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ABSTRACT

Hardware-in-the-loop (HIL) test benches are indispensa-
ble for the development of modern vehicle dynamics
controllers (VDCs). They can be regarded as a standard
methodology today, because of the extremely safety-
critical nature of the multi-sensor and multi-actuator sys-
tems used in vehicle dynamics control. The required high
quality standards can only be ensured by systematic test-
ing within a virtual HIL environment before going into a
real car.

This paper aims to provide a condensed technical over-
view of state-of-the-art HIL test systems for VDCs, which
are currently widely used in passenger cars, in the form
of ABS and TCS, as well as ESP, or integrated chassis
control, which is just coming onto the market. First, a
short introduction to the basic functionality of these types
of ECUs is given, and the reasons why HIL testing is
necessary and especially useful for VDCs are discussed.
Since most of the dominant suppliers of VDC systems
like Bosch, TRW, and Continental Teves, have the same
principle system architecture, the closed loop HIL system
(including I/O interfaces, signal conditioning, real-time
models, user Interface, and test automation) can be
generalized. However, there is still a possibility depend-
ing on the module being tested that one must include
module specific resources to the setup.

A more detailed description of the currently used sensor
signals for steering wheel position, lateral/longitudinal
acceleration, yaw rate, wheel-speeds (active/passive/ in-
telligent) and the hydraulic pressure sensors (inter-
nal/external) is presented. For the synthetic simulation of
these signals within a simulator setup, it is also neces-
sary to take into account the diagnostic functions of the
ECU, for example to properly simulate the self-adjusting
procedures for some of these sensors.

Controlling brake forces at each wheel is the main task
of such a system and it is normally performed by hy-
draulic valves actuated by solenoids. Since these de-
vices are enclosed within the housing of the ECU itself, a
special device, called a valve signal detection unit (VSD),
is used to measure the valve actuation.
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In order to close the loop, a model of the complete vehi-
cle is required to provide consistent and precise sensor
signals as a response to the current actuator and (simu-
lated) driver input signals. Some parts of the model will
be explained in more detail to show how it is possible to
overcome the partly numerically stiff behavior of the gov-
erning equations and to emphasize their importance
within test scenarios and standard test maneuvers.

In the last section of the paper, an example of the inter-
activity of systems like ESP, EPB (electrical parking
brake), and ACC (automatic cruise control) will show
how demanding today’s chassis controls are and how
HIL technology copes with these challenges.

INTRODUCTION

The history of hardware-in-the-loop (HIL) simulation in
automotive engineering goes back to the 1980s. To be-
gin with, HIL was widely used for testing individual com-
ponents (e.g., new actuators for active suspensions),
mainly in universities and research or advanced engi-
neering departments. In the 1990s, an increasing num-
ber of electronic control units (ECUs) began to be in-
stalled in vehicles, and there was greater emphasis on
testing these ECUs. The ECU itself was now the object
under test. HIL test systems were increasingly used not
only in advanced engineering and control design, but
also in production development, where they gradually re-
placed the open-loop or stimulus simulators that were
still prevalent at the time. The main focus of these black
box tests was on function verification, and on testing self-
diagnostics and hardware, to support production-level
verification by automated regression tests. The number
of ECUs in vehicles as well as their networks continued
to rise throughout the 1990s. The breadboards that were
used to test the ECUs proved to be inadequate to test
these networks leading to an increase in the quality as-
surance problems. As a result, the breadboards were in-
creasingly replaced by laboratory vehicles (= networked
HIL systems connected to networked ECUs [1], [2]) al-
lowing automated testing of the complete ECU network
including ECU variants. The result was a considerable
improvement in quality with regard to distributed func-
tions and inter-ECU communication.



The introduction of anti-lock braking systems (ABS) in
production vehicles in 1979 by DaimlerChrysler made it
possible to prevent the wheels from locking during brak-
ing maneuvers. This not only ensured that the vehicle
remained steerable, it also allowed optimum utilization of
the friction coefficient between the tires and the road sur-
face, thereby reducing braking distances. The essential
function of the ABS ECU is to use wheel speed to detect
when the maximum static friction has been exceeded
and if necessary reduce brake pressure at the wheel
brake cylinders via magnetic valves to prevent the
wheels from locking. The first HIL test systems for ABS
ECUs were built at the end of the 1980s [3]. As these
first ABS systems were optimized and HIL technology
continued to develop, the mid-1990s saw a whole series
of publications on the subject [4], [5], [6], [7]. Among
other things, these illustrate how the spread of HIL was
supported by increased processor performance, and also
by special HIL hardware for 1/O (e.g., fast wheel speed
signal generation).

With a pure ABS system, the driver is largely dependent
on steering to prevent under- or oversteering of the vehi-
cle in a p-split braking maneuver (in which the left and
right vehicle sides have different friction coefficients).
The obvious next step was to try to actively superimpose
a stabilizing yaw torque on the vehicle by applying sepa-
rate brake pressures to each wheel. In the mid-1990s,
the first VDC/ESP (Vehicle Dynamics Control, Electronic
Stability Program) systems were installed in production
vehicles (DaimlerChrysler, March 1995). One of the
early HIL systems for testing ESP ECUs at Audi [8] was
based on a multiprocessor system with 5 DSP proces-
sors that computed the models for the powertrain,
front/rear suspension, and front/rear wheels separately.
The brake hydraulics were integrated as a real system
with a pedal actuator, among other reasons because the
processing power for computing brake hydraulics in real
time was not available at that time.

Progress from the original ABS to ESP with integrated
TCS (traction control system) and BAS (brake assistant
system) presented HIL simulation with new challenges
with regard to the sensors, actuators, and models.

ESP generally involves yaw rate and side slip angle
controls that complemented one another. The VDC
system achieves this by computing the reference values
for the yaw rate and side slip angle via a single-track
model with a simple tire model, whose inputs consist of
the engine torque (from the engine management via
CAN) or the vehicle speed, the brake pressure (pressure
sensor in the hydraulics), and the steering angle (CAN
node). A Kalman filter (estimator) can be used to
determine the actual values for the yaw rate and the
side-slip angle by means of a simple two-track model if
the yaw rate and lateral acceleration are also additionally
captured. A PID controller uses these values to compute
a stabilizing yaw torque that is implemented by the
underlaid wheel slip controller (Fig. 1).
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Figure 1: Functional architecture of VDC systems [9], [10].
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The specific sensors and actuators commonly used for
vehicle dynamics control, and the associated interfaces
for HIL simulation, are described in greater detail in the
section below.

