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This paper presents a new method for the design and validaftexdvanced driver assistance systems (ADASS). Wéthicle
hardware-in-the-loogVEHIL) simulations the development process, and more spaflythe validation phase, of intelligent
vehicles is carried out safer, cheaper, and more managealhe VEHIL laboratory a full-scale ADAS-equipped vehicte i

set up in a hardware-in-the-loop simulation environment,relaechassis dynamometer is used to emulate the road interaction
and robot vehicles to represent other traf c. In this colé environment the performance and dependability of an ADAS
is tested to great accuracy and reliability. The workingngiple and the added value of VEHIL are demonstrated with test
results of an adaptive cruise control and a forward collisimrning system. Based on the “V' diagram, the position of VEHI

in the development process of ADASs is illustrated.

Keywords:advanced driver assistance systems, hardware-in-theslonpation, controller design and validation, adaptive
cruise control, forward collision warning

1 Introduction

Every year in Europe alone, more than 40 000 casualties andillighrinjuries are caused
by vehicle-related accidents [1]. Although advancepassive safefyas illustrated in g-
ure 1, have made passenger cars ever safer, the safetyiglatéfirther improvements in
passive safety features is limited. Howe\agtive safetygystems like ABS [2] and ESP [3]
offer possibilities for improving traf ¢ safety by assisgirthe driver in his driving task. In
addition, advanced driver assistance systems (ADASS) tevedtential to signi cantly
reduce the number of road accidents. An ADAS is a vehiclerobaystem that uses envi-
ronment sensors (e.g. radar, laser, vision) to improverdyigcomfort and traf ¢ safety by
assisting the driver in recognising and reacting to poddigtdangerous traf ¢ situations.
Since an ADAS can even autonomously intervene, an ADAS-eqdipphicle is popularly
referred to as an “intelligent vehicle'. As explained in mdetail in several surveys [4-7],
the following types of intelligent vehicle systems can b&tidguished:

Driver informationsystems increase the driver's situation awareness, ezgnadd route
navigation systems [11].

Driver warningsystems actively warn the driver of a potential danger,larg departure
warning, blind spot warning, and forward collision warni(fCW) systems [12]. This
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Figure 1. Total number of road accidents and fatalities ptat thstance travelled, normalised on 1965 data for the EU [1]
In addition, the graph shows when passive safety systemslfwhduce fatalities in case of an accident) and activeysafet
systems (which assist in avoiding an accident) have beertinted, as well as the expected safety potential of ADASE]B—

warning then allows the driver to take appropriate corvecictions in order to mitigate
or completely avoid the event.

Interveningsystems provide active support to the driver, e.g. an adgaptiise control
(ACC) system [13]. ACC is a comfort system that maintainstaggse control velocity,
unless an environment sensor detects a slower vehicle ahlead\CC then controls the
vehicle to follow the slower vehicle at a safe distance, sage?. ACC is intended for
speeds above 30 km/h, but is currently being extended topaastd-go application for
automated longitudinal control in low-speed complex emvinents, such as traf ¢c jams
and urban areas [14].

Integrated passive and active safety systdmsddition to passive safety systems that
are activatedduring the crash, a pre-crash system can mitigate the crash setogrit
deploying active and passive safety meast@®rea collision occurs [15]. Pre-crash
safety measures, such as brake assist and seat belt pietgashave recently been
introduced on the market [16].

Fully automatedsystems are the next step beyond driver assistance, arat@peéthout
a human driver in the control loop. Automated highway systeusing fully automated
passenger cars, are expected to signi cantly bene t traf esatind throughput, but are
not considered for short-term introduction [17].

According to several surveys ADASs can prevent up to 40 % dfcteccidents, de-
pending on the type of ADAS and the type of accident scen&8ra()]. Despite this safety
potential, market penetration of ADASs has gone slow. Maiallehges in this respect
are customer acceptance and understanding of the added Nahility exposure, and reg-
ulatory issues [6, 18]. Drivers also expect an ADAS to meghhrequirements in terms
of (subjective) performance, reliability (low rate of falalarms), and safety (low rate of
missed detections). Therefore, the ADAS must be tested owide variety of complex
traf ¢ situations that the system should be able to recogaisé handle [19]. Unfortu-
nately, exhaustive testing of an ADAS prototype is usuatpossible due to constraints
in costs and time-to-market. Not only the design, but egilgdihe validation of ADASS,
thus requires a growing effort in the development processdOress these issues, ef cient
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Figure 2. Schematic representation of an adaptive cruiseat¢ACC) system that controls vehicle 2 to follow the leagli
vehicle 1 with equal velocity at a desired safe distaxgeFurther de ned are the positian velocity v, and acceleratioa

of both vehicles, the relative velocity = v1 v, the clearancg = x; X2 (neglecting the length of the vehicles), and the
separation errogc = Xq X, all in longitudinal direction.

methods are required for the design of ADAS controllers dedvialidation of their safety
and performance.

The objective of this paper is to present a new method for thieldpment of ADASS that
complements the existing development process. This methsists of vehicle hardware-
in-the-loop (VEHIL) simulations that allow to ef ciently andcaurately test full-scale
ADAS-equipped vehicles in an indoor laboratory environment

The remainder of this paper is organised as follows. The pnoktatement is further de-

ned in section 2 by reviewing the development process of ADASd state-of-the-art test
methods. In section 3 we then present the working principteadded value of the VEHIL
concept, and discuss the position of the VEHIL laboratonhanADAS development pro-
cess. This is demonstrated in section 4, where VEHIL testtegul ACC and FCW are
presented. Finally, section 5 presents the conclusionsdisedsses ongoing research ac-
tivities. Lists of frequently used symbols and abbreviatiare also included at the end of
this paper.

