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Abstract

Modern vehicles have a very good road - steeringeifeedback, resulting in a good
steering feel. Most of the time the vehicle is drivin a straight line or a small
maneuver is made. This is called on-center drivifige steering feel during on-center
driving is mainly determined by the frictions armhapliances in the different parts
and connections of the steering system.

In this research we study if it is possible to idfgrthe frictions and compliances in
the steering system in order to characterize #neristy feel. It is investigated which
on-center parameters can characterize the stefeehglest descriptions to obtain
proper measurement data are made and on-centeh&es been performed. From the
measurement data the on-center parameters candvendeed. Besides this a full
vehicle motion model is built in order to simul#te on-center tests. A procedure to
obtain information about the frictions and comptias in the steering system has been
defined.

From the measurement data, obtained from the peedrtests, the on-center
parameters are determined. The parameters are oednpih the on-center
parameters obtained from simulation data anddoiluded that the model gives
proper results. On the basis of the measuremeatitdatproven that a friction and
compliance identification will be feasible.



Samenvatting

Moderne voertuigen hebben een zeer goede wegdekirfeedback, hetgeen
resulteert in een goed stuurgevoel. Het grootsegjee van de tijd wordt met een
voertuig in rechte lijn gereden, of een kleine manwe wordt gemaakt. Dit wordt on-
center rijden genoemd. Het stuurgevoel tijdens emtar rijden wordt voornamelijk
bepaald door de wrijvingen en rekken in de versamide onderdelen en verbindingen
van het stuursysteem.

In dit onderzoek wordt bekeken of de wrijvingenrekken in het stuursysteem
geidentificeerd kunnen worden, zodat het stuurgeyelkarakteriseerd kan worden.
Onderzocht wordt welke on-center parameters hatg&woel kunnen karakteriseren.
Testbeschrijvingen om goede meetdata te verkrizgjargemaakt en on-center testen
zijn uitgevoerd.

Daarnaast is er een volledig voertuig model gemakte on-center testen te
simuleren. Een procedure om informatie te verkrijgeer de wrijvingen en rekken in
een stuursysteem is gedefinieerd.

Uit de meetdata, verkregen uit uitgevoerde tegtigmde on-center parameters
bepaald. De parameters zijn vergeleken met de oteicparameters welke uit de
simulatie data zijn verkregen. Hieruit kan gecodelerd worden dat het model goede
resultaten geeft. Aan de hand van de meetdataget@ond dat wrijving en rek
identificatie haalbaar is.
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1. Introduction

Modern vehicles have a very good road to steeringelfeedback, resulting in a good
steering feel. Most of the time the vehicle is drivin a straight line or a small maneuver is
made. This type of driving is defined as on-cedtaring. The steering feel during on-center
driving is mainly determined by the friction andhgpliance in the different parts and
connections of the steering system. Standarditestsler to identify the total friction and
compliance in the steering system already exist [1]

In order to understand more about the steeringdi@ehg on-center driving, it is desired to
know the friction and compliance which are presenhbe different connections of the
steering system. In this research it will be inigeged if a complete friction and compliance
identification will be feasible.

The research consists of three parts. Firstlysttbébe investigated which on-center tests have
to be done in order to obtain proper measuremeat &aom this measurement data the
important parameters for on-center driving havedaalculated. Secondly it has to be
investigated how the frictions and compliancehmdifferent parts of the steering system

can be identified. Thirdly a full vehicle motion ol has to be built in order to be able to
predict the behavior of the vehicle and the ocagrfriction forces and compliances in the
steering system during on-center simulations.

In [1], [2], [3] and [4]descriptions are given for on-center tests. Aldindmns for the
parameters for on-center driving are given. Thegs give a description for both subjective
and objective tests. In this research we are anérésted in objective tests. On the basis of
these papers some tests have been performed addtthkas been processed. In [5] and [6]
descriptions are given for the front- and rear sasn and the steering system. This
literature has been used to build a full vehicldioromodel. Measurement data and
simulation data are compared and give satisfactsylts.

After this the full vehicle model will be validatedhis will partly be done by comparing the
on-center parameters obtained from the simulatsalts with on-center parameters found in
literature and found by measurements. For the measnts a vehicle will be fitted with a
simple instrumentation and some on-center testdwiperformed. It will be investigated
how the desired data can be obtained by an asesiasgbossible instrumentation.

A method to obtain the desired information fromtbtite measurement and the simulation
data will be determined. An interpretation of tkeeults will be given and conclusions
regarding both the results and the measuremertbevilrawn. It will be investigated how the
full vehicle model has to be updated. Also recomtiagions will be given for the
instrumentation during future measurements and thewneasurements have to be
performed.