The following section gives an outline of the necessary
simulation models and appropriate modeling tools. Im-
plementation aspects of real-time simulation are dis-
cussed, with some numerically critical submodels as ex-
amples.

The Applications chapter describes the design concept
and hardware structure of current VDC HIL systems for a
single ECU and for an ECU network. Additionally, HIL
systems for EPAS and ACC systems are introduced in
more detail. The final chapter discusses future chal-
lenges to HIL simulation by presenting current develop-
ment trends in vehicle dynamics control (integrated
chassis control, ICC).

I/0 INTERFACES OF VDC SYSTEMS

The sensor and actuator signals that are typical of vehi-
cle dynamics control system are shown in Fig. 2:

Inputs: Sensors

Outputs: Actuators
VDC Off Switch
VDC Indicator Lamp
Brake Light Switch (in Instrument Cluster)
Brake Pedal Switch
Hydraulic Aggregat:
Wheel Speed FL
12 valves * 4 Inlet Valves
Wheel Speed FR * 4 Outlet Valves
* 2 Pre-charge Valves
VDC * 2 Change-over Valves
Wheel Speed RR Controller
Return Pump Motor
Sensor Cluster:
Lateral Accel.
Yaw Rate
(Longit. Accel.) Brake Booster Coil
LR S —— :
Add. Pressure Sensor(s) (FL. FR, AL, RR)
v
Steering Angle Sensor Engine Trans- Navi- Other
T mission gation
H «+| ECUs
: System

CAN Bus |

Figure 2: Overview of the sensors and actuators of a VDC system.



SENSORS

Vehicle dynamics control systems are extremely safety-
critical components, so monitoring their sensors has high
priority, from the point of view of both the electrical inter-
face (current interface instead of voltage interface) and
the signal interface (plausibility check using auxiliary
variables). The most important sensor types are de-
scribed below.

Steering Angle Sensor:

The steering angle is generally measured at the steering
column and transmitted to the VDC system via the pow-
ertrain CAN bus. An alternative is to use encoder-type
sensors, having two signals with a 90° phase shift (to de-
tect the direction of rotation) directly connected to the
VDC. To make the signal plausible, the steering angle
sensor is given the necessary information during initiali-
zation. Zero position (= straight ahead) is when all 4
wheel speed sensors measure the same speed (within
narrow confines). In addition, the steering angle sensor
and the VDC module in each vehicle have to be made
known to each other via a diagnostic device. This is done
at the end of vehicle production, or later in a garage, e.g.,
when one of the two components has been replaced.

In HIL simulation, the steering wheel angle is determined
in the driver model or in maneuver control. The sensor is
simulated by generating either the appropriate CAN
messages (CAN sensor) or a suitable encoder signal
(e.g., by means of a fast signal processor, slave DSP).

Sensor Cluster:

To capture the lateral acceleration and yaw rate, sensor
clusters are used. These are micro-mechanical devices
that are usually located in the middle of the vehicle, close
to the center of gravity. The variables that are captured,
together with the wheel speeds, enable the VDC system
to determine the actual movement of the vehicle (e.g.,
wheel-slip and side-slip angle). The vehicle’s actual lon-
gitudinal speed is computed from the speed of the drive-
less wheels. As this is not possible with all-wheel-drive
vehicles, the sensor cluster in these includes a sensor
for longitudinal acceleration. The sensor cluster is con-
nected to the VDC module either via a private CAN bus
or via discrete lines. In either case, extensive initialization
sequences are performed before the VDC system starts
running. In some systems, these sequences can be re-
peatedly initiated by the VDC module, even while it is
running. For plausibility checks, values such as the ratio
of yaw rate and steering angle are used (when the vehi-
cle moves slowly in a circle, a constant ratio emerges) as
a reference. If the sensor cluster is a real component in
the HIL system, correct positioning is essential, as oth-
erwise gravitational acceleration is interpreted as con-
stant lateral or longitudinal acceleration.

The variables longitudinal and lateral acceleration, as
well as the yaw rate, are determined in the vehicle dy-
namics model, and must be fed to the VDC module in a
suitable form. A sensor cluster with discrete signals can

be simulated relatively simple via appropriate analog
outputs. Far more work is needed for the CAN version.
Via a private CAN bus, the VDC module starts an initiali-
zation process (initialization protocol, often proprietary for
security reasons), to which the sensor cluster must react.
A possible solution in HIL systems is to establish com-
munication between the real VDC module and the real
sensor cluster via the simulator, using a CAN gateway.
The simulator reads in the initialization messages on a
CAN channel, and outputs the data bytes directly and
unchanged on a second CAN channel. In contrast, in
normal operation the CAN messages from the sensor
cluster are manipulated by insertion of the simulated
variables longitudinal and lateral acceleration and yaw
rate before being passed on to the VDC module. Fig. 3
shows the basic principle, and Fig. 4 an excerpt from the
model.
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Figure 3: Sensor cluster gateway.
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Figure 4: Sensor cluster gateway model for the manipulation of
the cluster messages.

Brake Pressure Sensor:

The hydraulics aggregates have internal and/or external
brake pressure sensors. However, both the pressure in
the main brake cylinder and the brake pressures in the
individual brake circuits are important measurement
variables for the VDC system, so after the system is
switched on, extensive initialization procedures are per-
formed (again initiated by the VDC module), in which the
sensor reports values that are intentionally outside the



valid range several times in succession (out-of-range
check) or that have a specified time behavior. Some
VDC systems additionally have combined sensors that
alternately transmit the brake pressure and the mem-
brane temperature (multiplex signals). The brake pres-
sures are computed in the brake hydraulics model and
generated via analog outputs of the simulator. If the VDC
module has internal pressure sensors, the valve flow
capture has to be suitably prepared to stimulate them
(see Fig. 7, Valve signal detection unit).

Wheel Speed Sensors:

In VDC applications passive, active and active intelligent
wheel speed sensors can be distinguished. Passive sen-
sor of variable reluctance type just generate a sinusoidal
voltage signal and have been now replaced more and
more by active sensors with a current interface (7/14 mA
or 7/14/28 mA) which are less sensitive to signal noise
and disturbances. Both sensor types generate a signal
where the frequency is proportional to the wheel speed.
One current development is active, intelligent wheel
speed sensors, for example, based on the Infineon
TLE4942 Hall IC (Bosch ESP). Sensors from Continental
Teves function in a similar way (Fig. 5).

