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Experimental Validation of Torque-Based Control for
Realistic Handwheel Haptics in Driving Simulators

Mircea Damian, Barys Shyrokau , Xabier Carrera Akutain, and Riender Happee

Abstract—A realistic steering feel is one of the key elements to
guarantee fidelity on a driving simulator in general, and in partic-
ular to replicate on-centre vehicle handling. This requires precise
modelling of the steering dynamics, a high bandwidth control
loading system, and coupling of virtual and physical components
in agreement with computational requirements and hardware lim-
itations. For such a coupling, the common approach position-based
control uses the measured signals of steering wheel angle and
steering rate as inputs to the steering system model. This paper
proposes an alternative torque-based control scheme using steering
torque as an input to the steering system with additional com-
pensation. Torque-based control was designed and evaluated in
conjunction with detailed electric power steering models including
state-of-the-art friction models, a neuromuscular driver model, and
two driver-in-the-loop experiments in a high-end driving simulator.
The objective analysis performed by means of the neuromuscu-
lar driver model reveals that the driver applies less impedance
i.e. the driver is less stiff on a driving simulator when steering
feedback is provided with the torque-based control compared to
the position-based control. The investigations demonstrate that
torque-based control reduces haptic response delay and vibrations
caused by friction modelling compared to position-based control.
The driver-in-the-loop experiments show significant objective ef-
fects on steering performance and subjective evaluation of fidelity
and effort. We conclude that the proposed approach closes the
vehicle-driver loop with more realism in a driving simulator.

Index Terms—Steering feel, steering system, neuromuscular
driver model, driving simulator, on-centre handling, subjective
evaluation.

I. INTRODUCTION

OVER the past decades, the technological improvements
in computing power, software, and projection systems

enabled driving simulators to become cost-effective tools to
perform research activities. Nowadays driving simulators are
widely used for studying the interaction of driver and vehicle
systems, vehicle development, and human factors. They offer
benefits naturalistic and instrumented vehicle studies with the
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main advantage being the versatility to configure virtual sce-
narios in a controlled and safe environment that matches the
particular investigation requirements [1]: environmental condi-
tions can be manipulated as state of the road surface, climate and
day/ night operations; and the physical parameters of the driven
vehicle can be altered e.g., steering characteristics, suspensions
design and tire construction [2].

However, one of the key factors for the success of a driv-
ing simulator is its experimental validity [3], which is often
explained in terms of physical and behavioral fidelity. Physical
fidelity relates to the degree to which the simulator replicates
the physical properties of the driving situation [4]. Behavioral
fidelity instead refers to the simulators ability to evoke drivers
behavior observed in the real world [5]. Physical and behavioral
fidelity are strictly linked to each other and over the last years,
simulator designers strived to reproduce high-quality visuals,
auditory and kinesthetic cues in order to emulate the real driv-
ing experience. Complex motion platforms were developed to
reproduce vehicles movements in the simulated environment,
and numerous studies on the influence of motion proved that
the use of motion cues improves the subjective quality of the
simulator [6], [7]. Yet this comes at a higher cost and financial
constraints may limit the simulators ability to fully stimulate
the entire range of the drivers sensory modalities. Nonetheless,
studies reported that if the simulators capabilities satisfy the
research task and the user is absorbed in the simulated drive
then the drivers control of the vehicle in the virtual environment
is comparable to driving a real vehicle, and driving simulators
could be employed to perform research activities [8].

A realistic steering feel is one of the key elements in order
to replicate the on-center vehicle handling and achieve a good
immersion on a driving simulator [9]. The hand-wheel feedback
carries relevant correspondence regarding the instantaneous dy-
namics of the driven vehicle being physically related to the
vehicles speed and trajectory and could be used by drivers to
reinforce the visual information [10], [11]. Previous literature
has extensively reported the importance of the steering feedback
response in driving simulators [12]–[14]. However, little atten-
tion has been paid so far to create more realistic hand-wheel
haptics. Moreover, the creation of a realistic steering feel is
also an actual problem for steer-by-wire systems [15], where
the upper control loop is similar to driving simulator steering
system control.

The commonly used position-based control presents inherent
stability issues caused mainly by the modelling of friction ele-
ments. These become very noticeable in the shape of steering
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Fig. 1. Column EPS system model.

wheel vibrations, especially with low impedance. Consequently,
drivers find it hard to execute precise maneuvers around the
neutral position of the steering wheel. This paper extends the
research done in [16] and exploits the potential of torque-based
control to provide high-fidelity steering feedback in driving sim-
ulators, which will be essential to study Electric Power Steering
(EPS) systems and will support general vehicle development.

The investigation results demonstrate that the proposed
torque-based control reduces steering wheel oscillations and
as confirmed by subjective evaluations enhances the on-centre
handling steering fidelity in a driving simulator.

