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Development Environment for the
Validation of Steer-by-Wire Systems

Steer-by-wire systems represent a paradigm shift in the development of
steering systems. Although the elimination of a mechanical connection
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opens up new degrees of freedom for design and functional layout, it requires
comprehensive validation of safety, ride comfort, and system integration. With a
specially developed test bench and the virtual full-vehicle simulation CarMaker,
IPG Automotive offers a test system that holistically addresses these challenges.

I The introduction of Steer-by-Wire
(SbW) systems marks a fundamental
technology leap in vehicle development.
Unlike conventional steering systems
with a rigid mechanical connection in
the form of a steering column between
the steering wheel and the wheels, as
well as a fixed steering ratio, SbW sys-
tems open up completely new prospects.
This particularly applies to the target-

42

edtuning of steering feel and steer-

ing effort, lateral vehicle dynamics, and
for automated driving [1, 2]. In addition,
they enable innovative control concepts
and driver interfaces, for instance, in
the form of joysticks or alternative input
devices [3]. However, this technological
freedom entails growing requirements
for safety, reliability, and authenticity
of steering feel as well.

To enable appropriate calibration and
validation of these SbW systems, an inno-
vative test bench concept has been devel-
oped. It merges the core elements of SbW
technology - Electronic Control Units
(ECUs), software and control functions,
signal transmission, as well as sensors
and actuators - in an integrated develop-
ment and test environment and makes
them available for system validation.
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BASIC TECHNICAL CONCEPT

In an SbW system, the mechanical con-
nection is replaced by sensors, ECU algo-
rithms, and electrical actuators [1]. This
enables targeted adjustment of the steer-
ing responses to different driving situa-
tions, such as reduced steering effort
while parking, greater precision at high
velocities, or targeted damping of exter-
nal disturbances on the steering system.
Two architectures are typically used for
this purpose, FIGURE 1. The first architec-
ture still uses a steering rack, which is
controlled via a central actuator with a
related ECU - henceforth referred to as
power pack. The second architecture uses
wheel-individual power packs connected
to the wheels via a transmission and a
tie rod. Both architectures have various
advantages and disadvantages that will
not be explained in greater detail in this
article [1, 4].

A specially developed test bench is
used to enable testing of SbW systems
under realistic conditions in a laboratory.
It links the major control elements of
the SbW system - the physical power
packs including signal transmission -
with simulation models representing
further components such as the steer-
ing rack and the steering wheel and
(if necessary) the total vehicle’s behav-
ior in a virtual environment.

The composition of the test bench var-
ies, depending on the SbW configuration,
but the core principle remains identical.
Core components of the SbW test bench
are torque actuators (servo motors) con-
nected to the power packs of the physi-
cal SbW system with torque sensors in
between. This applies to both the compo-
sition on the side of the steering wheel/
driver and the part on the side of the
wheel and tire. The number of power
packs may vary depending on the archi-
tecture, enabling individually wheel-con-
trolled front and rear steering as well [1].
The test bench actuators can be operated
based on command signals or act as the
interface to the virtual environment.

A central test bench computer (Xpack
Real-time System from IPG Automotive
as an Hardware-in-the-Loop (HiL) sys-
tem) controls the actuators on the test
bench side, processes the measured data,
handles the bus communication with the
SbW system and the test bench hard-
ware, and performs the full-vehicle sim-
ulation including real-time synchroniza-
tion, FIGURE 2.

While the test bench realistically sim-
ulates individual steering components
the full benefit only develops in its link-
ing with a full-vehicle simulation envi-
ronment such as CarMaker [5]. In that
way, system tests and system analyses
can be integrated in highly complex,

FIGURE 1 Examples of architecture and operating principle — conventional steering (left)
compared to the two SbW systems central power pack (center) and wheel-individual
power pack (right) (EPS = Electric Power Steering; ECU = Electronic Control Unit)
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DEVELOPMENT CHASSIS
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FIGURE 2 Concept of the SBW-in-the-Loop test system (© IPG Automotive GmbH)

realistic driving situations and interac-
tions with all relevant subsystems can
be considered.

EVENT CHAIN, CONTROL,
AND TESTING POTENTIAL

Using a SbW configuration with three
power packs and a central steering rack
as an example, the event chain in the
interaction with the simulation environ-
ment is explained. The test bench can be
actuated in two ways: either by a speci-
fied steering angle (steer-by-angle) or a
steering torque (steer-by-torque). A vir-
tual driver assumes control. The physi-
cal properties of the steering wheel and
steering column, such as inertia, damp-
ing, and friction, are simulated, result-
ing in a test bench actuation that excites
the physical power pack with torque or
a rotational angle. The power pack pro-
vides a steering response torque de-
pending on the simulated vehicle
response and the SbW functional logic.
A torque sensor captures the resulting
torque that is fed back to the test bench
control system.

The ECUs of the SbW system com-
municate with each other: The power
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pack on the steering wheel side trans-
mits a response signal to the power
packs on the steering rack. In a physi-
cal vehicle they would subsequently
generate a torque acting on the steer-
ing rack via the steering gear, thus
moving the wheels.

From the power packs onward, the
entire further event chain - including
the steering gear, steering rack, wheel
suspension, tires, and the full-vehicle
response - is virtually represented on
the test bench. In the simulation, the
torques measured on the test bench
between the test bench actuators on
the side of the steering rack and the
power packs are converted via a vir-
tual steering gear into forces acting
on the simulated steering rack.

Simulation models considering the
relevant forces and torques are used
to calculate the motion of the steering
rack. They take into account mass and
inertia effects, friction and damp-
ing models, and restoring forces and
torques from the tire and the overall
vehicle behavior. This results in steer-
ing rack acceleration, speed, and posi-
tion that are fed back in real time to
the test bench control system. The test

bench actuators on the steering rack
side subsequently adjust the resulting
angle at the power pack by taking the
virtual steering gear into account. This
creates realistic feedback to the SbW
system with a closed control loop and
a consistent effect chain.