28mA ---

Wheel speed information

14mA ---f-}-

7 mA
Bits 0..8: Additional information:
air gap reserve, assembly position, direction of rotation

North North

Pole I/ /I Pole

Figure 5: Protocol example of active intelligent wheel speed sen-
sors.
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These sensors have their own extensive diagnostics.
The wheel speed data (frequency) is encoded in the 28-
mA pulses, and the 7-mA and 14-mA pulses are used to
transmit additional data by means of Manchester encod-
ing. The additional data includes the air gap reserve, the
assembly position, and the direction of rotation.

The wheel speed values for the individual signals for the
sensor simulation are calculated in the wheel model. For
the protocol for the active wheel speed sensors a slave
processor running with a signal sample rate of approxi-
mately 4-6 us is applied. This sample rate is required to
achieve a good speed resolution even at high speeds of
more than 300 km/h.

Additional inputs to the VDC module include the VDC off
button, which can be used to switch off the ESP, brake
light and brake pedal switches, and coding pins that can
be used for hardware coding of the vehicle configuration
(engine, transmission, etc.) in the wiring harness of the
VDC module.

ACTUATORS

The actuators of a VDC system consist of the solenoids
for controlling the valves of the two brake circuits and the
return pump. Fig. 6 shows a hydraulics aggregate with
the ECU and the solenoids (left), and the hydraulics
block with the return pump. Another actuator is the brake
booster coil, which is located in the brake booster.

Pressure Sensor Return Pump

Connection \ ‘%Cnnnector
~

Sl

Solenoids Valves Return Pump

Figure 6: Hydraulic aggregate of an ESP system with solenoids,
valves, and return pump.

Valve System

Today’s VDC systems are implemented as hybrid tech-
nology in an integrated ECU, that is, the actual controller,
the power stages and the valve coils are integrated in a
plastic enclosure and mounted directly on the brake hy-
draulics block (Fig. 6). Similar configuration can be found
also in transmission ECUs [11]. The problem for HIL
simulation is that the electric control signal of the actua-
tors (valves) cannot be captured directly. Instead, the so-
lenoid current or the resultant magnetic field is deter-
mined by means of a valve signal detection unit (VSD)
based on continuous Hall sensors.

Fig. 7 shows a VSD unit for two different ECUs. The
metal pins shown contain the Hall sensors, whose output
signals are amplified by signal conditioning inside the
VSD enclosure. The VSD unit passes the captured sole-
noid signals on to the HIL simulator, where they are used
as inputs for the brake hydraulics model. Fig. 7 also
shows the spring pins used as contacts for the integrated
brake pressure sensors, at top right.

Earlier valve systems basically used only switching
valves, but today continuous valves are also used. This
means that it is generally no longer sufficient to simply
detect on and off states. Instead, the solenoid current (or
the magnetic field) must be measured precisely by the
Hall sensors, which requires good alignment of the mag-
netic field with the Hall sensor.
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Figure 7: Valve signal detection (VSD) unit for two different VDCs
(Bosch ESP8 and Bosch ABS8).

Return Pump

The return pump (see Fig. 6, right) is controlled directly
by the VDC module. It ensures the necessary brake
pressure in the event that the driver does not use the
brake pedal (VDC intervention). The pump motor is
specified for currents of up to 80 A, and the brief period
of shutdown delay (in the ms range) for which the motor
continues running when the ECU is switched off is used
to diagnose defective pumps. Thus, for use in the HIL
system, either a real pump motor can be installed, or al-
ternatively, a substitute circuit (RC circuit) on the simula-
tor's load boards, which has the same mechanical time
constant as the real motor.

Brake Booster

Brake assist functionality requires high brake pressures
to be reached fast, e.g., for panic braking, even if the
driver does not apply much force on the pedal. Panic
braking situations are detected via a fast pressure rise in
the main brake cylinder or via a membrane position sen-
sor in the brake booster. In this case, the VDC module
actuates a booster coil to raise the brake pressure up to
the limit of transferable brake torque. For HIL simulation,
it is usually sufficient to “simulate” the solenoid by means
of a resistance and to read in the booster control signal
digitally as an input to the brake booster model.

Additional outputs of the VDC module include the VDC
indicator, which tells the driver that active intervention is
occurring or that the VDC is deactivated, and the four
wheel speeds that are used, among other things, for in-
terpolation of the GPS data by the navigation system
(e.g., in tunnels).

CAN COMMUNICATION

In addition to actuators and sensors, the VDC system
also needs to communicate with other ECUs in order to
function properly. It mainly has to interact with the engine
and transmission ECUs. Fig. 8 shows the most important
data that is typically exchanged via the CAN bus.

VDC receives:

vDC * real“ engine torque

Controller (incl. all external commands)
* engine torque based on throttle position
« driver torque command
* pedal or throttle position

. * selected gear
Engine * gear shift information
Controller

VDC sends:
¢ fast torque reduction“ command
(by ignition angle, throttle, and injection)
* slow torque reduction“ command
(only by throttle)
* engine torque increase command
* gear shift command

Powertrain |CAN bus

Transmission
Controller

Figure 8: CAN communication of VDC with other ECUs [12].

For HIL simulation, this means that the behavior of the
engine and transmission ECUs on the CAN bus has to
be simulated (restbus simulation). In one direction, there
has to be a suitable reaction to messages from the VDC
module (e.g., with regard to torque reduction, see the
chapter on Simplified ECU Software Models), and in the
other, the engine and transmission messages have to be
returned correctly to the VDC module (with regard to
torque and gear shifts).

VEHICLE MODELING

MODEL COMPONENTS, TOOLS, AND REAL-TIME
SIMULATION

As already described above, the models for HIL simula-
tion have a particularly important role to play, as they
have to represent the dynamics of a vehicle precise
enough to close the control loops to the real ECU. To put
it more precisely, all the sensor signals detailed above
have to be computed consistently and in the correct
physical relation to the corresponding actuator signals.

The basic model components are outlined briefly below.
Implementation variants, the importance of submodels
for the testing of ECUs, and modeling tools are also de-
scribed in individual cases.

Powertrain Model

To test VDC systems, a simple look-up table based
combustion engine with downstream elastic powertrain,
including clutch, Trilok torque converter, manual or
automatic transmission, differential transmission, and
elastic drive shafts is needed. This powertrain must be
configurable for different variants, e.g., for rear, front, or
all-wheel drive (Fig. 9).
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Figure 9: Powertrain model.

Vehicle Body Dynamics Model

Typically, the dynamics of a vehicle is described as a
multi-body system which yields a set of differential equa-
tions of 2™ order. For a simplified approach the neces-
sary physical abstraction with 10 degrees of freedom
(DoFs), 6 for the body translation/rotation and 4 for the
wheels, is shown in Fig. 10.

