitive driver model is capable of maintaining the vehicle control and
regaining the planned trajectory similarly to the way in which humans achieved this during a
wheel hub motor failure in one of the rear wheels.
Keywords: Driver model, human behaviour, wheel hub motor failure, driving simulator, vehicle
dynamics.
1. INTRODUCTION
The complexity of electrified vehicle components and subsystems has been increasing in recent years due to the
possibilities of enhanced vehicle behaviour, and this is
a development which at present seems to be continuing
in the same manner. One consequence of this complexity
is that a larger amount of faults can occur in a vehicle,
leading to the increased probability of a failure occurring.
Specifically, there is a greater risk of failures affecting
the dynamic behaviour of vehicles and endangering traffic
safety. In order to gain knowledge of the driver-vehicle
interaction during a failure, human driving behaviour was
investigated for different failure conditions in an experimental driving simulator study within the ERA-NET
Electromobility+ project entitled ”EVERSAFE”, Cocron
et al. (2014). In this simulator study, the test subjects
were exposed to three sudden failure conditions in one of
the rear wheels, leading to a loss of yaw equilibrium and
requiring the drivers to compensate by counter-steering
in order to maintain the vehicle control and regain the
planned trajectory.
Today driver models are an important tool in the development of vehicles and are a substitute for experimental
tests to a greater extent. In combination with appropriate
vehicle simulation models, driver models can be used to
analyse, adapt and validate the vehicle dynamic behaviour
prior to and during the prototype phase. Various types of
driver models have been presented and have shown their
potential for several applications in the field of vehicle dynamics, Plöchl and Edelmann (2007). A review of different
driver models based on human sensory dynamics is pro-

vided in Bigler and Cole (2011). Hereby, the driver model
is modelled and characterised according several sensory
tasks that are relevant for steering a vehicle. MacAdam
(2003) analysed human driving behaviour and described
several driver models that were in agreement with his
findings. One of the suggested driver models was tested
in a simulation of a tyre blowout during a double lane
change, i.e. a highly dynamic manoeuvre, in order to
show the capabilities of this driver model and its broad
application area. The driver model reacted immediately
to the tyre blowout without any reaction time, but such
a reaction would not be natural human behaviour. Weir
and McRuer (1973) analysed simulator experiments and
described the driver behaviour as a function of the lateral
position and heading error. Sharp et al. (2000) developed
a driver steering model employing an optical lever arm
as a preview vector. The model’s accurate path-following
properties and robustness against changes in the vehicle
dynamics were demonstrated. Erséus et al. (2011) developed a path-tracking driver model emulating different
driving skills. This model enables the analysis of distinct
high or low driving skills in vehicle dynamic simulations.
Markkula et al. (2014) analysed and compared several
models of driver steering behaviour and their suitability
for collision avoidance and vehicle stabilisation. Among
others, the driver models of MacAdam and Sharp were
analysed and found suitable for evasive manoeuvres.
Driver models have been widely investigated in an endeavour to model realistic human behaviour during driving.
Most driver models are applicable for a wide variety of
regular driving conditions, and even highly dynamic vehicle manoeuvres can be analysed. However, existing driver

models have not been evaluated on their capability to
handle an unexpected event, such as a failure of a wheel
hub motor, in the same manner as a human and at the
same time is based on real driver data. The performance
of humans depends on the driving situation and changes
if an external disturbance like a wheel hub motor failure
affects the vehicle. The number of situations that can
be analysed with driver models can be extended with a
driver model that can change its behaviour during such
an external disturbance. The possibility of adapting such
a driver model to real driver data generalises its validity.
The goal of this research study was to develop a failuresensitive driver model (FSDM) based on measured data
from a previous experimental study performed during
different failure conditions. The behaviour of the developed
model was to resemble the corresponding driver behaviour
in the same conditions. This driver model could then be
used in a simulation environment to analyse the influence
which various failures during different manoeuvres exert
on the driver-vehicle interaction. This would enable to gain
knowledge about driver-vehicle interaction prior to costly
experimental tests.
In Section 2, the developed driver model and the corresponding high-fidelity vehicle model are presented. Furthermore, the analysed failure conditions with their corresponding driving manoeuvres, as well as the previously
conducted experimental study, are described. In Section
3, the results for the FSDM are analysed. The conclusions
drawn from the findings of the study are summarised in
Section 4.