The structure of the article comprises the following sections.
Section II presents the EPS system model used to simulate
steering dynamics during the driver-in-loop experiments. Sub-
sequently, Section III and IV describe the position-based and
torque-based controls respectively. An objective evaluation of
the two control strategies performed with a neuromuscular
driver model is detailed in Section V, while the set-up of the
driving simulator used during the driver-in-loop experiments
is illustrated in Section VI. Thereupon Section VII, VIII, and
IX present three distinctive driver-in-loop experiments carried
out to compare the control strategies, and extensively describe
the results. Finally, in the concluding part of the paper, the
research findings are summarized and the outlooks for further
development are denoted.

II. STEERING SYSTEM MODEL

In order to simulate and reproduce accurate characteristics
of the steering wheel angle and steering wheel torque in driving
simulators, a 3 Degree of Freedom (DoF) EPS system model was
developed, characterizing a mid-size passenger car. It comprises
all the mechanical components which transfer the steering wheel
torque to the tie rods such as the steering wheel, torsion bar, steer-
ing column, assist electric motor, pinion, and rack. Fig. 1 shows
its schematic layout including the steering wheel torque Tsw,

the steering wheel angle δsw, the assist torque Tassist and the tie
rod forces Ftl, Ftr which are provided by a non-linear vehicle
model. In the figure I andM represent the rotational inertias and
masses;K andC the stiffness and damping coefficients; Tf ,Ff ,
and kf correspond to friction torque/force and friction element
stiffness; ip the steering gear ratio; and ig the motor gear ratio.
The suffix sw indicates the steering wheel, tb the torsion bar,
col the steering column, and rack the rack guide.

Using Newton’s second law of motion the steering wheel
dynamics are derived as:

Isw δ̈sw + Csw δ̇sw + Tf,sw = Tsw −Ktb

(
δsw − δcol

)
(1)

Likewise the column dynamics for the case of column EPS type
assist are formulated as:
(
Icol + Ieqi

2
g

)
δ̈col + Ccolδ̇col + Tf,col

= Ktb

(
δsw − δcol

)−Kcol

(
δsw − Xrack

ip

)
+ Tassistig (2)

Kcol is the equivalent lower column, hardy disk and mesh
stiffness. Finally, the rack dynamics are described as:

M
̂rack

Ẍrack + CrackẊrack + Ff,rack

=
Kcol

ip

(
δsw − Xrack

ip

)
− Frack (3)

In eq. (3) M
̂rack

is the sum of the rack mass and the suspensions
inertia translated to the tie rods, while Frack is the difference of
left and right tie rod forces.

The remarkable influence of friction on steering behaviour
and steering performance [17] imposes a need for accurate
modelling of friction dynamics [18], where stick-slip leads to
highly non-linear behaviour calling for small time-steps and
dedicated friction models for efficient (real time) calculation.
In order to model the effect of steering wheel and column
friction the Exponential Spring Force Element (ESFE) friction
model [11] is used, while to reproduce the rack friction dynamics
with stick-slip behaviour three different friction sub-models are
combined in parallel: ESFE models; linear model; and Reset
Integrator model [19].

Friction velocity dependency is assumed to be of viscous
type and modelled through viscous friction models. Steering
mechanical parameters such as stiffness, damping, and friction
were identified through quasi-static and dynamic steering bench
tests and further validated with full vehicle testing. System’s
response with the EPS assist On/Off has a good correlation with
experimental data with Pearson correlation coefficients above
0.98.

III. POSITION-BASED CONTROL

In driving simulators, the online coupling of virtual and phys-
ical steering components is enabled by the hand-wheel feedback
command TCL

req to the steering control loading system. The
commonly used position-based control (PBC) strategy utilizes
the measured steering wheel angle δCL

sw and steering wheel rate
δ̇CL
sw to determine the control loading (CL) torque. Typical PBC

generates the CL desired torque, based on the calculated upper
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Fig. 2. Position-based control.

Fig. 3. Torque-based control.

column, steering wheel damping and steering wheel friction
torques in the virtual steering system (SS) (Fig. 2):

TCL
req = Ktb

(
δCL
sw − δSS

col

)
+ Csw δ̇

CL
sw + Tf,sw (4)

δSS
col is the virtual column angle, Tf,sw the steering wheel friction

torque calculated based on measures from the control loading
and Csw the steering wheel damping.

The PBC control strategy when used real-time in driving
simulators presents inherent stability issues caused mainly by
computational latency and stiff model equations. These become
noticeable in the form of torque feedback fluctuations and steer-
ing wheel vibrations which downgrade the quality and realism
of the steering response.

IV. TORQUE-BASED CONTROL

The aforementioned stability issues have been solved through
the implementation of a torque-based control (TBC) (Fig. 3).
This strategy accounts for the virtual steering wheel dynamics
and allows to simulate steering system model with different
steering wheel inertia compared to the steering wheel mounted
in the control loading.