Although multi-body simulation tools with C code export
are available (e.g., SimPack [13]), the multi-body
simulation codes/equations that are currently used are
still mainly derived manually, or only partly automatically
generated and then optimized for real-time processing.
One reason is that there is often insufficient support for
selecting suitable coordinate systems for flexible integra-
tion of different axle kinematics into the simulation code
of the vehicle dynamics. Another more important reason
why these modeling tools are not more widely used in
HIL is probably inadequate code efficiency, i.e., process-
ing times are too high.
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Figure 10: Body dynamics model.

End users of HIL systems are primarily concerned with
testing an ECU. Thus, the user normally wants to apply a
suitable real-time-capable model directly to achieve this

objective instead of the prior (and possibly time-
consuming) use of a modeling tool.

As HIL test technology becomes more widespread in the
field of model-based design, e. g., in advanced engineer-
ing departments, modeling tools for HIL simulation are
likely to grow in importance. Especially since the compo-
nents being modeled in these areas are new mecha-
tronic systems, and they are generally not available on
the market as off-the-shelf models.

Axle Dynamics/Kinematics Model

Axles can be computed in real time either kinematically,
using their geometric design data, or by tables. Axles
based on geometry (e.g., rear axle semi-trailing arm,
McPherson strut, four-bar axle) are more complex to
model, but have the advantage of being easier to pa-
rameterize once all the design data is available. As this is
frequently not the case, axles are nowadays often
mapped as tables, which represent the toe-in, camber,
and caster angles, and the position of the wheel hub as a
function of the wheel lift, and additionally for steered ax-
les, as a function of steering rod displacement. The table
data is either captured at an axle test bench or computed
by kinematics simulation (e.g., with MSC.Adams [14]).
This kinematics simulation is used more frequently, since
process integration or the automation of axle test
benches are often insufficient. For example, typically
steering angle effects can not be taken into account.

Tire Models

The tire model is extremely important to VDC interaction,
as it describes all the governing forces and torques be-
tween the vehicle and the road surface according to the
current wheel load. Finally, exactly these forces and
torques are the control objectives of the VDC system.

Figure 11: Easy-to-use tire model [15].

Some common tire models are the Easy-to-use Tire
Model ([15], [16]) and the Magic Formula or Delft-Tire
Model [17]. The latter is no doubt the most widely used,
and all major tire manufacturers supply data sets for it.
Both tire models include delayed, coupled longitudinal
and lateral forces, self-aligning and bore torques. E. g.
Fig. 11 shows the mutual dependencies of the longitudi-
nal and the lateral forces within the Easy-to-use model.



Real-time implementation of these models is possible,
but requires some effort, especially for starting from
stand still, braking to stand still, and standing on an in-
clined road surface. Another aspect is the computation of
the contact point or contact area, i.e., the interaction be-
tween the road surface and the tire. This topic will not be
described in further detail here.

Steering Model

A model of the steering system is also indispensable for
testing VDC systems. The model should take interven-
tions by electric power-assisted steering (EPAS) into ac-
count. As the steering system is generally not the object
under test, power-assisted steering can often be imple-
mented by superimposing a speed-dependent steering
force.

Brake Hydraulics Model

Unlike pure ABS systems, realistic testing of a VDC sys-
tem requires a model of the brake hydraulics, as the sys-
tem has to supply essential sensor variables (e.g., hy-
draulic pressure) in accordance with the control of the re-
turn pump, the pre-charge pump, and the solenoid
valves (usually 12). It is mostly implemented by simple
variable orifices (e.g., valves), which are coupled via hy-
draulic accumulators (e.g., wheel brake cylinders, damp-
ing chambers). An ESP 5.7 (see Fig. 12) from Bosch can
be represented by five coupled, nonlinear differential
equations of 1st-order, for each brake circuit. Effects
such as hydraulic inductivity or cavitation are mostly ig-
nored in HIL simulation.

If the structure of the hydraulic system changes fre-
quently, or new types of hydraulic systems with as yet
unknown modeling depths need to be examined, special

modeling tools can be useful. Tools such as AMESIm
[18] and DSHplus [19] allow hydraulic systems to be
modeled at component level and C-code for real-time
simulation, e.g., in the form of a Simulink S-function, to
be exported.

The particular effects that have to be included are on-off-
controlled and continuously controlled valves in current
use and valves with orifices with variable flow areas
(change-over or pre-charge valve). These valves are of-
ten not available in common hydraulics libraries. Sub-
models for the shutdown delay of the return pump, which
is used for VDC self-diagnostics, must be included also.

The brake hydraulics and the vehicle are coupled via the
brake force at the wheels. As it interacts with the rest of
the vehicle, the hydraulic system must be regarded as a
stiff subsystem, whose numeric integration will be de-
scribed in greater detail below.

As already mentioned in the introduction, when more de-
tailed tests are required (e.g., when HIL is used for func-
tion development), it makes sense, and is quite usual, to
construct a complete real brake hydraulic system.

This can then be operated in an environmental chamber,
for flexible studies on temperature effects, which cannot
yet be simulated with a reasonable effort.

The core model parts described so far can be con-
structed reasonably easily from submodel libraries avail-
able on the market (e. g. [20]). However, this is usually
not sufficient for HIL simulation. To make the models re-
alistic enough for the required maneuvers, additional
items are needed: a driver model, a road model, and a
maneuver control.
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Driver Model

The driver model comprises a cycle driver (model-based
controller) which is able to follow a specified speed pro-
file, and a lateral controller, which guides the vehicle on
the road via steering intervention. Optimum longitudinal
speed adaptation also uses a road preview to ensure
that lateral acceleration on the road stays within the per-
mitted range. Some typical solution approaches to lateral
control can be found in [21], [22], [28], [24], [25], [26],
[27], [28], [29], and [30].

Cognitive driver models [31], [32] play only a minor role
in actual HIL testing today. Driver models that optimize
lap times in racing applications [33], or that map aggres-
sive, sporty, or economical driver behavior in order to
test adaptive transmission controls, could grow in impor-
tance in the future. New areas of applications will result
in further challenges for driver models, e. g. for the test
of Automatic Cruise Control (ACC) systems which re-
quire traffic flow simulation.