Finally a method to identify the friction and cornapice in the steering system will be
defined. It will be investigated what type of ingtrentation will be needed and at which
locations the vehicle has to be instrumented iriotal identify the different frictions and
compliances.



This research has been performed in associatidnlitS International, a company that has a
lot of experience in the field of vehicle dynamesting. From the results obtained it has
become clear that an investigation to identifyftitions and compliances in a steering
system will be feasible.

1.1 Report outline

In chapter 2 a detailed description is given far different on-center tests and the testing
conditions. Also a method is given to obtain theid®l on-center parameters and an
interpretation of these parameters is given. Typiahies for the on-center parameters which
are found in literature will be compared by theues found from the simulations and the
measurements. This will be discussed in chaptlr &hapter 3 everything about the full
vehicle motion model can be found and it will beadissed how the model has been built. In
this chapter it can also be found what still needse updated in order to get a representative
model. Finally in chapter 3 a description is givenhow a desired steering wheel and road
profile can be generated in order to be able takita every possible maneuver. In chapter 5
it is discussed how the data, generated duringithalation, is processed and which results
and conclusions can be withdrawn from this datahiapter 5 it also discussed how the data,
obtained from measurements, is processed. Theargdtthe instrumentation are discussed in
chapter 4. In this chapter also a brief descripigogiven for the data acquisition system. In
chapter 6 it is discussed how the data obtained freasurements and simulation correlate to
each other. Also some recommendations are givelutiore measurements. In chapter 7 it is
described how the frictions and compliances instieering system can be identified. For both
the instrumentation and the locations of the imsgntation recommendations are given.
Finally all the conclusions and recommendationddture work are described in chapter 8.



2. On-center parameters

In order to understand more about the magnitudeeofriction forces and compliances which
occur in a steering system during on-center drivingasurements are performed. These
measurements are performed during typical on-céests, as described in [3f this chapter
a detailed description of the weave test and a odktitn determine the important parameters
from the associated data is given. When the paemate known, the correctness of the
weave test can be judged and it will be knownéfweave test data may be used for
evaluating friction forces and compliances in tte=gng system. Also a short description is
given of a step steer test. With the parameteulzded from the weave data the full vehicle
motion model can be fine tuned in order to getsarealistic model as possible. More about
the model can be found in chapter 3. In chapteméthod to identify the friction forces and
compliances in the steering system is given.

2.1 On-center weave test

The weave test is precisely described in [3], bsh@rt test description is given in section
2.1.1. In section 2.1.2 description is given on how to determine the p&tars which are of
special interest for the weave test.

2.1.1 Test description

The test is an open-loop test on a test trackftiiaivs a straight-line path. After the vehicle
has been accelerated to the desired speed, tle damerates a sinusoidal steer input. The
steer input is generated in such a way that thk lag¢eral acceleration levels are as desired.
The test lasts until a desired number of weavedban generated. For a more detailed
description, see appendix A or [3].

2.1.2 Parameters

A lot of characteristics can be computed from tatadbut in this research the interest goes to
those characteristics which can be used to judgéest and to be able to fine tune the full
vehicle motion model. These characteristics ardithe trajectories of the steering wheel
angle and yaw rate, the steering wheel torque safgisteering wheel angle and the
characteristic of the yaw rate versus the steeximgel angle. Examples of these
characteristics can be seen in figures 2.1 -s2d,also [1].
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In figure 2.1 time trajectories for the steeringaghangle and yaw rate are plotted. When a
closer look is taken, it can be seen that the sbafie curve of the yaw rate is similar to the
shape of the curve of the steering wheel anglethaue is a time lag between the two curves.
Because the vehicle has an inertia and the stegystgm has compliance, the vehicle will not
respond immediately to a steering wheel input,nesds time to overcome the inertia and
compliances. This time lag is referred to as tlspwoase time lag.