The input to the virtual steering system is the torque applied
by the driver, calculated as:

ICL
sw δ̈CL

sw = TSS
sw − TCL

sw + Tcomp (5)

TCL
sw is the torque measured from control loading, ICL

sw the inertia
of the steering wheel mounted in the control loading, δ̈CL

sw the
steering wheel acceleration and Tcomp the compensated torque.
Imposing torque balance at the level of the virtual steering wheel
as in eq (1), a virtual steering wheel angle δSS

sw and virtual

Fig. 4. Neuromuscular driver model.

steering wheel rate ˙δSS
sw are computed and used in the model to

calculate the steering wheel friction, steering wheel damping and
upper column torques. The torque request to the control loading
i.e. the steering feedback commanded to the electric motor is
calculated based on the dynamics of the virtual steering system
shown in Fig. 1 as follows:

TCL
req = Ktb

(
δSS
sw − δSS

col

)
+ Csw δ̇

SS
sw

+ Tf,sw +
(
ICL
sw − ISS

sw

)
δ̈SS
sw − Tcomp (6)

In eq. (5) and (6) the compensated torque Tcomp is required
to minimize the mismatch between the dynamics of the virtual
steering system model and the physical dynamics of the control
loading, and is determined through a PD compensator:

Tcomp = Kp

(
δSS
sw − δCL

sw

)
+Kd

(
δ̇SS
sw − δ̇CL

sw

)
(7)

Kp is the proportional gain and Kd is the derivative gain.

V. EVALUATION WITH A NEUROMUSCULAR DRIVER MODEL

Aiming to compare the previously described PBC and TBC
control strategies, through offline simulations a risk-neutral [20]
neuromuscular (NMS) driver model (Fig. 4) was developed,
based on previous research performed by the Delft Laboratory
for NeuroMuscular Control [21], [22] and the Vehicle Dynamics
Group at Cambridge [23]–[25].

The NMS model includes neuromuscular feedback loops with
delays, muscle activation dynamics, hand contact stiffness, and
the inertia of the arms to predict realistic interactions including
vibrations and oscillations. In this section, the NMS driver
model structure is described for the case that no internal or
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external disturbances affect the system’s operation [22], [24].
Input sensor delay and control loading dynamics (external dis-
turbances) are added to the driver-vehicle interaction to replicate
the simulator’s experimental conditions. Finally, comparative
simulation results are presented and discussed.

A. NMS Driver Model Structure

The NMS model is illustrated in Fig. 4, and parameter values
are in Table V in Appendix A. All signals and parameters
are expressed in terms of steering wheel rotations and torques
effectively lumping the left and right arms and the joints and
muscles involved in steering. Parameters represent active control
with both hands firmly holding the steer. We assume that the
driver controls the vehicle path dictating the steering angle, using
neuromuscular position feedback originating from the muscle
spindles. The input to the NMS driver model is the angle δdessw

that the driver desires to apply at the steering wheel interface.
This is assumed to be provided by higher neural paths. Given
δdessw , the central nervous system determines the feedforward
muscle torque required to reach the desired angle through inverse
internal dynamics model H−1

Tm, that signifies driver’s mental
representation of the vehicle, steering and NMS dynamics [26].
Using this feedforward control the NMS model will exactly
realize δdessw if there are no internal or/and external disturbances
affecting system’s operation and the commanded motion does
not exceed the NMS bandwidth [22], [27]. In addition, the CNS
adjusts the arms impedance through co-contraction and sensory
feedback in order to reach δdessw using so called impedance
control [21], [26]. In Fig. 4, the output of H−1

Tm is a supraspinal
signal representative of the feedforward muscle torque to be
applied. This is combined with muscle stretch and stretch ve-
locity feedback from muscle spindles Hms, and force feedback
from the Golgi tendon organ Hgto. Both reflexive pathways are
characterized by a spinal delay time τspin which limits their
effective bandwidth:

Hms = (Kspin + Cspins)e
−sτspin (8)

Hgto = Kgtoe
−sτspin (9)

The muscle spindle feedback is a function of the error between
actual and desired joint angles and velocities i.e. δm, δ̇m and

δ̂m,
˙̂
δm respectively. The latter is estimated by the human central

nervous system through the inverse internal dynamics model.
The Golgi tendon organ feedback, function of the actual muscle
torque Tm and the desired muscle torque T̂m, is assumed zero
in the current study but will be relevant in tasks where humans
control force or admittance [27], [28].