Road Description

Road models compute the longitudinal, lateral, and verti-
cal profile of the road as inputs for the vehicle model and
the driver. The interfaces between these submodels
must be optimally adjusted to one another. The (horizon-
tal) road profile is usually represented by straight, circu-
lar, clothoid, and spline segments. Each segment has
friction coefficients, for example, and other surface prop-
erties (e.g. cross-groove profile and similar), which need
to be entered conveniently via a graphical user interface
[16]. Real time capable animation of the vehicle, road,
and environment has also been a part of vehicle dynam-
ics simulation in HIL for some years [34]. One important
feature of good tool integration is therefore a road mod-
ule that can generate a VRML representation of the road
to avoid unnecessary manual work.

Data captured via GPS systems for specific test or racing
tracks, or mountain passes, is also used for simulation,
as an alternative to the road descriptions mentioned
above.

Maneuver Control

Maneuver control basically comprises controls for the
gas pedal, brakes, gear lever, and steering. Time histo-
ries captured in a vehicle are often fed in as stimuli to
simulate test drives. Alternatively, it is usually possible to
define these variables segment-wise over the time or
over the traveled route. A distinction is usually made be-
tween longitudinal control (accelerate to 100 km/h at
70 % gas pedal, then brake with 60 % of the max. brake
force, etc.) and lateral control (follow the road for 200 m
or change the steering angle over time according to a
specified steering angle table). Many experiments also
require external or internal events to be included in the
maneuver definition, e.g.: initiate braking if a specific
speed or maximum lateral acceleration is reached, or if a
specific CAN signal is sent by the ECU. Like the road
description, consistency of these complex maneuver

controls can be ensured only by a suitable graphical user
interface.

Fig. 13 depicts the overall structure of a vehicle dynam-
ics model with the needed components and their essen-
tial dependencies.
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Figure 13: Vehicle dynamics model structure.

Simplified ECU Software Models

The last model components required are simplified mod-
els of ECUs or interfaces that are present in the real ve-
hicle but typically not included in the simulator. To simu-
late the vehicle dynamics, for example, a starter model
with appropriate starter control and a simplified control
for the automatic transmission or Trilok torque converter
is needed. In addition, the engine model needs an inter-
face that carries out engine torque reduction as re-
quested by the vehicle dynamics control via CAN (e. g.,
inverse engine map (LUT) with the engine speed (Nno)

and desired torque (7Zgesied) @S input and the throttle
valve position as the output).

NUMERIC ASPECTS

Because the drive shafts are relatively stiff, modeling the
elastic powertrain provides a so-called stiff differential
equation system, i. e., there are relatively low eigenval-
ues up to approx. 10 Hz and eigenvalues over 100 Hz
that do not easily allow stable integration of the differen-
tial equations by an explicit Euler method at the currently
typical sampling rates of 0.5-1 ms.

Using e. g. a Runge-Kutta integration method instead of
an Euler is also not generally more suitable for this type
of model, because although they promise greater preci-
sion at the expense of longer processing times, they
achieve that precision only if the state variables behave
smoothly in the sampling interval. However, due to dry
friction and gear shifts in the vehicle models, this cannot
be assumed to be the case.



Numeric stability problems also occur in brake hydraulics
modeling, due to low hydraulic volumes and high bulk
modulus (Eoy/V = 13.000 bar/cms). This list of stiff sub-
models continues, e.g., combustion engines (mean
value models) with small intake manifold volumes
(< 2 liters) which yield to numeric problems due to high
manifold pressure gradients.

In the past, a number of solution strategies have been
used to meet the real-time requirements. For example, in
the case of brake hydraulics and the powertrain, the

Jacobian (9f (x)/9x") of the system (X = f(x,u)) can

be computed analytically in advance to stabilize the Euler
integration (pseudo-implied integration [15], [35]). This
method necessitates the additional computation of the
Jacobian matrix and is therefore always tied to a fixed
model structure (at least for the subsystem under obser-
vation). If the structure changes, these terms must be
recomputed.

Another way is to use an implicit Euler method, though
the computational power required for the solution (zero
search) rises if the state variables have steep gradients
and this generally violates the real-time condition. This
can be counteracted at the expense of precision by limit-
ing the number of zero search iterations to a fixed value.
Modeling tools like Dymola [36] are able to distinguish
between fast and slow subsystems and to choose an im-
plicit Euler integrator for the fast system parts and an ex-
plicit one for the slow parts [37], which can considerably
reduce computing time, especially, if the fast subsystem
requires only a small amount of computation compared
to the slow parts.

As regards hydraulics simulation, [38] and others have
shown that small hydraulics accumulators for coupling
hydraulic subsystems can be avoided. This results in a
differential algebraic equation system (differential equa-
tions with algebraic boundary conditions) whose differen-
tial parts can be integrated far more stably and faster be-
cause the high eigenvalues are no longer present. The
algebraic boundary conditions must also be solved itera-
tively. Limiting the number of iterations despite a loss in
precision can be a very stable, real time capable solution
for specific subsystems. The disadvantage is that in a
block diagram -based tool such as Simulink, the alge-
braic equations cannot be inserted and solved efficiently
except by hand-written code.

Simulink therefore offers another option to cope with
numerically stiff systems: system parts with high eigen-
values can be grouped in subsystems for multiple
evaluation within one sampling step (FOR iterator block).
If a local block for integration within these systems is im-
plemented (1/s-block), stiff systems can be solved ele-
gantly (e.g., with tenfold oversampling) without having to
derive additional equations and without imposing serious
restrictions on downstream block-based modeling. The
effectiveness of this method basically depends on select-
ing a suitable oversampled subsystem. Like all the other
methods, it results in a correspondingly higher, but de-
terministic, processing time.

USER INTERFACE

Simulation/Modeling Environment, Parameterization and
Variant Handling

It is important to implement the model in an open envi-
ronment like MATLAB/Simulink. This allows the user to
extend the model by more complex ones (e. g. for net-
work simulators) or even replace parts of the model. Us-
ers can add proprietary tire models or new axle kinemat-
ics models, or vary the powertrain by Haldex coupling or
a Torsen differential, if the HIL model is completely open
and accessible and not in the form of C or Fortran code.

In addition to the GUIs for road parameterization and
maneuver control described above, more suitable GUIs
are needed for parameterizing the model components
(powertrain, axles, tires, etc.). To ensure convenient
variant handling, an integrated GUI component must
bring together all the handling controls for offline simula-
tion and for real-time simulation independently of the
modeling tool. This final point is extremely important, as
vehicles with greatly varying configurations e. g., with re-
gard to the powertrain (transmission variants, different
tires, etc.) have to be tested with the same ECU. For fu-
ture systems, it will also be important to have an automa-
tion interface (COM, DCOM) for such a tool, so that
higher-level automation tools can set all the necessary
structure and parameter variants.