2 Tools in the design and validation process

In the automotive industry the different phases in the dgumlent process of safety-critical
control systems are often connected using the "V' diagrapiated in gure 3 [20]. The
V' diagram uses a "top-down' approachdesignand a “bottom-up' approach ta@lida-
tion, although in practice the process does not strictly folldwphases in this sequence
and goes through several iteration loops. The V' diagramegudently applied to the de-
velopment process of mechatronic vehicle systems [21].é¥ew the various development
phases for ADASs face some speci ¢ challenges.

2.1 Challenges in the ADAS development process

The ADAS development starts with a de nition of tlfienctional requirements terms of
the desired functions, driver comfort, and operationalst@ints. In addition, ADASs are
safety-criticalsystems that require a high levelddpendabilitya term covering reliability,
(fail-)safety, and fault-tolerance. Hazard and risk asadyare therefore performed to iden-
tify the safety requirementaisually in terms of the rate of false alarms (when an ADAS
takes unnecessary action) and missed detections (whels iiof@orrectly detect a danger-
ous situation). State-of-the-art systems achieve a faisenalate in the order of 13 per
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Figure 3. The V' diagram represents the sequential designvalidation phases in the development of automotive safety-
critical systems, including the use of various test toolh@st phases.

km, but this is still considered too high [12]. From the funaial and safety requirements a
system speci catioiis produced to de ne the precise operation of the system. ke
practice requirements are often dif cult to de ne and subjecambiguity, which may lead
to an incomplete or incorrect speci cation.

Subsequently, the system speci cation is used as the badisddaop-level design of the
system architecture, followed by detailed module desigwi(enment sensor, controller,
actuator, driver interface). After implementation of timglividual hardware and software
modules, system integration takes place by assemblingotinglete system from its com-
ponent modules. In every integration phagei cation takes place to determine whether
the output of a phase meets its speci cation, as illustratethb horizontal arrows in g-
ure 3. On component level this means testing the range, anguand tracking capabilities
of the environment sensor [22]. On a higher level, veri catimust assure that integration
with other subsystems does not have any negative sideteffec

Since veri cation only con rms compliance with the speci catiperrors in the speci -
cation may result in a faulty product. It is therefore impmittto performvalidation of the
integrated system against its requirements, especiallyyfe approval and certi cation
purposes. Usually, the development process involves aeierations, where the results
of veri cation and validation are used to modify the systere@ation and design, after
which another test cycle takes place. Obviously, there exalho reduce the number of iter-
ations and speed up the process of veri cation and validaBecause of the need for fast,
exible and reproducible test results, various “in-thegbsimulation tools are increasingly
being used for design and validation of ADAS controllersiraicated in gure 3. After a
review of these tools, the position of the new VEHIL simulatiool in this development
process will be clari ed in section 3.
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2.2 Model-in-the-loop simulations

The initial design of the ADAS controller is supported by solked model-in-the-loop
(MIL) simulations, where the controller logic is simulateddlosed-loop with models of
vehicle dynamics, sensors, actuators, and the traf c enment. Unfortunately, current
simulation tools lack the possibility for testing the coetgl ADAS in a reliable way with
full integration of operating conditions, sensor charasties, vehicle dynamics, and com-
plex traf ¢ scenarios. The new simulation concept PRESCAN wasetbes developed
in [23]. PRESCAN allows reliable MIL simulation of ADASSs, usinglidated physical
sensor models for radar, lidar, and camera vision in a \igngironment. The simulation
of traf ¢ scenarios is based on a multi-agent approach, dswiexplained in section 3.

2.3 Hardware-in-the-loop simulations

When MIL simulations have provided suf cient results, sadi® code can be compiled
from the simulation model of the control system. The real ccale then be veri ed with
software-in-the-loop (SIL) simulations, where the remagrtiardware components, vehicle
dynamics, and environment are simulated in real-time.

Similar to testing the real software in a SIL simulation, thal leardware can be tested
in a real-time hardware-in-the-loop (HIL) simulation. Hlimilations consist of a com-
bination ofsimulatedandreal components, see gure 4. Alternatively, a real component
can beemulatedi.e. replaced by aarti cial component that has the same input and out-
put characteristics. Ideally, every component should kablato distinguish between real,
simulated or emulated components that it is connected togrtiosed-loop con guration.
Therefore, HIL offers the exibility of a simulation, whereeatuse of real hardware offers
a high level of reliability.

The main advantage of a HIL simulation is that it provides setable laboratory en-
vironment for safe, exible, and reliable controller valtdan. Controller performance and
stability can be systematically tested without disturleenfrom other unrelated systems,
and dependability can be tested by controlled injectionigttidoances and faults. HIL also
allows validation of the real hardware in an early developtphase without the need for
a prototype vehicle, since any missing vehicle componamde simulated. For these rea-
sons, HIL simulations are more ef cient and cheaper thandgses, and are extensively
used for the development of vehicle control systems, sué&tB&s[24], engine control sys-
tems [25], and semi-active suspension systems [26]. ADASsatsD be tested in several
HIL con gurations, as discussed next.