Consequently, the collective signal from the internal model
and reflexive pathways travels through the nervous system to
the muscles, where it is converted into torque by the contractile
element. In order to account for the motor neurons finite trans-
mission velocities and muscle fiber activation delay, the input is
filtered with a second-order low pass filter [29]–[31]:

Hact =
ω2
o

s2 + 2ζωs+ ω2
o

(10)

Instantaneous visco-elastic proprieties from already co-
contracted arms are contained in,

Hint = Kint + Cints (11)

whereby the driver can increase the limbs stiffness and damping
in order to reduce the error between actual and expected arms an-

gles and velocities [21], [26] i.e. δarms, δ̇arms and δ̂arms,
˙̂
δarms

respectively.
The net torque input accelerates the arms inertia

Harms =
1

Iarmss2
(12)

resulting in the arms angle δarms. This is equivalent to the
steering wheel angle δsw if the driver applies an infinitely stiff
grip. However, this is not the case since the driver’s hands have
finite visco-elastic proprieties which have been accounted in:

Hcontact = Khands + Chandss (13)

The output of the contact dynamics is the torque Tsw that the
driver applies at the steering wheel interface.

The internal model transfer functions are derived for the case
of a single track vehicle model coupled with a linear column EPS
system (Fig. 4) and no disturbances affect system’s operation
as [27]:

H−1
Tm

=
uS

δdessw

with (Hms = 0, Hint = 0, Hgto = 0) (14)

Hδ̂m
=

δ̂m
uS

with (Hms = 0, Hint = 0, Hgto = 0) (15)

Hδ̂arms
=

δ̂arms

uS
with (Hms = 0, Hint = 0, Hgto = 0) (16)

The values of the NMS system parameters used for simulations
are shown in Appendix A.

B. Simulation Conditions

In order to emulate the simulator’s experimental conditions,
input delays, and control loading dynamics (external distur-
bances) are added to the driver-vehicle interaction as depicted
in Fig. 5.
da represents the sensor angle delay (10 ms), dt the sensor

torque delay (15 ms), and HCL steering actuator’s dynamics
which are modelled through a first order filter of cut-off fre-
quency ωCL (30 rd/s) as:

HCL =
ωCL

s+ ωCL
(17)

C. Results

To investigate the differences in system’s response when
steering feedback is provided with the PBC and with the TBC,
two simulation scenarios are tested being sine steering (Fig. 6)
and a lane change (Fig. 7). Both scenarios adopt a vehicle speed
of 100 km/h and a time step of 1 ms aiming to emulate the real
time experience.

Fig. 6 presents the simulation results for the case the input
to the NMS driver model i.e. δdessw is a sine steering wheel
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Fig. 5. Simulator experimental conditions.

Fig. 6. Sine maneuver (red line PBC, blue line TBC). (a) NMS model feed-
back. (b) Steering wheel torque.

Fig. 7. Lane change maneuver (red line PBC, blue line TBC). (a) NMS model
feedback. (b) Steering wheel angle.

angle of amplitude 8 deg and frequency 0.5 Hz. The left figure
(Fig. 6(a)) depicts the NMS feedback from muscle spindles
(dashed line) and co-contraction (continuous line) and the right
figure (Fig. 6(b)) the applied steering wheel torque Tsw in
the interval of time 5.5 - 6.5 s. In the former, it is observed
that the driver increases impedance through co-contraction and
feedback in order to compensate for the external disturbances,
i.e. sensor delay and control loading dynamics, and reach the

desired steering wheel angle. Additionally, it is noted that the
NMS feedback amplitude is smaller with the TBC compared to
the PBC. The compensation scheme of the TBC compensates
for the external disturbances, in particular the control loading
dynamics, resulting in smaller NMS feedback applied by the
driver and smaller haptic delays (Fig. 6(b)).

Fig. 7 illustrates a lane change maneuver simulation in which
the driver applies a steering wheel angle of amplitude 60 deg at
about 20 deg/s. In line with the above results the NMS feedback
amplitude, therefore the impedance of the driver, is smaller with
the TBC compared to the PBC (Fig. 7(a)), although the driver
applies the same steering angle and steering wheel torque profile
with both control strategies (Fig. 7(b)).

The presented simulations’ outcome is not perceptible for
the case in which the time step is reduced by a factor of 10,
and vanishes, when motor dynamics and sensor delays are not
included in the developed model, i.e. the TBC and PBC are
equivalent when an ideal system is used, and both converge to
the correct solution. The objective analysis performed by means
of the NMS driver model reveals that the driver is less stiff on a
driving simulator when steering feedback is provided with the
TBC compared to the PBC. The compensation scheme compen-
sates for the control dynamics and haptic delays resulting in a
more natural steering feel.