subjects were exposed to three sudden failures in one of the
rear wheels which required driver corrections to maintain
the vehicle control and regain the planned trajectory. This
experimental study was conducted in a moving-base driving simulator at the Swedish National Road and Transport
Research Institute (VTI). The experimental tests and the
data acquisition were conducted by VTI in cooperation
with Technische Universität Chemnitz (TUC). The definition of the failures and the analysis of the driver-vehicle
response, as well as the fault classification, were carried
out by KTH Vehicle Dynamics in cooperation with VTI
and TUC.
Three failure conditions were analysed, each of them
consisting of a wheel hub motor failure and a driving
manoeuvre. The failure was based on an inverter shutdown
in the field weakening range, as described in Wanner
et al. (2014). The driving manoeuvres were divided into
cornering and straight-line driving at a speed of 110 km/h.
The studied left-hand curve of the cornering manoeuvre
had a radius of 450 m, and hence the test subjects achieved
an approximate lateral acceleration of 2 m/s2 for the given
speed. The first failure condition (S) was defined as a
straight-line driving manoeuvre with a failure on the
left rear wheel. For the cornering manoeuvre, the failure
was introduced on the left or right rear wheel, leading
to a curve-inward (CI) or a curve-outward (CO) failure
condition.

This section presents the applied vehicle model and its
vehicle parameters. Moreover, the underlying experimental study is described and the analysed failure conditions
are presented. Finally, the proposed FSDM, including its
parameterisation, is described.

The wheel hub motor failure was implemented as a suddenly applied brake torque of 540 Nm on the affected
wheel, resulting in a deceleration of 1.75 m/s2 for the
vehicle. The failure was implemented as a filtered step
function with time constant τ = 0.04 s. The brake torque
was held for 3 s and linearly ramped down to zero within
another 3 s. Simultaneously, the potential propulsion and
hydraulic brake torques on the affected wheel that could
have been demanded by the driver were set to zero and
subsequently ramped to their original value after another
3 s. Hence, the failure affected the vehicle for 9 s, see Fig. 1.

2.1 Vehicle model

2.3 Failure-sensitive driver model

The vehicle model applied in the present study is the same
as the model utilised in the experimental study by Cocron
et al. (2014), which was performed in a moving-base driving simulator. This vehicle model is a high-fidelity vehicle
dynamics model with non-linear tyre behaviour and nonlinear suspension kinematics Bruzelius et al. (2013). It
represents a small city car and is parameterised according
to the electric vehicle Mitsubishi iMiev, as seen in Table 1. A co-simulation environment with Dymola and Matlab/Simulink is used where the vehicle dynamics model is
implemented in the former, and the failure model and the
FSDM are implemented in the latter.

The FSDM consists of a longitudinal speed controller and
a lateral steering controller, which are described separately
below. The longitudinal speed controller regulates the
deviation of the actual longitudinal speed from the desired
longitudinal speed, vx and vxref , respectively, by means
of a PI-controller. The accelerator pedal position  is
determined to be

2. METHOD

2.2 Failure conditions
The failure conditions are based on an experimental study
which was conducted as part of the European project
EVERSAFE, Cocron et al. (2014). The goal of this experimental study was to analyse the driver-vehicle behaviour
during different failure conditions during the normal operation of an electric passenger car. Therefore, the test

Table 1. Vehicle specifications.
Parameter
Curb weight
Body roll moment of inertia
Body pitch moment of inertia
Body yaw moment of inertia
Wheel base
Distance from centre of gravity to front axle
Track width, front
Track width, rear
Drive system
Motor type
Maximum power
Maximum torque