As a result, this approach enables test-
ing and validation of the SbW system on
the full-vehicle level under realistic con-
ditions, with all relevant interactions
between the driver, steering system,
wheel suspension, tires, and the vehicle
behavior being retained. In that way,
comfort, dynamics, and safety can sys-
tematically be optimized in early devel-
opment stages, the SbW software and
signal transmission be comprehensively
validated, and various vehicle and steer-
ing configurations be flexibly tested.

For simpler tests such as plausibility
checks or basic functionality tests, the
test bench actuators can be operated
individually and signal-based. In addi-
tion, using a fail-safe tester, selected
actuators, sensors, or internal data lines,
can systematically be physically sepa-
rated. This makes it possible to simulate
various operating conditions, failure
modes, and failure scenarios, and to
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evaluate the behavior of the SbW system
in an automated way. Consequently, the
test bench concept shown enables reli-
able verification and validation of the
demanding requirements to be met by
modern steering system architectures.

APPLICATIONS AND POSSIBLE
USE CASES

A relevant customer scenario illus-
trates the high-level requirements to
be met by SbW systems: Because there
is no mechanical connection between
the steering wheel and the steering rack
and the steered road wheels, respec-
tively, a suitable system initialization
and synchronization of the power packs
is necessary in terms of the vehicle’s
startup behavior. In the test, the SbW
system’s behavior is investigated during
the starting phase after the driver turned
the steering wheel while the vehicle was
shut down.

A related acceptance test could look
like this: After the vehicle has been

parked, the position of the steering
wheel is changed. When the start but-
ton is pushed again the system must
ensure that the positions of the steering
wheel and the steering rack match
again. To do so, the power pack on the
steering wheel side turns the steering
wheel back into the correct position
before control is handed over to the
driver. On the test bench, this behavior
can be tested and validated in an auto-
mated and reproducible process. FIGURE 3
shows the possible progression of time
in such a test.

In accordance with the scenario,
after the simulated vehicle has been
deactivated, the test bench actuator
sets three steering wheel angles
(20°, 80°, 160°). After about 12 s, the
vehicle is activated again. As part of
the startup behavior, the SbW system
provides a suitable torque. The mea-
sured torques and steering wheel angles
show that the power pack returns the
steering wheel to the center position
without intervention by the test bench

actuator while the steering rack
retains its position. Because the
SbW system shows the expected be-
havior, all three tests were passed
successfully.

Additionally, extended situations can
be investigated that may occur in real-
world use or in the case of operating
errors - for instance, if the driver inter-
venes during the synchronization pro-
cess. The large number of possible com-
binations and variants, even during
seemingly simple processes such as
the startup behavior, illustrates the
increasing testing requirements for
SbW systems.

Aside from specific validation
scenarios, classic driving maneuvers
(open- and closed-loop) to evaluate
steering behavior and vehicle character-
istics [1, 6, 7] can be performed on the
SbW test bench. By way of example and
based on a non-validated example
model, FIGURE 4 shows the open-loop
maneuver “sine with dwell” according
to ISO 19365 (but only up to a maxi-
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FIGURE 3 Startup behavior of an SbW system for the steering wheel angle (a) and the steering wheel torque (b) in comparison to a rigid mechanical connection;
in the left section, the human driver steers the vehicle (up until approximately second 7), on the right, the SbW system is in control (© IPG Automotive GmbH)
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FIGURE 4 Sine-with-dwell test according to ISO 19365, plotted for steering wheel angle (a), steering wheel torque (b), and lateral acceleration (c) (© IPG Automotive GmbH)

mum lateral acceleration of approxi-
mately 3 m/s? in order to stay in the lin-
ear lateral dynamics operation range) in
which the virtual driver executes de-
fined steering wheel angle inputs. These
ones are adjusted via the test bench
actuator on the steering wheel side.
FIGURE 4 (a) shows the steering wheel
angle and the resulting, simulated steer-
ing rack position. FIGURE 4 (b) demon-
strates the steering wheel torque applied
by the driver and the forces acting on the
virtual steering rack while FIGURE 4 (c)
shows the associated, relevant vehicle
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responses in the vehicle’s center of
gravity. The example illustrates how
the system’s behavior can be transpar-
ently analyzed on the test bench under
variable boundary conditions - from
individual parameters or frictional
effects up to the interaction on full
vehicle level.

Moreover, with the help of the
CarMaker simulation environment,
closed-loop maneuvers such as double
lane changes according to the ISO 3888-1
standard can also be tested by a virtual
driver model in a virtual environment.

FIGURE § (a) to (c) shows an exemplary
result; the representation of the variables
corresponds to FIGURE 4.

SUMMARY

The close integration between the steer-
by-wire test bench and the CarMaker
full-vehicle simulation environment from
IPG Automotive results in a powerful
tool for development and validation. The
solution combines reproducible test
bench conditions with realistic driving
scenarios and thus accelerates the vali-
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FIGURE 5 Double lane change test according to ISO 3888-1 (© IPG Automotive GmbH)

dation process of new steering systems.
Software, ECUs, sensors, and actuators
of an SbW system can be tested early,
efficiently, and realistically on a full
vehicle level. For instance, in combina-
tion with holistic test strategies, unit,
integration, fail-safe, as well as initial
system and acceptance tests can be run
in scalable and continuous operation,
without requiring full hardware or a
physical vehicle.

For the development and valida-
tion of SbW systems, this results in
benefits such as higher efficiency,
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enhanced safety, and the possibil-
ity to fully exploit the potential of
software-defined steering systems.
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