Typical vehicle models in current HIL applications con-
tain all the model components mentioned above. As a
rough estimate, this results in approx. 24 mechanical de-
grees of freedom for the powertrain, body motion, steer-
ing, and wheels. In addition, there are 8 states for tire
dynamics and 10 states for the brake hydraulics. In other
words, there is a minimum of 66 states without the driver
or (software) ECU models. Models of similar or even
higher complexity (see veDYNA [16] and CarSim [39])
can be executed on a real-time system (e.g., dSPACE
DS1006 with 2.2 GHz AMD Opteron™ Processor [34]) at
65 -200 ps, so processing time today is no longer a limit-
ing factor to modeling depth. A real HIL application in-
cluding standard 1/0 and CAN bus restbus simulation for
a common VDC module can be calculated in less than
200 ps execution time. The challenges to modeling for
HIL applications therefore lie more in model parameteri-
zation and validation. The parameterization problem can
be resolved by suitably integrating data acquisition into
the electronics development process. In the future,
model validation using measurements from real vehicles
could be automated by means of optimization methods.

The final point to be made about modeling is that (as so
often) the “whole” is more than the sum of the parts. One
consequence of this is that domain-specific modeling
tools and individual model libraries for hydraulics or
powertrain components have so far been used mainly in
niches of HIL simulation. The majority of systems today
are based on complete vehicle dynamics models with
optimally coordinated submodel components and addi-



tional visualization, parameterization and operating soft-
ware.

TYPICAL TESTS ON VDC SYSTEMS

For testing the vehicle dynamics several standard test
maneuvers are defined which are used in track testing
on proving grounds with real vehicles as well as in HIL
simulation. These tests can be distinguished in
e open-loop procedures with constant, fixed or prede-
fined steering wheel angle, brake and accelerator
pedal and
e closed-loop procedures where a driver (or driver
model) takes the road information into account to
keep the vehicle on a predefined course.

Most of the test procedures have been standardized by
the ISO technical committee ISO/TC 22/SC 9: Vehicle
dynamics and road-holding ability [40]. Typical test pro-
cedures for ABS are e. g.:
e part-brake and full-brake tests: brake performance
test to evaluate the brake distance for 100 to 0 km/h
(or 60 to 0 mph) under high-p and low-p conditions,
e u-Split braking, i. e. straight-ahead braking on sur-
faces with split coefficient of friction (ISO 14512).

For TCS (traction control systems) mainly the accelera-
tion on a flat or on an inclined road are studied under
low-p or p-split conditions.

Finally for VDC systems the following tests are per-
formed:
e double lane change maneuver (ISO 3888-1),
o steady-state circular driving behavior (ISO 4138),
¢ lateral transient response test (step steering wheel
input, ISO 7401),
e brakingin a turn (ISO 7975),
e braking in a turn with p-split, or
¢ rollover protection test: NHTSA Road-Edge Recov-
ery Test (“fish hook test”).

These procedures are used to validate the vehicle model
(without any control systems) as well as to validate vehi-
cle dynamics control algorithms.

An important requirement to a vehicle dynamics simula-
tion environment is therefore to support these types of
tests procedures, or it should at least support the engi-
neer to define complex maneuvers by means of a library
of suitable maneuver steps (please refer to the chapter
on maneuver control).

The following plots show a comparison between in-
vehicle measurements and the corresponding simulation
results for two driving maneuvers in order to validate the
models for lateral (step steering wheel input, Fig. 14) as
well as for longitudinal (straight ahead braking with ABS,
Fig. 15) dynamics.
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Figure 15: Longitudinal impulse brake.

In addition to testing the “normal behavior” of a vehicle,
HIL simulation is also used to test the vehicle’s behavior
under faulty conditions, for example in cases where sen-
sor or actuator failures occur. These tests can hardly be
performed in real vehicles because it is difficult to set a
specific error situation reproducible during driving. Addi-
tionally these test are dangerous for the test drivers and
prototype vehicles can be destroyed as well.



APPLICATIONS

Application examples of HIL simulation for vehicle dy-
namics ECUs are presented below. The first is a typical
simulator for testing one VDC module, the second for
testing an ECU network. Special problems and possible
solution approaches are also described.

SINGLE-ECU TEST SYSTEM FOR VDC MODULES

Fig. 16 shows a typical standard simulator of the kind
frequently used in HIL tests on VDC systems. It consists
of a simulator rack and valve current capture unit, on
which the VDC module is fixed.

Figure 16: Typical mid-size simulator for HIL testing of single
ECUs. Device under test: ContiTeves MK60.

At the bottom of the rack is a remote-controlled power
supply unit that simulates the battery and allows the bat-
tery voltage to be varied from within the real-time simula-
tion (undervoltage and overvoltage tests, voltage drops
during engine start, etc.)

The real-time processor hardware and the I/O hardware
can be seen above that. The processor hardware in this
system is a DS1006 Processor Board, equipped with an
AMD Opteron® Processor at 2.2 GHz. This board com-
putes the model components for vehicle dynamics simu-
lation as described further above, and the sensor and ac-
tuator scaling. To handle the simulator’s inputs and out-
puts, a DS2211 HIL I/0O Board is used (more information
can be found in [41]). This is the standard board for
dSPACE HIL applications. It provides, for example, the
entire 1/O for the simulation of a typical 8-cylinder engine,
e.g., crankshaft angle synchronous signals; CAN com-
munication; and analog, digital, and PWM 1/O, including
the necessary signal conditioning. However, the board is
not restricted to engine applications, but is used in a
large variety of different areas, particularly in testing ve-
hicle dynamics ECUs. For example, it has a fast digital
signal processor that provides signal generation in a
range of microseconds and is used for purposes such as
simulating active, intelligent wheel speed sensors (see
Fig. 5).

The top part of the simulator rack shown in Fig. 16 con-
tains a load and failure simulation unit. The load boards
can accommodate small resistance loads, e.g., the sub-
stitute load for the brake booster solenoid or the RC cir-

cuit for simulating the return pump. The failure simulation
boards are used to generate electrical failures (open
wire, cross short circuits, and short circuits to battery
voltage (Vbatt) or ground), especially for testing diagnos-
tic functions in the ECU (OBD Il). The load unit can also
contain special signal conditioning modules, such as a
current source/sink for the active wheel speed sensors.
The real-time hardware (signal processor) drives the
module by an analog output signal, which the current
source/sink module converts to a proportional current
signal (maximum 30 mA).