Value
1192 kg
404 kgm2
1501 kgm2
1841 kgm2
2.55 m
1.173 m
1.31 m
1.27 m
RWD
PMSM
49 kW
180 Nm

Tf (Nm)

0

Actual (no delay)
Estimated (fixed gradient)
FSDM input

Δ ,
Δ ,
Δ

−200
−400
−600
−1

0

1
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3
Time (s)

4

5

6

7

Fig. 1. Brake torque characteristics on the affected wheel
with failure activation at t = 0 s.
Z
 = kxp (vxref − vx ) + kxi (vxref − vx )dt
(1)
with the proportional and integral gain being kxp and kxi ,
respectively.
As an extension of the longitudinal speed controller, additional failure-sensitive parameters that describe the driving behaviour during a failure condition are introduced
(Fig. 2). Therefore, the human behaviour during a failure condition is modelled with an additional time delay
function, incorporating the average reaction time tr as determined in the previously described moving-base driving
simulator experiments, Cocron et al. (2014). For the longitudinal speed controller, the accelerator pedal reaction tr
= t is considered and shown in Table 2. The accelerator
pedal movement is continued in the same manner after
failure activation as before the failure activation for the
time period of the accelerator pedal reaction time. Therefore, the gradient of the longitudinal speed difference ∆v̇x
is kept constant, starting from the failure activation t0 ,
and its estimated values is defined according to
∆v̇x (t) = ∆v̇x (t0 ) t0 ≤ t<(t0 + t ).

0

Fig. 2. Schematic diagram of time delay function including
fixed gradient and synchronisation time.
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A transition between this estimated longitudinal speed
difference with fixed gradient and the actual longitudinal
speed difference has been designed as a continuous switchover function which is similar to a fuzzy logic block and
where both signals are smoothed with a first-order time
delay with the time constant τ for all failure conditions.
The transition period is time-based and further referred to
as the synchronisation time, ts .
The lateral steering controller is based on the multiplepreview-point steering angle controller presented in Sharp
et al. (2000). In the presented study, one single preview
point was chosen for the lateral steering controller. A
basic schematic diagram is provided in Fig. 3. The model
consists of three input parameters: the lateral offset ∆y1
between the vehicle position and the road, the heading
error ∆ψ between the vehicle yaw angle ψv and the roadheading angle ψr , and an optical lever that points from
the centre of gravity in the direction of travel. The optical
lever represents the preview distance of the driver on the
path ahead. Its length, l, is set by the preview time tp and
is a function of the longitudinal speed vx according to
l = t p · vx .

1

(3)

A lateral offset, ∆y2 , is determined between the tip of the
optical lever and the road coordinates normal to the end
point of the optical lever. Each of the input parameters is

Fig. 3. The lateral steering controller and its parameters,
based on Sharp et al. (2000).
provided with a control gain, ky , kl and kψ . The steering
angle δ is determined as the sum of the control inputs
δ = ky · ∆y1 + kψ · ∆ψ + kl · ∆y2 .

(4)

Additional failure-sensitive parameters for the lateral
steering controller are introduced which are similar to the
ones utilised in the longitudinal speed controller. Note that
the reaction time in Fig. 2 is expressed as tr = tδ for
the lateral steering controller. The gradient of the heading
error ∆ψ̇ is kept constant during the steering reaction time
tδ according to
∆ψ̇(t) = ∆ψ̇(t0 ) t0 ≤ t<(t0 + tδ ).