As indicated in gure 3, in an early stagapid control prototypings carried out with
emulated control functions. This involves implementing adelof the desired controller
in a prototype vehicle for the purpose of rapid proof-of-cept, controller testing, and
parameter adjustments. Next, the hardware controller eaadied in a HIL simulation for
its real-time behaviour [27]. This limited HIL setup can gnatly be extended to include
other modules, as the integration of the vehicle progressgsnstance, ADAS controllers
can be tested in a HIL simulation with real actuators [27] amal sensors [28], where
all other components are simulated. However, a complexfate between theimulated
environment and theeal sensor is necessary to generate a sensor signal. Yet ahgiber
of HIL simulation is a driving simulator, which creates ati aial environment for an “in-
the-loop' human driver [29]. Driving simulators are usefoit subjective evaluation of the
ADAS and for ne-tuning ADAS controller settings.
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Figure 4. Possible con gurations for HIL simulations, wheaats of the system may be real, simulated or arti cial. Feed-
back of signals from environment sensors and vehicle stasosgprovides a closed-loop simulation. Additional distunces
d can be injected by the operator to test the system's depditgabi

Finally, the complete system can be real, including sensatraller, actuator and vehicle
dynamics. This complete vehicle system is in interactiorhwlite road surface (through
its actuators), as well as with the traf c environment thatasmed by other objects in
the world (through its sensors). Since environment sensmsld receive a real input, an
arti cial traf c environment must be created to test an ADAS-equippduale in a HIL
simulation. Up to now, no such HIL environment has been atsgl for testing complete
intelligent vehicles.

2.4 Testdrives

Test drives with prototype vehicles are always the nal linkle validation chain to eval-
uate the system's performance in the real world environrttettit will nally be used in.
However, the value of test drives for control system dessgimiited, because test results
are hard to reproduce and often inaccurate, due to the ladgrofind truth' knowledge
on the exact state (e.g. obstacle position) of the vehickedied in the test. In addition,
these tests are often expensive, unsafe, time consumiddneavily dependent on weather
conditions [19, 27]. In the next section we therefore prepasolution to combine the ad-
vantages of HIL simulations with the representativenestestf drives, by extending the
HIL environment from vehicle level to the traf ¢ level, as iicdted in gure 4.

3 \Vehicle hardware-in-the-loop (VEHIL) simulations

To address the challenges mentioned in the previous seet®mpresent a new method
for the design and validation of intelligent vehicle syssemwehicle hardware-in-the-loop
(VEHIL) simulations. VEHIL provides a solution for testing dlfgcale intelligent vehicle
in a HIL environment [30]. The VEHIL conceptwas rst described81], patented in [32],
and some preliminary test results have been presented-+#3¢33This paper presents the
VEHIL working principle in more detail and discusses the atldalue and position in the
ADAS development process based on new test results.
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Figure 5. Transformation of coordinate frames: (a) absolutéaman real world; (b) relative motion in VEHIL; and (c)
absolute motion with two moving bases in VEHIL.

3.1 Working principle of the VEHIL simulation

VEHIL constitutes a multi-agent simulator for intelligerghicle systems, in which some
of the simulated vehicles are replaced by real vehicles.dtekicles operate in an indoor
laboratory that forms an arti cial HIL environment for thet@lligent vehicle. The environ-
ment sensors that are used in ADASSs (radar, laser, visiohgctoelative position data in
the absolute traf c environment. VEHIL therefore makes a sfarmation from theabso-
lute motion of the objects in a traf ¢ scenario telative motion between those objects, as
illustrated in gures 5(a) and (b). Using only the relative tioo between a xed intelligent
vehicle and target vehicles allows to have a controlled pade-ef cient environment.

The software architecture of VEHIL is based on a multi-agemt-tiene simulator
(MARS) [37], as illustrated in the lower-left part of gure 6. Ehmulti-agent framework
consists of a collection of autonomoestities E(vehicles, other road users, or any other
dynamical component), each controlled by its own interyalkahnics (e.g. a vehicle model,
as discussed in section 3.2). An entity has an absolutexstatie global coordinate frame
f Gg, notated as

Gx= pT FTVI FTal ET T, 1)

where®p= xyz Trepresents the position aYfF = jqy Tthe orientation in Euler
angles (roll, pitch, and yaw) of the entity. The correspogdwelocity and acceleration

components are representeddy= xyz |,F= j gy ',%a= %yz ', and®F =
jay’

Furthermore, airtual world is de ned that serves as a formal representation of the envi-
ronment relevant to these entities. Entities are typicalresented in the virtual world by
objects Othat interact with other objects (vehicles, bicyclistsd@gtrians, infrastructure,
traf c lights). Objects are not simulation models, but areretg the virtual representation
of the simulation entities. A visual representation of thigual world is shown in gure
7. After every integration time step of this multi-agent slation, the internal dynamics of
an entity (e.gE», representing vehicle 2) result in a statein its local coordinate frame
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Figure 6. Schematic representation of the VEHIL closed-Morking principle. Every integration time step the simulatio
loop runs clockwise via the VUT, the chassis dyno, the MAR®®, the MB, whose motion is detected by the VUT's sensor.

Figure 7. Visual representation of a cut-in scenario in tihteial world: the ACC-equipped vehicle (2) drives on the ni&dd
lane when suddenly a vehicle (1) cuts in from the right lareelatver speed.

fC,g, notated a§2x,. Through the link between the simulation entiyin its local frame
and its virtual objecO in the global frame, the entity updates the statg of the associated
objectO; in theglobal frame of the virtual world Gg. The link between entity and object
is indicated by the dashed lines in gure 6.