VI. DRIVING SIMULATOR

In order to assess controllers’ performances in a driving
simulator, two sets of driver-in-loop (DIL) experiments were
performed. These were conducted in the driving simulator lo-
cated at Toyota Motor Europe. It consists of a static mock-up
with a 210-degree projection screen. The instrument dashboard
communicates vehicle information to the driver, such as speed
and engine rpm, while a sound system provides audio to create
a more immersive experience. The force feedback is generated
by an AC brushless electric motor and connected to the steering
wheel at the approximate position of the virtual torsion bar. The
maximum continuous and peak torque of the actuator are re-
spectively 21 Nm and 30 Nm. Additionally, the steering actuator
provides a high-resolution displacement measurement with an
accuracy of <0.1 ◦ and torque measurement with an accuracy of
<0.1 Nm. A multi-node PC configuration is established through
UDP-TCP communication in soft real-time (RT) and hard RT
at 1 kHz. rFPro toolchain is used to generate the environment
physics and create a visual scenario through scene rendering
at a frequency of 100 Hz. The vehicle dynamics are modelled
in IPG CarMaker and steering system’s dynamics in Simulink,
both running at 1 kHz. The system is equipped with a dSPACE
DS1006 which enables to perform experiments in hard real time
as an alternative to soft real-time, where the completion of the
periodic deadlines cannot be guaranteed.

VII. HAPTIC FEEDBACK AND STABILITY STUDY WITH ISW

The first set of DIL experiments were performed with an
instrumented steering wheel (ISW) [32] (Fig. 8). This device
is able to measure the forces and grips that the driver applies
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Fig. 8. Instrumented steering wheel.

Fig. 9. Track for the first set of DIL experiments.

at the steering wheel interface with high accuracy. The objec-
tive was to investigate the differences in the forces and grips
applied by the driver at the hand-wheel when steering feedback
is calculated using the PBC and the TBC. In this section, the
experimental design is described, followed by the main findings
and a discussion.

A. Participants

Four expert evaluators belonging to different chassis devel-
opment departments at Toyota Motor Europe took part in this
experiment. Participants had an average age of 38 years, a
standard deviation (SD) of 8 years, and had a driving license
for 15 years (SD=3.36).

B. Driving Route

The experimental track was a wide flat road environment
with steady weather conditions (Fig. 9). The driving route was
marked with red cones and was 4.5 Km long. It consisted of 4
sine sections, 5 straight line sections and 2 high radius corners.
The sine sections were characterized by the amplitudes of the
steering wheel corresponding to levels of lateral acceleration
about 1 m/s2 - 2.5 m/s2 and frequencies of 0.2 Hz - 0.5 Hz. The
route was designed aiming to test the two controllers both in

centre-handling on the straight sections and in more dynamic
steering on the sine and high-radius corner sections.

C. Experimental Design

Experiments were performed in hard RT with two EPS as-
sist logics, hereafter named EPS 1 and EPS 2, while steering
feedback was calculated using the PBC and the TBC based on
the dynamics of the virtual steering system model. The overall
experiment lasted 4 days i.e. one for each driver. During the
experiment, a nominal speed of 100 km/h was supported by
cruise control as the objective was to examine drivers’ steering
control. The driving task was to follow as close as possible
the driving route marked with red cones. Participants were
invited to take part in the experiment separately in order to
avoid bias of results and to drive four laps of the route i.e. two
with EPS 1 and two with EPS 2 in random order. The drivers
had no knowledge regarding the configuration that was tested.
After driving the first two configurations, where the difference
between the former and the latter was the control strategy used to
calculate the hand-wheel feedback i.e. PBC or TBC, drivers were
asked to report their subjective impressions and compare the two
configurations. The aim was to obtain meaningful indications
regarding controllers’ performances and allow the driver to take
a short break which on average has been about 5 to 10 minutes.
Following, they were invited to do the same for the last two
configurations (for an extensive application with the ISW refer
to [33]).

D. Results

Analysis was performed both on raw and averaged forces and
grips signals per sine section (Fig. 10). However, no common
trend could be identified. There was a substantial inter and intra
subject variability in the measured signals.

Nonetheless, during the experiment participants declared to
perceive significant vibrations at the steering wheel interface
with the position-based control. Conversely, these were absent
with the torque-based control. In order to investigate this phe-
nomenon, the forces measured by the ISW were used to calculate
the steering wheel torque, and the power spectral density (PSD)
of this signal was computed. Fig. 11 shows the aforementioned
PSD for the case of low driver impedance. The reduction in steer-
ing wheel vibrations with the TBC is evidenced by decreased
power above 5 Hz in the calculated torque signal.

E. Discussion

Upon analysis of the data collected with the ISW experiment
on average no differences were identified in driver forces and
grips when steering feedback was computed using the PBC or
the TBC. This is suspected to be due to the limited amount of
experimental data and drivers’ experience i.e. the expert evalua-
tors have knowledge of the simulator’s controls and on average
achieve similar driving performances with the two algorithms.
However, drivers declared to perceive a significant amount of
steering wheel vibrations when feedback was calculated using
the PBC. Contrarily, these were absent with the TBC. The
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Fig. 10. Average ISW signals - left hand (red line PBC, blue line TBC).
(a) Applied longitudinal force Fx. (b) Applied lateral force Fy. (c) Applied
vertical force Fz. (d) Grip force

Fig. 11. PSD steering wheel torque ISW (red line PBC, blue line TBC).
(a) EPS 1. (b) EPS 2.