(5)

The gradients of the lateral offsets ∆ẏ1 and ∆ẏ2 are fixed
likewise. The steering reaction time tδ is based on the
minimum steering reaction time for each analysed failure
condition in the experimental simulator study, and they
were found suitable for the fixed gradient time period.
Signal transitions after the reaction period are likewise
modelled with a continuous switch-over function including
the time constant τδ and the synchronisation time ts . The
synchronisation time of the lateral steering controller can
be described as the time which the driver needs to adjust to

the new situation. After the initial intuitive driver reaction
at tδ , in which the driver realises the mismatch between
the planned and the actual trajectory, the synchronisation
time represents the time for planning and finding an alternative path to recover the planned trajectory. Individual
saturation levels for the lateral offset, the heading offset
and a total saturation level for the steering angle output
are further introduced.
All the parameters of the longitudinal speed controller and
lateral steering controller of the FSDM are presented for
normal driving manoeuvres in Tables 2 and 3. Measured
data from the presented experimental driving simulator
study were used to tune the FSDM parameters. The longitudinal speed controller is tuned to failure condition S
and then evaluated for the other two failure conditions.
Its parameters were identical for baseline driving and the
three failure conditions, except for the varying accelerator
pedal reaction times, see Table 2. The lateral steering
controller was tuned for a regular manoeuvre without
a failure. The parameters during a failure were derived
from the experimental results for N=13 participants for
failure condition S, N=15 for CI and N=13 for CO. The
average vehicle states of all the measurements for a specific failure condition were utilised to find a suitable fit
for the model parameters. The adapted FSDM models
were named according to the failure conditions, FSDM-S,
FSDM-CI and FSDM-CO, and are presented in Table 3.
The standard parameter configuration, FSDM, was applicable for the curve-outwards parameter set, FSDM-CO,
while the parameters of the straight-line driving and the
curve-inwards failure conditions, FSDM-S and FSDM-CI,
had to be adapted during an active failure to achieve a
better fit of the measured data. For FSDM-S, the control
gain of the optical lever kl was reduced to zero degrees.
This could be justified by the fact that the influence of
the optical lever on straight-line driving would have a
strong influence on any type of lateral or heading error,
and drivers primarily focus on vehicle stabilisation. For
FSDM-CI, the preview time tp was increased, resulting in
a longer optical lever. Furthermore, the time constant τ
was enlarged in order to smooth the adjustment of the
optical lever. The steering reaction time tδ varied for each
failure condition.
Besides an analysis of the FSDM parameters for the
average vehicle states, an analysis of the parameters for the
individual test subjects was conducted for failure condition
S, as shown in Table 4. Accordingly, the measured data
for each test subject were fed into a parameter estimation
of the FSDM. The estimated control gains for all the
drivers for failure condition S (N=13) range from 0.65–
Table 2. Parameters of the FSDM longitudinal
speed controller for normal driving and the
three analysed failure conditions.
Parameter
kxp (s/m)
kxi (m−1 )
t (s)
ts (s)
τ (s)
satxp (-)
satxi (-)

FSDM
0.05
0.002
2
0.2
±1
±1

FSDM-S
0.05
0.002
1.26
2
0.2
±1
±1

FSDM-CI
0.05
0.002
2.76
2
0.2
±1
±1

FSDM-CO
0.05
0.002
0.74
2
0.2
±1
±1

Table 3. Parameters of the FSDM lateral steering controller for normal driving and the three
analysed failure conditions.
Parameter
ky (◦ /m)
kψ (◦ /rad)
kl (◦ /m)
tp (s)
tδ (s)
ts (s)
τδ (s)
saty (◦ )
satψ (◦ )
sattot (◦ )