An important feature of the MARS modelling concept is thatesmtity (e.g. a vehicle
model) uses abstract sens&and actuators to interface with other objects in the virtual
world. Through its abstract sens8y the entityE, can collect information about the state
Cx, of another objeoD; (e.g. vehicle 1, associated wih) in the virtual world. Vice versa,
the entity has an abstract actuaferto change the staféx; of O;. Note that these sensors
and actuators are handled in alpstractway: they have no dynamics and data processing
features. Instead they can be interpreted as queries aindsion the virtual world. Real
sensors and actuators are model led as part of the entitgisad dynamics [23].

Using this simulation principle, the relative motion betmevehicles 1 and 2 (entitiés
andEy) from the viewpoint of vehicle 2 is obtained by a coordinasssformation, where
the state of vehicle £x; is represented in the coordinate frah@g of vehicle 2, i.eC2x;.
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For the transformation to relative position and orientative then get

“py = ZR(Cpy Cpo) (2)

Cqy = Zaay (3)
whereg?R is the rotation matrix from fram&Gg to f Cog andq represents the orientation
in Euler parameters [38]. If we neglect the vertical vehicjmaimics & ;q) and only

consider relative motion in the horizontal planey(y ) the coordinate transformation in
(2) and (3) simpli es to

G

C X1 _ COSGyz sinGyz X1 X2 4)
y1 sin®y, cos®y y1 y2
Cy,=%y; Cyu 5)

Please referto gure 5 for a visual representation of thissfamnmation. In a similar way the
transformations to relative velocit{2y1, ©2y 1) and relative acceleratiof¥2a,, €2y 1) are
derived [38]. For brevity, these derivations are omittetehsince the use of non-constant
transformation matrices and the hierarchical frame systecomes very complex.

The simulation is run by execution of entities on computinde®) which are connected
via a local area network. Each node has its own runtime envientt, which also contains
a representation of the virtual world. Entities communiacaith this virtual world via its
abstract sensors and actuators. The “engine' of the entitylation is an integrator (nu-
merical solver), which invokes the entity's code (i.e. thahicle model) in timely manner
(synchronised with other entities in real-time). The impéetation of the system archi-
tecture is Java based with time-critical parts in C/C++, dnutinterface is established to
MATLAB/Simulink: C code compiled from Simulink models can be esdded into the
runtime environment as entities. More details on this mlotgkoncept and the runtime
environment are described in [37].

3.2 Vehicle modelling

The multi-agent simulator provides the framework, in whigtytype of vehicle model can
be simulated. The model complexity depends on the type of ABA®Ethe objective of the
simulation. In case of an often used two-track model, theaggas of motion are [39]:

mex mCyCy= é_ B Fairx  Fgravix (6)
oFys iy ox= & g
Iy = aMy ®

wherem andJ, are the vehicle mass and inertgal, a Fy, anda M; are the combined tire
forces and moments, arid;r.x and Fgray:x are the longitudinal components of the air and
gravitational resistance forces.

These equations can be solved by numerical integrationg tisanfollowing calculation
sequence. The current velocities, ¢y and yaw raté"y in the vehicle framé Cg, the
wheel angular velocitiewsj, and the vertical tire forcel;; are used as initial conditions.
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The velocity components at each wheel location are then

Viong;ij = Cx CYS 9)

Viat;ij = Cy+Cy|i; (10)
with i 2 f 1; 2g indicating the front and rear axle, an@ f L ; Rg the left and right wheel,
respectively, ant] ands being the longitudinal and lateral distance from the vehogntre

of gravity. With a steer anglél; the velocities in the wheel framgneel:xij aNdVwneely;ij
are then

Viwheelixij — cosdj sindj  Viong:ij . (11)
Vwheel;y;ij sind;j cosd; Viat;ij

For a tyre with radius, the tyre slip angle& anda are then given by

W i Wii I
ki = wheel;x;ij 1 (12)
J
Vwheel;x;ij
V h I' ..
ajj = tan 1 YL (13)
Vwheel;x;ij

For slip anglesjj andajj, camber anglg;, andF;j, the Magic Formula [39] gives
Fxijs Fyijs Mzij = MagicFormula (kij; aij; gj; Fzij) - (14)
These tyre forces and moments for each wheel are then tramesddo the chassis frame by

Fehassisxij - C(_JSdlj sindj;  Fxij . (15)
Fehassisyiij sindjj cosdj Frij -

Introducing a wheel inertidheel, drive torqueTyrive , brake torquélyrake, and rolling re-
sistance coef cienff,, the motion equation for the wheel is obtained as

JwheelWj = Tarive:ij  Torakesij Fxijr  Fzij il (16)

which givesw; for the next integration time step. Equations (6)-(8) camtbe solved by
summing the chassis forces and moments:

é. F= é Fehassisxij a7
i

o o

ak-= a Fehassisy;ij (18)
i

é. M; = a Fenassisx;ij S + Fenassisyiijli + Mzij - (19)
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The vertical tyre forces for the next integration time step tteen be found by

I2 I:chassi.'~:y,1L"' Fchassisy,lR h h

FzaL = o mg+ 25, Emii (20)
Fom = |22|mg Fehassisy, 1L +2 Slzchassisy,lR hy 2h|mX 21)
Fea = |21|m9+ Fehassisy 2L ’LZSFZC“E‘SS‘WZR 2, Zhlmx (22)
Fror = |22|mg Pohassisy2L ;SZC““S‘SV'ZR 2, 2h|m>'<; (23)

where the rst term is the static load distribution, the setterm the load transfer due to
roll, and the third term the load transfer due to accelenafi®glecting suspension charac-
teristics). Herel is the wheelbasdy is the height of the centre of gravity, ahdthe height
of the roll centre at theth axle.