subjective evaluations were confirmed by computing the power
spectral density of the torque signal measured at the steering
wheel interface. After completion of the experiment, following
a detailed analysis of the simulated SS dynamics, it was found
that the steering wheel vibrations experienced by the drivers
when steering feedback is provided with the PBC are caused
by drops in the simulated steering friction signals (Fig. 12).
As already proved by previous research, friction has a critical
influence on system’s response fidelity and stability [18], [34].
Advanced friction models are required to assure good matching
with experimental data but stiff model equations and a too high
computational effort degraded the rendering of steering feed-
back, resulting in steering wheel vibrations and torque feedback
fluctuations. Such phenomenon is highly noticeable in the case
of low driver impedance, especially, during on-centre maneuvers
with small target corrections of steering wheel angle.

Fig. 12. Column friction (red line PBC, blue line TBC). (a) EPS 1. (b) EPS 2.

The expert evaluators, during the experiment, argued addi-
tionally that the complete suppression of steering wheel vi-
brations and oscillations, and the absence of “road vibration
noise” could generate a “flat” artificial steering feel for the TBC.
Therefore, in order to create more realistic hand-wheel haptics,
an artificial noise was added. In this strategy, TBC + noise,
disturbances are added to the control loading request, based
on internal investigations performed at Toyota Motor Europe,
aiming to improve steering feel and provide drivers with the
claimed road feel.

VIII. STABILITY STUDY WITH ACCELEROMETERS

The power spectral density of the torque signal as computed
in Fig. 11 could be dependent not only on the system’s per-
formance but even on the level of grip with which the driver
holds the steering wheel. Therefore, to objectively compare the
stability performance of the described algorithms and measure
the intensity of the transmitted vibrations, three analogue uni-
axial accelerometers of type Kiowa 2 G were mounted on the
simulator steering shaft and experiments were performed both
in soft RT and in hard RT. Accelerometer measurements were
acquired through an Ipetronik device at 100 Hz operating with
the IPEmotion RT software, while driving on the route shown
in Fig. 9, and transmitted to the data logger PC by Vector CAN.

Analysis of the collected data in the experiment revealed
that the stability issues induce resonance peaks in the torque
measured from control loading which translates into torsional
vibrations (Fig. 13). Moreover, the amplitude of the resonance
peaks and signals’ power is greater in soft RT experiments
compared to hard RT experiments, and when the EPS 1 logic is
used to supply assistance torque in the virtual model. The TBC
ensures higher hand-wheel stability compared to the PBC but
the difference is more noticeable in hard RT experiments, where
the resonance peaks are almost absent with TBC. However, as
reported by the expert evaluators the absence of steering wheel
vibrations could lead to an artificial steering feel for TBC in hard
RT. The countermeasure has been to implement the TBC+noise.
In Fig. 13 it is observed that this strategy attenuates the resonance
peaks alike the torque-based control but additionally provides
the road feel claimed by the drivers in the ISW experiment.
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Fig. 13. Stability study - Power spectral density (red dashed line PBC soft
RT, blue dashed line TBC soft RT, red continuous line: PBC hard RT, blue
continuous line - TBC hard RT, green continuous line TBC+noise hard RT).
(a) Torque measured from CL, EPS 1. (b) Torsional vibration (accelerometers),
EPS 1. (c) Torque measured from CL, EPS 2. (d) Torsional vibration (accelerom-
eters), EPS 2.

IX. STEERING FEEDBACK SUBJECTIVE ASSESSMENT

The objective of the second set of DIL experiments was
to assess algorithms’ performances from drivers’ perspective
and further investigate the effect of the system’s instabilities
on drivers’ steering control. The following section presents the
experimental design and results obtained.

A. Participants

The test group consisted of 8 drivers with an average age
of 32 years (SD=7.36). Drivers were recruited from different
departments responsible for steering development and assess-
ment at Toyota Motor Europe. Among them, two were expert
evaluators. On average participants had a driving license for 13
years (SD=7.56). Professional drivers provide more consistent
evaluation compared to less experienced ones [35], therefore,
the test group was limited to experienced drivers involved in the
EPS development and evaluation.

B. Driving Route

The 4.5 km long driving route used in the ISW study was too
short to allow non-professional drivers to reliably assess con-
trollers’ performance. Therefore, a new 10 km long driving route
was designed for the second DIL experiment. It consisted of 8
sine sections, 6 straight line sections, and 2 high radius corners,
as depicted in Fig. 14(a). The sine sections were characterized

Fig. 14. DIL driving route. (a) Track for the second set of DIL experiments.
(b) Road sine section.

by the amplitudes of the steering wheel corresponding to levels
of lateral acceleration about 1 m/s2 - 2.5 m/s2 and frequencies
of 0.2 Hz - 0.5 Hz, similar to the previous experiment.