On the software side, the entire dynamic model and the
complex I/O (incl. CAN messages, etc.) are completely
specified in MATLAB®/Simulink®, and the real-time-
capable model code and I/O code are generated auto-
matically (Real-Time Workshop®). Extensive Simulink
block libraries are available for defining the 1/0 (dSPACE
Real-Time Interface, RTI). The generated code is linked
and downloaded to the real-time hardware.
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Figure 17: Layouts for instrumentation of the vehicle dynamics
HIL experiment.

For experiment control, interactive operation, and in-
strumentation, ControlDesk [34] can be used. This pro-
vides online access to all real-time variables (parameters
and outputs of all the blocks of the Simulink model). Fig.
17 shows two examples of application-specific layouts
from the field of vehicle dynamics. If tests need to be
performed automatically, AutomationDesk [42] is used.
This provides project and test administration facilities, a
graphical test editor, and test libraries for a great variety
of different test scenarios.

To assess simulation results in vehicle dynamics, time
histories need to be evaluated, and real-time, 3-D anima-
tion is also important. As with the model and I/O defini-



tions, development engineers should not have to worry
about the implementation details of the animation, but be
able to concentrate on the actual task of optimizing vehi-
cle dynamics. Programs such as MotionDesk (Fig. 18)
make this possible by providing a Simulink library for 3D
transformations, which allows fast, simple conversion of
coordinate systems (e.g., of wheel-specific or body-
specific coordinate systems to the world coordinate sys-
tem required for the animation). Animated force and
torque vectors and the ability to record video sequences
(AVI format) also make it easier to evaluate the results.
An important criterion for a real-time animation tool is
that the animated bodies (geometric data, number, envi-
ronment information) must be completely decoupled
from the actual animation program. If this is not the case,
it is not possible to properly integrate any desired
geometries without recompiling the animation tool.
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Figure 18: MotionDesk for the animation of the vehicle motion

Fig. 19 shows HIL simulation results obtained from an
experiment (ABS functionality during a full brake maneu-
ver) performed with a HIL simulator as it has been de-
scribed above. The unit under test was a Bosch ESP.
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Figure 19: HIL simulation of a full brake maneuver with a real VDC
system in-the-loop.

NETWORK TEST SYSTEMS (FULL-SIZE SIMULATOR
FOR VDC MODULES)

As the number of ECUs installed rises, along with an in-
creased level of networking and more sharing of sensors
and actuators, test systems for vehicle dynamics control
are also growing in complexity. While the tests run on in-
dividual ECUs are mainly hardware and function tests,
network simulators are essentially used to test distrib-
uted functions and either the whole or parts of the
CAN/LIN network.

The growing importance of testing ECU networks is also
reflected in the growing number of publications on the
subject [43]. Applications in powertrains and vehicle inte-
riors at Opel [44], Audi ([1], [2]), DaimlerChrysler [45],
Fiat/Elasis [46] and Ford [47] have been published, in
addition to applications for racing vehicles [48], [49].

Fig. 20 shows an example of a network simulator for the
powertrain and vehicle dynamics components of the
Bugatti Veyron 16.4, a sports car with more than
1000 hp. Due to the low production numbers for this ve-
hicle, only very few prototypes are available for ECU test-
ing. Systematic use is therefore made of HIL technology
[50]. The entire system is controlled interactively via Con-
trolDesk, and 3-D animation of the driving behavior is
visualized by MotionDesk.



Figure 20: HIL simulator for testing the ECU network of the
Bugatti Veyron 16.4.

In addition to large systems for testing an entire ECU
network with the HIL simulator, smaller test systems are
also frequently used to run only the vehicle dynamics
ECUs, or two to three closely networked ECUs, on the
simulator. Depending on the vehicle project platform and
the OEM’s or supplier's organizational structure, there
exist different requirements and test system configura-
tions. Some typical combinations are VDC systems
combined with CDC, EPB, and also ACC and electronic
steering systems.

TEST OF VDC-RELATED SYSTEMS

Finally, some typical problems with VDC-related ECUs
and corresponding solution components are presented
below.

Electronic Parking Brake (EPB)

In new vehicles, the electronic parking brake is replacing
the classic mechanical parking brake. The stationary ve-
hicle is braked either by means of a central actuator
which actuates the brake calipers via linkage or by
means of local electrical actuators on the wheels (e. g.,
TRW). EPB systems frequently have an inclination sen-
sor integrated into the ECU, which prevents the vehicle
from rolling backwards when started on a slope (with
manual transmission).

Direct stimulation of the inclination sensor is particularly
problematic for HIL simulation. One solution is to place
the ECU on a turnable platform that is controlled by the
simulator (see Fig. 21). The platform is given the current
vehicle inclination by the real-time simulation and inclines
the ECUs accordingly.

Figure 21: Turnable platform with mounted EPB ECU for stimulat-
ing an internal inclination sensor.

Due to the fact that a precise simulation, e. g. of the fric-
tion effects at the brake actuators, is very difficult, the
brake forces are measured at the real brake calipers by
means of force transducers. These forces are then used
as inputs to the simulation model. Fig. 22 shows an EPB
actuator that is mounted directly on the brake caliper, the
force transducer replaces the real brake disk.

EPB P J
Actuator | - /

Force Transducer
(Load Cell)

Figure 22: EPB actuator and measurement hardware for capturing
the real forces.

Adaptive Cruise Control (ACC)

Common cruise control systems just keep the driver-
selected set-speed. In addition to that, adaptive cruise
control systems automatically adjust the vehicle speed to
maintain a driver-selected distance from the vehicles
ahead. Therefore, ACC systems are much more com-
plex with respect to sensors and actuators. Typically, the
systems use radar sensors (to detect vehicles ahead)
and yaw and steering data (from the VDC system) to de-
termine which other vehicles are in the vehicle's pre-
dicted path. A connection to the VDC system via CAN or
via direct brake booster access is used to decelerate the
vehicle.

For HIL simulation the radar sensor has to be simulated
and a traffic flow simulation of a certain number of vehi-



cles is required. This model has to generate the horizon-
tal angles as well as the relative speeds and absolute
distances of all vehicles in the range of the radar sensor.
This data has to be transferred to the ACC controller.
Typically radar sensor and ACC controller are located in
the same enclosure so that a special version of the ACC
system with open radar sensor interface is used for HIL
testing purposes. One example of such a system is the
Bosch Puma ACC emulator with CAN interface to the ra-
dar sensor. As a result, radar sensor simulation by
means of CAN message generation can be performed.