The driver input Tarive (t), Torake (t), anddij(t)) to the vehicle model de nes the traf c
scenario that is simulated as a function of tim@he VEHIL scenario library contains a
database of traf ¢ scenarios, such as following, tailgatimg-ins, lane changes, collisions,
and near-miss scenarios, created from in-depth accidehtsas[35]. The PRESCAN sim-
ulation tool, brie y mentioned in section 2.2, is used forisago de nition and simulation
before the actual VEHIL test takes place, based on the santeageht approach. Alter-
natively, prede ned trajectories (e.g. for benchmark andi cation tests) or recorded test
drives can be accurately reproduced in VEHIL.

3.3 Substitution of the vehicle dynamics model by the vehicleden test

With the ADAS-equipped vehicle and other road users modgelledireal-time simulation
could run as a MIL simulation only, i.e. a PRESCAN simulationhwitit hardware. How-
ever, (6)-(23) are usually not suf cient to accurately moithel ADAS-equipped vehicle. In
order to test a real intelligent vehicle in a HIL con guratiadine vehicle model of entity
E, is substituted by the real vehicle under test (VUT), hencetéhm “vehicle hardware
in-the-loop'. The ADAS-equipped VUT is therefore placed orhassis dynamometer that
provides a realistic load for the vehicle's actuators (aagbrake system) and sensors (e.qg.
wheel speed sensors).

The dynamic response of the chassis dyno, depicted in gure &iting actions of the
VUT must be representative of real road conditions, esfigdraterms of delay time and
phase lag. The operating frequency of the MARS is 100 Hz, whielans that the delay
time is an acceptable 10 ms. The yaw response to steerynmliaind velocity response to
throttle/brake inpux=(Tqrive + Torake) Of @ passenger vehicle typically show a bandwidth in
the 1 Hz frequency range. This implies that the chassis dyrsi atleast have a bandwidth
of about 5Hz in order to minimise positioning phase lag. Femtiore, an emergency stop
of a passenger vehicle can cause a maximum deceleratioowfdhd.0 m/é. Consequently,
the chassis dyno must be able to achieve this as well.

These real-time requirements are met by a setup with fouvishal electric motor driven
drums. The chassis dyno can fully simulate a vehicle massdeetw00 and 3500 kg up to
a maximum velocity of 250 km/h. The adjustable wheelbaseraotodates a wide range
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Figure 8. Vehicle under test with radar sensor at the fromger, driving on the chassis dyno in VEHIL and supported by
arig at the front and back bumper.

Table 1. Speci cations of the chassis dyno.

Wheelbase 1.8-4.0m

Track width 1.2-24m

Drum con guration 4-wheel independent drive
Total peak power 832 kW

Traction force 24kN

Response time < 10ms

Drum diameter 1592 mm

Maximum velocity 250km/h

Dynamic range passenger cars (500 — 3500 kg) full dynamit,m/&

Dynamic range commercial vehicles12000kg) reduced dynamics

of vehicle types: apart from passenger vehicles, also $;uslses, and other automated
guided vehicles can be tested. Table 1 summarises the nmegncsgiions.

Note that the VUT itself replaces the vehicle model of (63)(ZT'he chassis dyno only
needs to emulate the tyre fordgg; that the VUT would encounter on the road. E&gly
is emulated by the drum inertil,,n and the electric motor torque; as

Co+ CiWgrum:ij + C2W§rum;ij + Jdrum Warum:ij i ) (24)

Fxij =

Idrum

where the rst three terms in the numerator represent frictasses in the chassis dyno,
Wadrum iij IS the measured drum speed, ag@dm the drum radius. From (24) the reference
signals for the necessary motor torque are then calculated a

Trefiij = Jarum Warum:ij + Co+ C1Warum:ij + Czwgmm;ij Fxijrdrum; (25)

Wherelfx;i j are observer estimated tyre forces.
This setup also emulates the correct correlation betweendhgdual drum speeds

Vwheel;x;ij .
Wdrum :ij = T’ (26)
rum

to enable simulation of different wheel speeds when drivihgpugh curves, where
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(@) (b)

Figure 9. Moving base: (a) without body and (b) with body.

Vwheel;xij are calculated from (9)-(11). In addition, a special restrsystem that keeps the
vehicle on top of the drums allows realistic heave and pitdtions of the vehicle body,
as shown in gures 8 and 10. This rig produces a realistic dyoarartical load transfer
between rear and front axle during braking and acceleratirgccordance with (20)-(23).
Finally, a road load simulation model estimates the VUT stetﬂorc2x2;vut using the
chassis dyno measurements and updates theSstatsf the associated object in the virtual
world. No further interfacing between the real VUT and thewgdiation environment is
necessary, such that the VUT can be tested as a black boxmsiystegenuine HIL setup.