In the ISW experiment the driving route was marked with
red cones. However, it was observed that these were difficult
to follow visually and some drivers imprecisely followed the
low frequency sine sections. Therefore, the driving track was
completely redesigned. A new road was created which follows
the shape of the desired driving route which was marked with
a white line on the middle of the road, as shown in Fig. 14(b).
The road width was 10 m on the straight line sections and only
3 m on the sine sections to constrain the driver to follow the
path. An additional vehicle motion disturbance was generated as
step-wise side wind gusts with a wind speed of 70 km/h along the
straight line and corner sections. The aim was to determine with
which of the three algorithms drivers’ steering control is more
stable and participants can better command vehicle’s dynamics
in order to follow the drivers’ route.

C. Experimental Design

Experiments were performed in hard RT with the PBC, the
TBC and the TBC with added noise. The experiment driving
task was to follow as close as possible the driving route at a
nominal speed of 100 km/h with cruise control. The test proce-
dure included pre-driving instructions and a training session to
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accustom the driver to the driving simulator. Specifically, prior
to the start of the experiment drivers were informed that they
must compare three steering feedback control strategies and the
experimental design was explained. Additionally, the driving
route and the subjective questionnaire that participants had to
fill were presented.

In the training session evaluators drove only one lap of the
route without step-wise side wind gusts disturbance and steering
feedback was provided using the PBC.

Subsequently to the training session, participants drove two
consecutive laps of the route, one for each control, i.e. PBC and
TBC, on single blind mode at random order to avoid bias of
results. The type of control was changed online after the end of
the first lap and drivers were explicitly informed of the switch
but without knowledge of the corresponding control method
selection. At the end of the session drivers had a 5-min break and
were asked to complete two evaluation forms, i.e. one for each
type of control, referred as 1 and 2. Following the completion
of the evaluation form, participants drove again two laps of the
route. During one lap steering feedback was provided using the
PBC, while in the other lap TBC with added noise (TBC+noise)
was used, in a randomized order. Evaluators were informed
that they would drive one lap with one of the previous control
approaches and one lap with the new control defined as 3. This
allows the driver to have always a valid reference, i.e. the PBC,
for a more consistent assessment. The participants were asked
to fill the same evaluation form for the second subset.

D. Objective Indicators

In order to evaluate drivers’ performance and effort when
feedback is provided with the three control methods, the follow-
ing objective indicators are used:

MSE: mean steering effort (Nm · deg) as an indicator of
steering effort [36];

SDLC: standard deviation of lateral position (m) from road
centre line as performance indicator [37];

SE: steering entropy [38] to assess driver workload based on
SAE J2944 [39];

SRR: steering wheel reversal rate (per minute) to assess driver
workload based on SAE J2944;

rmsST: root-mean-square of steering torque (Nm) as an indi-
cator of steering effort;

Angle (deg) and Torque hysteresis (Nm): as indicators of
steering friction [40].

E. Subjective Indicators

In addition to the objective indicators, a questionnaire was
developed based on the results found during the pilot study,
steering feel evaluation procedures [41] and internal TME rec-
ommendations aiming to support the objective indicators and
investigate drivers’ feel. The total number of questions was 5
and all were formulated in English. The following questions
were presented on an evaluation sheet on a 7-point scale with
anchors:

Overall effort: how hard did you have to work to accomplish
your level of performance during the line following task? The
anchors are at 1-2 (very low), 3-5 (neither), 6-7 (very high).

The aim is to asses if systems instabilities i.e. torque fluctu-
ations and steering wheel oscillations affect drivers’ perceived
effort when accomplishing the line following task.

Solidity on centre: how solid was your steering behaviour
around on centre? The anchors are at 1-2 (slack), 3-5 (neutral),
6-7 (stuck).

This question is formulated to better understand drivers’
attitude in steering control when feedback is provided with the
three control methods. In particular, if the driver has to provide
extra damping with his own limbs in the sine sections.

Holding precision in large corners: how precise was the
steering wheel holding when driving through the large corners?
The anchors are at 1-2 (inaccurate), 3-5 (normal), 6-7 (very
precise).

Controllers’ performances deteriorate in quasi-static ma-
noeuvres. The objective is to determine which of the three
strategies performs better in these conditions.

Vibrations/Oscillations: how much vibration steering wheel
oscillations you perceived? The anchors are at 1-2 (no vibra-
tions), 3-5 (normal), 6-7 (too much vibration).

This question aims to quantify the amount of perceived
steering wheel vibrations/oscillations i.e. investigate this phe-
nomenon from drivers’ perspective.

Overall steering realism: how realistic was the steering set-
ting? The anchors are at 1-2 (was like a joystick), 3-5 (neither),
6-7 (was realistic).

The objective is to establish which control strategy provides
a more natural feel that resembles the actual vehicle’s steering
performance.