FSDM
1
18
0.75
1
0.02
±5
±5
±25

FSDM-S
1
18
0
1
0.45
0.67
0.02
±5
±5
±25

FSDM-CI
1
18
0.75
2.1
0 35
0.67
0.2
±5
±5
±25

FSDM-CO
1
18
0.75
1
0.40
0.67
0.02
±5
±5
±25

1.52 ◦ /m and 6.52–24.57 ◦ /m for the lateral offset ky and
the heading error kψ , respectively. The synchronisation
times have a range of 0.2–0.94 s. With these 13 parameter
sets, the human behaviour of each individual driver could
be analysed during a failure condition in addition to the
averaged FSDM parameters. Three parameter sets that
cover different aspects of the driver behaviour are shown
in Table 4 as examples.
3. RESULTS
The presented driver model FSDM was analysed for a
regular manoeuvre with no failure and the three different
failure conditions, S, CI and CO. The results of the
analysis were compared to the measured data from the
experimental study. The longitudinal speed controller and
the lateral steering controller are discussed separately
below. Further, the individual parameter sets of FSDMS during failure condition S are presented. Note that the
road path and the point of failure activation were identical
for the simulation and the experiment.
The comparison of the results for the simulation with those
for the experimental study shows that, for regular driving,
FSDM follows the road path well at various speeds and
curvatures. In Fig. 4, the resulting states of the steering
wheel angle, lateral acceleration and yaw rate for the
simulated FSDM lay comfortably within the measured
vehicle states for the test subjects. These measured data
are shown for the test subjects for a cornering manoeuvre
and are framed within the overall maximum and minimum
values marked with the bold grey lines.
In the case of a failure occurring, FSDM adapts to this new
situation in order to handle the failure. The desired path
is thereby recovered in a similar manner as human drivers
would regain it. Consequently, the previously mentioned
gains are adjusted and an additional time delay function
Table 4. FSDM parameter analysis for individual drivers for failure condition S.
Parameter
Min
Mean
Max
SD
Test subject 4
Test subject 7
Test subject 12

ky (◦ /m)
0.65
0.96
1.52
0.25
0.73
0.89
1.22

kψ (◦ /m)
6.52
15.64
24.57
6.38
13.89
17.78
23.34

ts (s)
0.20
0.52
0.94
0.21
0.40
0.94
0.51
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Fig. 6. Steering wheel angle and lateral offset for failure
condition S.
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Fig. 4. Vehicle states for a cornering manoeuvre without
a failure mode for different drivers of the vehicle and
for the FSDM.
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The results for failure condition S are presented in Figs. 5–
7. The longitudinal speed controller results are displayed
in Fig. 5, where the impact of the faulty brake torque is
clearly visible and leads to a drop in the longitudinal acceleration and vehicle speed. The accelerator pedal position
of FSDM-S increases similarly to the way in which the
pooled trend for the drivers increases.

steering wheel angle (◦ )

is implemented, which reflects the measured behaviour of
humans, including their reaction times.
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Fig. 5. Longitudinal acceleration and speed, as well as
accelerator pedal position, for failure condition S.

Fig. 6 shows a comparison of different driver models.
The steering wheel angle and lateral deviation are illustrated for the measured data, the standard driver model
(standard DM), and the failure-sensitive driver model for
normal driving manoeuvres (FSDM) and its adaptation to
failure condition S (FSDM-S). The individual driver data
represent various types of driver reactions, from a very
responsive and wobbly behaviour with high fluctuations to
a rather slow and smooth one. The standard DM without
a time delay function and with no adaptation to failure
condition S shows an instant reaction to the failure, which
leads to a better compensation for the lateral deviation
and a lower steering wheel angle compared to the measurements. However, this reaction is not comparable to human
behaviour, as the reaction time and the synchronisation
time are ignored. FSDM for normal driving situations
shows a more human-like behaviour, lying close to the
framing borders of the measured data. FSDM-S shows
that the adaptation of FSDM to failure condition S fits
the average of the measured data well.
The vehicle states for failure condition S are shown in
Fig. 7, where the measured data are compared with the
results from FSDM and FSDM-S. The yaw motion and
the lateral acceleration match the average measured characteristics for FSDM-S, whereas FSDM rather represents
the behaviour of a responsive individual driver.
The behaviour of the individual drivers was also analysed
and FSDM-S parameter sets were found, as shown in Table 4. Measured and individually modelled steering wheel
angles are shown for three selected test subjects in Fig. 8.
Test subjects 4 and 12 show responsive steering behaviour
by applying counter-steering during the failure condition
and slowly reducing it when the failure is ramped down.
An unsteady steering behaviour with high fluctuations
due to over-compensation for the failure is found for test
subject 7. Here the modelled result is limited in the am-
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Fig. 8. Steering wheel angles of three selected individual parameter sets.
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Fig. 7. Lateral acceleration and yaw motion for failure
condition S.
plitude of the fluctuation, although a reasonable solution
is achieved. Hence, the developed model is suitable for
mimicking not only an average driver, but also individual
drivers who differ in their responses.
The vehicle states for failure conditions CI and CO, representing failures during cornering manoeuvres, are illustrated in Figs. 9–12. As is seen in Figs. 9 and 10, the
longitudinal speed controller works well for both failure
conditions, increasing the accelerator pedal position similarly to the way in which most of the drivers increased
the pedal position. The resulting longitudinal acceleration
and velocity correspond with the measured data.
Accordingly, FSDM-CI, the driver model for the curveinwards failure, follows the measured average vehicle
states, see Fig. 11. It can be observed that the failure is
activated in the transient part of the curve at time t = 0 s,
i.e. the steering wheel angle and the vehicle states are not
constant at failure activation. The steering behaviour of
FSDM-CI, i.e. the counter-steering characteristics and the
steering wheel angle gradients of the model, matches the
measured data of the experimental study well. The vehicle
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Fig. 9. Longitudinal acceleration and speed, as well as
accelerator pedal position, for failure condition CI.