3.4 Substitution of a simulated target by a moving base

Similar to incorporation of the real VUT in a HIL simulatioryrsounding road users can
be represented by a so-called moving base (MB), depicted ime @(a). The MB is a
4-wheel driven, 4-wheel steered robot vehicle that respdagosition commands of the
MARS and emulates the moti&fx; of other road usenelativeto the VUT, such that this
motion is detected by the VUT's environment sensor. For thippse, the soft real-time
simulator (Ethernet network) and the hard real-time VUT arB8sMCAN bus) are linked
through dedicated interfaces, indicated in gure 6. In origecarry out the desired relative
manoeuvres, the MB must be able to perform motions that drpossible with a standard
car (e.g. sideways), as illustrated by the resulting vefogéctor2v, in gure 5(b). For
this reason the individual wheels can be steered in a rang8s50 to + 350 .

Like the chassis dyno, the MB should also have a control badttivaf about 5Hz in
order to minimise positioning phase lag. In addition, the Sf®uld be capable of acceler-
ating with 10 m/$ in order to emulate the relative motion resulting from an gyaecy stop
of the VUT. Finally, the top speed, which in view of the relatMVEHIL world corresponds
to the maximum relative velocity, should at least be equé@Gam/h. This covers about
95 % of all collision scenarios [15].

These requirements are met by a vehicle platform equippddindependent all-wheel
steering and all-wheel drive, using battery-powered D@m®Dtors. The trajectory con-
troller of the MB realises the desired trajectogy et (t), de ned by the relative motion
Ca2x, of the target vehicle in the horizontal plane. The only cdodits that®2x; ts within
the dimensions of the VEHIL laboratory (200 m by 40 m) and méwdsspeci cations of
table 2. The MB controller determines the drive torques aadrgig angles so as to min-
imise the difference between the actual and desired MBipasisuch that a reproducible
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Table 2. Speci cations of a moving base.

Vehicle mass (including body) 650kg

Wheelbase 14m

Track width 1.4m

Chassis con guration 4-wheel independent drive/steanfra350 to + 350
Maximum velocity 50km/h

Maximum longitudinal acceleration 10 /s
Maximum longitudinal deceleration 10 m/&
Acceleration from 0 to 50 km/h 2.1s

Maximum centripetal acceleration 12 /s
Installed power 52 kw
Battery pack 288 NiMH D-cells, 375V, 100 kg

trajectory is achieved within an accuracy of 0.10 m. The MBigation system uses a com-
bination of magnet grid and odometry with a measurementracgwf 0.04 m, resulting in

a total positioning accuracy of 0.100.04 m. Table 2 gives some further speci cations. For
more information on the design and control of the MB, the ezaslreferred to [40].

In order for the VUT to obtain realistic sensor data, the MBdgiipped with a vehicle
body that represents similar target characteristics aalaebicle, see gure 9(b). Its radar
cross section is similar to that of a standard passengeammadthe body has a similar shape
and re ection properties for testing vision and laser system

Subsequently, the ADAS controller receives realistic inpighals through its vehicle
state sensors and environment sensors, and outputs consigaads to the vehicle actu-
ators (engine, brake) with a realistic actuator load, jgsif he VUT was driving on the
road. It must be emphasised that the actual MB motion in VEKHhot known a priori, but
is the real-time equivalent of the resulting relative moti@tween an autonomously simu-
lated target vehicle and an ADAS-controlled VUT. For exampleen the VUT makes an
emergency stop with deceleratiagy,t , the MB accelerates forward with:mp = a2yt -

In this way aclosed-looHIL simulation is obtained, such that the ADAS is validatedn
arti cial traf ¢ environment, including real vehicle dynams and real sensor input.

3.5 Added value of VEHIL in the development process of ADASS

By providing a world-wide unique HIL environment for intiggent vehicle systems, the
VEHIL laboratory offers a number of distinct advantages:

Tests are performed in a reproducible and exible way witthragcuracy, since the MBs
are operated from a computer-controlled environment.

The HIL setup allows precise and repeatable variation ofgasaimeters to assess the
in uence of speci c parameters and failure modes on the ADAS@enance.

Tests are safer, due to the absence of high absolute vekditurthermore, traf ¢ sce-
narios are monitored by a supervisory safety system, whietemts any real collisions.
This allows to test ADASSs in safety-critical (and even prestjascenarios.

The costs of the validation process are reduced, because testayare performed in a
short time frame with a high success rate. The VUT can drivééarrs and be continu-
ously tested, which is not possible during test drives. Ddpey on the complexity of the
scenarios, on average 15 tests per hour can be performéatjimg scenario compila-
tion, trial runs, test execution, and data acquisition. gk tgcle is therefore signi cantly
faster than is possible with test drives [19].
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Because of these advantages, VEHIL complements the exidémglopment process of
ADASSs in many phases of gure 3:

Rapid control prototyping in VEHIL can help to de ne system sipgations in an early
development stage. In addition, based on safety-critiGalaruvres and fault injection,
potential hazards can be analysed.

The exible transition from MIL simulation in PRESCAN to HIL simation in VEHIL
allows a model-based development of the controller. Giliscenarios that are identi ed
with MIL simulations can be quickly uploaded in VEHIL for exjirmental testing. Test
results can then be compared to the simulation results falemalidation.

On module level the ability to combine high position accyradth high and accurate
relative speeds makes VEHIL an ef cient tool in veri cation abdnchmarking of the
exact performance of environment sensors (e.g. sensoratiin).