The ACC system communicates with various controllers
via CAN, for example:

e with the engine controller to accelerate or deceler-
ate (active torque intervention),

e with the brake system (ESP) to actively brake the
vehicle and get information on the driving direction
(yaw rate, steering angle and vehicle speed),

e with the restraint system (airbags, seat belt ten-
sioner) if a crash situation is very likely or even un-
avoidable (pre crash system), and

o with the instrument cluster to display the status of
the ACC system.

This communication has to be handled by the HIL simu-
lator by transmitting and receiving CAN messages and
reacting accordingly with real-time models of the ECUs
involved in the scenarios. In order to achieve a more re-
alistic behavior of these ECUs and their CAN communi-
cation it is also possible to connect the ECUs as real
components to a vehicle dynamics network simulator
(please refer to the chapter “Network Test Systems”).

The setup described above is usually sufficient for test-
ing the ACC ECU as well as its CAN communication. But
it is not possible to test the radar sensor itself, which is of
course crucial for the overall system functionality. In or-
der to test also the sensor in [51] a test facility called
VEHIL is shown, in which the device under test can be a
real vehicle with an ACC system. The car runs on a
chassis dynamometer, while the vehicles of the sur-
rounding traffic are simulated by special remote con-
trolled autonomous vehicles. These so called moving
bases get their input from a real-time traffic simulation.

Electrical Steering Systems

Basically two types of systems can be distinguished in
this field:

The first ones are electrical power steering (EPS) sys-
tems. Instead of a hydraulic system the steering is sup-
ported by forces/torques that are generated electrically.
The major advantages of this type of system are, that a
complex hydraulics is not needed anymore and that it is
very flexible with regard to the adaptation to different
driving situations but also to different vehicles (packag-

ing).

The second ones get their power still from a conventional
hydraulics but a steering angle can be superimposed to
the driver’'s steering input by an electrical system which
is e. g. combined with a planetary gear. These systems
(e. g. BMW AFS) can be used to stabilize the vehicle dy-
namics in critical driving situations.

Depending on the desired test scenarios three different
interface levels between the EPS system and a HIL test
bench can be identified:

¢ An interface on the signal level (Fig. 23, interface 1)
is adequate, if the focus lies on software tests. It is
often used by the suppliers of EPS systems, be-
cause for them it is easy to make the internal sig-
nals of the ECU accessible. Of course in such a
setup a sophisticated actuator model (motor, trans-
mission etc.) has to be provided to obtain the pre-
cise motor currents in dependency of the measured
PWM signal, that is normally given to the power
stages. Moreover, torque and position sensor sig-
nals have to be synthesized.

e If the power stages should also be tested, but the
actuation system is not available as a real compo-
nent, the test system must have a dynamic high cur-
rent sink/source (> 80 Amps), which is controlled by
the real-time system according to the simulated mo-
tor (Fig. 23, interface 2). In this case the modeling
effort is still high, but the mechanical demands are
as low as for interface level 1.

_,_Sensor Signals (e. g., Steering Torque; ...)
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_ CAN Sigrials (e. g., Vehicle Speed, Stéering Angle, ...)
<
Rotor Position
EPS Vehicle
Controller < Motor Cujrent System
. |Power Steering
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Interface 1: Interface 2: Interface 3:
Signal Level Electrical Level Mechanical Level

Figure 23: Typical architecture of EPAS systems and possible interfaces to HIL test benches.
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¢ On the interface level 3 (Fig. 23) the entire EPS sys-
tem including the motor and maybe even the trans-
mission are built up as real parts. In opposite to the
scenarios above, no model of the steering system is
needed here. But of course an electrical or hydraulic
actuator system will be necessary to put an actual
load on the steering wheel and on the rack or di-
rectly on the pinion. This means that the software
efforts for modeling are replaced by a higher hard-
ware effort (see Fig. 24). Such an approach makes
sense especially if a suitable model can not be ob-
tained or if the actuator system should undergo e. g.
durability tests.

FURTHER DEVELOPMENTS AND OUTLOOK

The development departments of many OEMs and tier1
suppliers are currently working on further improvements
to yaw rate control. They are combining the ESP/VDC
with one or more other active steering or chassis sys-
tems, such as Active Front Steering (AFS), Electronic
Power Steering (EPS), Continuous Damping Control
(CDC), Active Body Control (ABC), Air Suspension Sys-
tem (ASS), Active Torque Control (X-Drive, BMW [54])
and Anti-Roll Control (ARC). These systems have names
such as Integrated Chassis Control (ICC, OPEL [55]),
Vehicle Dynamics Management (VDM, Bosch [56]), and
Global Chassis Control (GCC, Continental Teves [57]),
and consist of a super ordinate, coordinating software
layer that generates reference values for the underlying
control systems in such a way that positive control inter-
ferences are reinforced (e.g., yaw rate stabilization for
shortening braking distances by >15 % in an ESP/AFS
combination) and negative interference is suppressed by
stricter separation of working areas. Global safety con-
cepts and switch-off concepts can also be implemented.
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Figure 24: HIL test bench for Active Front Steering (BMW AFS [52], [53])
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It is in the nature of these systems that they mainly oper-
ate at critical vehicle dynamics limits and in safety-critical
situations, which makes HIL simulation particularly useful
for them. Network simulators similar to those used for
powertrains and body electronics, made up of the HIL
simulators available for lower-level subsystems, will be
used more commonly in the future.

Current developments make it clear that the networkabil-
ity of HIL simulators, their flexibility with regard to variant
handling, their fast adaptability to new and additional
ECUs, and their test automation abilities will become in-
creasingly important for handling the complexity of the
electronics in this field.
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ABBREVIATIONS

ABC: Active body control

ABS: Anti-lock braking system

ACC: Adaptive cruise control

AFS: Active front steering

BAS: Brake assist system

CAN: Controller area network

CDC: Continuous damping control

DoF: Degrees of freedom

DSP: Digital signal processor

ECU: Electronic control unit

EPAS: Electric power-assisted steering
EPB: Electronic parking brake

ESP: Electronic stability program

EPS: Electric power steering

GPS: Global positioning system

HIL: Hardware-in-the-Loop

ICC: Integrated chassis control

ISO: International Organization for Standardization
LIN: Local interconnect network

LUT: Look-up table

NHTSA: National Highway Traffic Safety Administration
OBD II: Onboard diagnostics 2" generation
PWM: Pulse width modulation

TCS: Traction control system

VDC: Vehicle dynamics control

VSD: Valve signal detection unit
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