states fit equally well. FSDM (which has no adaptation to
failure condition CI) produces results for failure condition
CI representing more responsive drivers with vehicle states
close to the border of the measured data. This model
produces more overshooting, which in turn leads to higher
fluctuations of the yaw motion. The results for the adapted
driver model FSDM-CI resemble the measured data well,
and thus the model has been evaluated for transient road
segments.
The curve-outwards failure was activated on the same
transient road segment, see Fig. 12. Except for the steering
wheel reaction time, no modification of the FSDM specific
to failure condition CO was necessary. FSDM-CO and
FSDM are identical, and therefore the results for FSDM
are not illustrated in Fig. 12. The steering wheel angle
characteristics of FSDM-CO fit the measured data well
and is characterised by a short and fast increase, followed
by a sharp return at the peak value and a rather constant
decrease. The vehicle states match the measurements for
this failure condition equally well.
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Fig. 10. Longitudinal acceleration and speed, as well as
accelerator pedal position, for failure condition CO.
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Fig. 12. Steering wheel angle, lateral acceleration and yaw
motion for failure condition CO.
The results show that the proposed failure-sensitive driver
model is capable of maintaining the vehicle control and
regaining the planned trajectory similarly to the way in
which humans achieve this during a wheel hub motor
failure in one of the rear wheels. Modelling parameters
for three different failure conditions, as well as for normal
driving conditions without a failure, have been proposed.
This study is limited to the analysed manoeuvres performed on a wide country road without other traffic participants and with the described vehicle. The human reactions may be more distinct with opposing traffic or in other
driving situations, e.g. in an urban environment, and this
could be analysed in the future development of the model.
An automated selection of the adequate parameter sets,
depending on the failure condition, could be handled by
a failure detection and isolation strategy. Measured data
from similar experiments could also be used to generalise
the model further.
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M. Plöchl and J. Edelmann. Driver models in automobile
dynamics application. Vehicle System Dynamics, vol.
45, no. 8, pp. 699–741, 2007.
C.C. MacAdam. Understanding and modeling the human
driver. Vehicle System Dynamics, vol. 40, no. 1–3, pp.
101–134, 2003.
D.H. Weir and D.T. McRuer. Measurement and interpretation of driver/vehicle system dynamic response.
Human Factors, vol. 15, no. 4, pp. 367–378, 1973.
R.S. Sharp, D. Casanova and P. Symonds. A mathematical
model for driver steering control, with design, tuning

and performance results. Vehicle System Dynamics, vol.
33, no. 5, pp. 289–326, 2000.
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