On system level VEHIL especially facilitates tlfienctional validation of the perfor-
mance and dependability of complex black-box controll@aitast objective measures.
Algorithm evaluation and ne-tuning can be done ef ciently.

For production sign-off and certi cation purposes the higpnoducibility and ability to
deal with safety-critical applications make VEHIL a strooglt

Finally, VEHIL facilitates the transition from simulations butdoor test drives that are
used to evaluate the real performance and dependabilityeaoaid. These test drives can
be performed with a much higher con dence and less risk, wherADAS has already
been thoroughly tested in VEHIL.

3.6 Representativeness of VEHIL

A fundamental aspect of a HIL test environment is that it pies arepresentativeest-
ing environment. The input from the arti cial VEHIL environmeimto the VUT must be
representative for the actual driving conditions on thedroa restriction of the VEHIL
simulation is that vehicle-based inertial sensors (acogieters and yaw rate sensors) do
not give a representative signal, since the VUT is held at#fostary position. Another
restriction is that the chassis dyno does not produce latgeaforces in accordance with
(13)-(14) during steering actions of the VUT, singg equalsd;j. However, the resulting
relative lateral and yaw motion can still be correctly eneda as shown in gure 5(b).
On the road environment sensors can be perturbed by olstaaside the relevant area
(e.g. infrastructure elements outside the path of motighich of the effort in sensor post-
processing is associated with ltering out these disturlesnén VEHIL these disturbances
can be different from the real world or even absent, althahghabsence of these distur-
bances does not affect the basic operation of the ADAS.

To solve these issues, the HIL concept allows to feed the ADABal-time with a “mix-
ture' of real and virtual sensor signals. Any missing sersgnal can be generated from
the real-time simulation of the vehicle model (6)-(23) ie MMARS (the internal dynamics
of entity E»), which replaces the real sensor signal and is subsequedtinto the ADAS
controller. In addition, this setup allows to inject adalital signals that represent (infras-
tructure) disturbances or failure modes. Alternativeigrtial and environment sensors can
be installed on an MB that executes a traf ¢ scenario as if is @astandard road vehicle,
while another MB represents a target vehicle, as shown inedifc). This setup also allows
to obtain a closing velocity of up to 100 km/h, when two MBsvdriowards each other.

Due to the absence of a realistic driving environment, VERIhat intended to serve as a
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driving simulator, although it has potential to includevériinteraction, as shown in section
4.2. VEHIL is therefore not meant to replace test drives, batu$es on reproducible and
accurate testing of the ADAS performance and dependabiéfgre test drives take place.
In addition, VEHIL tests are used for those scenarios that@redif cult or dangerous
to perform on the road. We will therefore demonstrate théability and added value of
VEHIL in the next section with test results.

4 VEHIL test results for ADAS applications

In cooperation with industrial parties, tests have beerduoted for several vehicle types
(trucks, cars), ADAS applications (ACC, stop-and-go, FCY&-grash systems, blind spot
systems), and sensors (radar (pulse-Doppler, FSK, FMCWjnv{sioth mono and stereo),
and lidar). Here we will discuss the test results for ACC and=Eor clarity, the presented
controllers are simpler than the actual implementatiom;esithe focus is on the way they
are tested.

4.1 Adaptive cruise control system

An ACC controller must be tested in a closed-loop experimsinice the ACC control
actions affect the relative motion, which in turn is detelcby the environment sensor.
Apart from the vehicle itself, optionally a human driver da@ included “in-the-loop' to
operate the ACC control lever and introduce disturbances.prbtotype vehicle, depicted
in gure 8 has been implemented with the feedback control law

ag= kiect kovr; ki ko> 0; (27)

to obtain a desired acceleratiag that controls botte, andv; to zero. In order to achieve
a natural following behaviour, the desired clearance issehcascg = maxV»ty; ) and
the feedback gains are calculated by nonlinear functiars fi(vz2; % ;th;So) and ks =
fo(v2;th), wheres is a distance safety margin abdis the driver-selected time gap (see
gure 2 for a de nition of the notation).

Control law (27) is tested for the traf ¢ scenario of gure 1&et ACC-equipped vehicle
2 drives on the middle lane when suddenly another vehicletd ioufrom the right lane
at a lower speedvf < 0 ande, > 0). This happens dt= 22.9 s, which can be seen from
the rangex, and anglef to the target in gure 11. As soon as the radar sensor on vehicle
2 detects the obstacle in its lane (ife. 0), (27) givesag < 0 and the ACC activates the
brake system dt= 25.3 s. Vehicle 3 stays on the right lane and is used to tesiittigy of
the radar to distinguish between important and irrelevargets in the traf ¢ environment
(i.e. vehicle 3 should not be considered a target). On arsk it would be very dif cult to
safely and reproducibly carry out such a test with humaredsivbut in VEHIL the scenario
can be accurately reproduced. Especially note the tranatamfrom absolute to relative
motion, i.e.Vmp = V1 Vo.