F. Results

Statistical significance of the results was assessed using an
analysis of variance (ANOVA), comparing the three feedback
control methods. A parametric test (ANOVA) was used because
all data was expected to be normally distributed across partic-
ipants. Homoscedasticity was further checked using Bartletts
test. Results were declared statistically significant when the
p-value is lower than 0.05. However, as a robustness check,
all ANOVAs were repeated using the rank-based nonparametric
Kruskal-Wallis test (Appendix B). Moreover, outliers were dis-
carded according to Chauvenets criterion [42]. The mean values
and standard deviation of subjective and objective indicators,
and their statistically significance are reported in Tables I -
IV. Subjective indicators and statistically significant objective
indicators are also plotted using box plots in in Fig. 15 (Appendix
C).

G. Discussion

The second DIL study investigated the potential of the pro-
posed TBC to provide steering feedback in a driving simu-
lator. Its performance was compared to the commonly used
PBC.
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Fig. 15. Box plots subjective & objective data.
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TABLE I
OBJECTIVE DATA OVERALL TRACK

TABLE II
ANGLE HYSTERESIS SINE SECTION

TABLE III
TORQUE HYSTERESIS SINE SECTION

On average participants shared acceptance toward the TBC
with added noise as a method for providing steering feedback
in driving simulators and judged the steering realism with this
method up to 46% more realistic than with the traditional PBC.
They reported a higher level of perceived steering wheel vi-
brations with the TBC with added noise compared to the TBC
due to the synthetic addition of noise. However, this generally
was preferred. All participants reported a spring-like feel when
steering feedback was provided using the PBC and imprecision
in holding the steering wheel in large corners. They claimed to

TABLE IV
SUBJECTIVE DATA

feel a resistance force pulling the steering wheel toward the cen-
tre position. Additionally, they declared difficulty in centring the
steering wheel around a neutral centre and perceived a significant
amount of vibrations at the steering wheel for the PBC. They
judged their steering behaviour up to 30% more stuck with the
PBC compared to the proposed one. Objectively this is reflected
in an increase of angle and torque hysteresis up to 1 deg and 0.27
Nm when steering feedback is provided with the PBC. Moreover,
the participants reported a decrease in the overall effort up to
35.7% with the proposed TBC compared to the traditional PBC.
Statistical insignificance of objective performance for overall
error and effort indicators can be explained by the participants
being able to adapt their steering behaviour and handle the task
at the expense of a higher perceived workload. This realistic
application study showed no difference in performance between
the three steering control loading methods. However, profound
differences were observed in the angle hysteresis, torque hys-
teresis and subjective evaluation. This proves the importance of
steering control loading in studies evaluating handling qualities.

As motivated in the above simulations with the neuromuscular
control model we deem the TBC to better represent the actual
vehicle dynamic response and the subsequent haptic feedback.
Adding noise was proven to further enhance realism, where
instead of the current predefined noise, it could be explored to
simulate physical sources including tyre road interaction.

X. OVERALL CONCLUSION

In conclusion, this investigation has proven that friction mod-
els used in the virtual system strongly affect steering fidelity and
stability in driving simulators. As already reported by previous
literature advanced friction models are required to assure good
matching with experimental data. However, stiff model equa-
tions and computational and hardware limitations lead to drops
in the simulated friction signals, which translate into torque feed-
back fluctuations and steering wheel oscillations. Consequently,
these affect drivers’ feel and could evoke unrealistic behaviour.
As confirmed by subjective evaluations, the proposed torque-
based control strategies reduce steering wheel oscillation and
enhance the steering fidelity in a driving simulator. In particular,
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TABLE V
NMS SYSTEM PARAMETERS

TABLE VI
KRUSKAL-WALLIS TEST - OBJECTIVE DATA OVERALL TRACK

the control approach results in a clear improvement of steering
feedback rendering around pure on-centre compared to position-
based control. We uniquely complemented torque-based control
with a compensator loop to minimize steering angle drift. Future
research focuses on the investigation of the differences between
controllers’ performances during more complex maneuvers with
speed and road friction variation.

APPENDIX A
NEUROMUSCULAR SYSTEM PARAMETERS

The values of the NMS system parameters and their source
are reported in Table V.

APPENDIX B
KRUSKAL-WALLIS TEST - DIL

The Kruskal-Wallis test is a rank-based non-parametric test
commonly used to determine if there are statistically significant
differences between two or more groups of an independent
variable on a dependent variable [43].

TABLE VII
KRUSKAL-WALLIS TEST - ANGLE HYSTERESIS SINE SECTIONS

TABLE VIII
KRUSKAL-WALLIS TEST - TORQUE HYSTERESIS SINE SECTIONS

TABLE IX
KRUSKAL-WALLIS TEST - SUBJECTIVE DATA

Tables VI - IX report the H and p values of the Kruskal-
Wallis test for the objective and subjective indicators of the DiL
experiment.

APPENDIX C
BOX PLOT DIL EXPERIMENT

See Fig. 15.
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