The results also show that the MB has a maximum eerof 0.10 m between desired
and measured position, and a reproducibility within 0.01atwieen consecutive test runs.
The velocity error is usually smaller than 0.1 m/s. This dyr@aagcuracy is reached up to
a bandwidth of 5Hz and a velocity of 50 km/h, and is within theasurement noise of any
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Figure 10. The cut-in scenario of gure 7 is reproduced in MEkb test the ACC system: (1) moving base no. 1 (MB1),
representing the relative motion of vehicle 1 from the vieimpof vehicle 2; (2) vehicle under test; (3) MB2, represegti
the other target vehicle 3.
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Figure 11. VEHIL test results for the ACC system.
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Figure 12. Trajectories of the moving bases in the VEHIL lalbary during the ACC test.

automotive environment sensor. Similarly, the chassis @dymibe accurately controlled up
to a bandwidth of 5 Hz.

With these type of tests VEHIL has an added value in identifytine requirements and
capabilities of an ACC system for safety-critical traf ¢ s@ios in an early development
stage. Using rapid control prototyping techniques, varioantrol settings are ef ciently
tested for a variety of scenarios. When the effect of vartoafsc disturbances on control
performance is known, controller parameters can be opfgrhated. In addition, in a later
stage functional validation of the completed system toghegjuirements can be done
unambiguously and ef ciently.

4.2 Forward collision warning system

Testing an FCW system is more safety-critical than ACC, sacellision warning system
is activated shortly before a collision is expected. A wagnis issued when a threshold of
maximum braking capabilitg.min is crossed by the required deceleratsgrio prevent a
collision [41]. The algorithm takes into account whether aitially moving lead vehicle
(i) stops prior to the following vehicle, or (ii) is still in ption when the host vehicle stops.
Taking into account driver reaction tinke ag is given by

8 a;V2
2 , case (i)
2a1(trv2 X+ So) + V%
T 3 alx ) 3% (29)
2t , case (ii),

. tr(%tral"'vr)"' X S

such that a collision is avoided by a safety margin

The truck, shown in gure 13, is equipped with a control law damito (28) (includ-
ing some nonlinear characteristics). In the simulated agenan inattentive truck driver
slowly closes in with 25 m/s on another vehicle driving at 28 (nepresented by the MB).
After the preceding vehicle suddenly brakes at46.7 s,aq in (28) drops belovay. i, at
t = 49.2s, and subsequently the FCW system sends a collisioringaothe driver. The
corresponding test results in gure 14 show that, after ahsldgelay due to driver reaction
time, the driver brakes &at= 49.9 s and avoids the collision.

In this way, optimum warning thresholds are de ned by exewutieproducible and safe
experiments. Apart from objective parameter tuning, VEHKoaseems to have potential
for subjective evaluation in addition to on-road tests.a ©e veri ed whether the warn-
ings, when given in de ned critical situations, are adequatéhough the nal subjective
evaluation should be done on the road, VEHIL can be used foni&ialievaluation. Fur-
thermore, ongoing research focuses on validation of VEHSLresults with test drives and
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on linking VEHIL to a driving simulator [42].

5 Conclusions

This paper has presented the new VEHIL concept for testing ADABgre a real in-
telligent vehicle is operated in a HIL environment. VEHIL igitable for various types
of ADASs: ACC, stop-and-go, FCW, pre-crash systems, blind spstems, and fully au-
tonomous vehicles. With test results for ACC and FCW it was alestrated that VEHIL
has an added value in several phases of the developmensprafcen ADAS: sensor veri-
cation; rapid control prototyping; model validation; fution level validation; ne-tuning
of control algorithms; production sign-off tests; and egiion of test drives. For these
purposes, VEHIL experiments are performed in an accurgiepdecible, and controllable
way to create a representative test environment.

Furthermore, tests are performed more ef ciently than wittdoor test drives, and test
scenarios can be varied very easily, due to the connectidhetainderlying simulation
environment. Subsequent test drives can then be perforntegwiuch higher con dence
in the system, since the ADAS has already been thoroughtgdes VEHIL. VEHIL is
thereforenot meant to replace MIL simulations and test drives, but to famef cient link
between them. Consequently, the number of iteration looplsd development process is
reduced, saving on time and costs.

Ongoing research is focused on further optimisation of tléselopment process by
analysing the interactions between the different test odgthMIL simulations, VEHIL,
and test drives. This will also include a comparison of theltsobtained with test drives
and VEHIL experiments, in order to further validate the effemess of VEHIL.
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Nomenclature

List of frequently used symbols

SN TTTXQOQAQANSXXXS<<STFT T 40T PTOZI " CTOTMEL MO » >

abstract actuator -
acceleration vector -

acceleration mbs
local vehicle coordinate frame -
entity -
distance separation error m
tyre force N

global coordinate frame -
height of vehicle centre of gravity m

mass moment of inertia kgm
wheelbase m
aligning torque Nm

object in the virtual world -
position vector -
rotation matrix -

radius m
abstract sensor -
track width m
torque Nm
time S
time gap S
reaction time S
velocity vector -
velocity m/s
relative velocity m/s

state vector -
position inx-direction m
relative position m
position iny-direction m
position inz-direction m

tyre side slip angle rad
camber angle rad
steer angle rad
control error m
pitch angle rad
longitudinal slip angle rad
orientation vector -
roll angle rad
angle to object rad
yaw angle rad

angular velocity rad/s
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List of frequently used abbreviations

ACC Adaptive Cruise Control

ADAS Advanced Driver Assistance System
FCW Forward Collision Warning

HIL Hardware-In-the-Loop

MARS  Multi-Agent Real-time Simulator

MB Moving Base

MIL Model-In-the-Loop

VEHIL VEbhicle Hardware-In-the-Loop

VUT Vehicle Under Test
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