In figure 2.2 the time trajectories of the steenwviigel torque and the steering wheel angle are
plotted against each other. In this way the retalietween the steering wheel torque and the
steering wheel angle can be seen. From this pleetharameters are determined, the steering
friction, steering stiffness and torque deadbarm Jteering friction is the vertical distance
between the two lines in the plot at a steeringeiaagle of zero degrees. This is the torque
that is required to overcome the (dry) frictiorthe steering system at a steering wheel angle
of zero degrees. The steering stiffness is theaaeegradient of the upper line and the lower
line over a range of $0 % of the peak steering wheel angle. In modemmcles this stiffness

is mainly determined by the characteristics ofttrsion tube in the steering gear [5]. The
torque deadband is defined as the horizontal disthetween the two lines at a steering
wheel torque of zero Nm [1].
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From figure 2.3he values for the yaw rate response gain andeggonse deadband are
determined. The yaw rate response gain is the geayadient of the upper line and the lower
line over a range of 20 % of the steering wheel angle. The yaw ratpaese gain again is
determined by the inertias of the vehicle and treiances of the steering system. The
response deadband is defined as the horizontahdistbetween the two lines at a steering
wheel angle of zero degrees. When the steeringlushaened, the vehicle does not respond
immediately; the steering wheel can be turned adegrees before the vehicle starts to
respond. This effect can be seen in the figuré@asdsponse deadband.

Figure 2.4 shows the plot of the lateral acceleratiersus the steering wheel angle. From this
plot the values for the lateral acceleration deadbthe angle deadband and the steering
sensitivity are determined. The lateral accelenatieadband is the vertical distance between
the two lines. The angle deadband is the horizahsthnce between the two lines. As
described above, the vehicle does not respond inatedylto a change in steering wheel
angle. The angle deadband can be felt as the chastgering wheel angle before the vehicle
responds. The steering sensitivity is defined asatlerage gradient over a range @0+% of

the peak steering angle. The steering sensitiatyle felt as how fast the vehicle responds to
a change in steering wheel angle. A vehicle witligh steering sensitivity is very sensitive

for changes in steering wheel angle; a small chamgteering wheel angle would cause the
vehicle to have a relative high lateral acceleratith a high steering sensitivity the vehicle
will be “nervous”.

From this description it is concluded that at léhstsignals for the steering wheel angle,
steering wheel torque, lateral acceleration ang#éverate have to be measured during the
tests in order to judge the correctness of the.t€str determination of the friction forces and
the compliances in the steering system a largémimentation is needed, see also chapter 7.

2.2 Step steer test

The step steer test is a simple test which give®nmsight in the behavior of the friction
forces and the strains in the steering system duritarge radius curvature, or during a
passing maneuver. Because the interest stilldiegiantifying the on-center behavior the step



steer test will be more gently performed than alllegstep steer test which is done in Vehicle
Dynamics testing, see also [4].

The test starts when the vehicle is accelerategs$oed speed. Then the driver generates a
desired steering wheel angle as fast as possihis.can be done for multiple steering wheel
angles. A detailed description can be foundppendix A or [4].

From this data the time trajectories of the conmulés in the steering system can be obtained
and the friction forces and energy dissipatiorhmdifferent connections can be determined.
Also the V.LM model can be optimized using thisoimhation.

2.3 Test conditions

To be sure to gain correct data which is not cdedipy the conditions of the road, vehicle or
nature, the test conditions are extremely importarttetailed description can be found in [3],
[7] and appendix A.



3. Chrysler Neon model

In this chapter the full vehicle model of the CheydNeon will be discussed. LMS has
developed its own software for amongst other thinfjsrehicle motion simulations. The
software used for these motion simulations is ddl&S Virtual.Lab Motion (V.LM). First it

is explained what kind of suspension and steenystesm the Neon is equipped with and how
they are implemented in V.LM. After this some Matl@autines used to generate a steer input
and a road profile for simulation of on-centerdesiil be introduced.

For this research the Chrysler Neon model built.ioM is of the old type Chrysler Neon
(1995 up to 1998). This type of Neon is equippetth\an independent front and rear
suspension. The front suspension is of the McPhexgxe, and is equipped with a stabilizer
bar. The rear suspension is an independent 3-luiggension, without a stabilizer bar. The
steering system is a power steered rack and ptgpe More information can be found in
appendix G.

Using [6]a full vehicle model of the Chrysler Neon is builtv.LM. The coordinates of the
real geometry of a Chrysler Neon was unknown, licg teason the V.LM model is built with
use of existing V.LM models and FE models.

An important component of the full vehicle modethe tire model. For all maneuvers the tire
will generate forces and moments which will regulfiorces in the steering system and
suspensions. Because the steering wheel torqueeisfahe parameters we are specifically
interested in, it is important that the simulatectés of the tire are similar to forces generated
in a real maneuver with a real tire. For this reahe tire model used in the V.LM model
should be the same as the tire used for the mareuMas is not the case yet; now a simple
tire is modeled. A future improvement is that thedal will be equipped with a more realistic
tire model like a TNO tire model. For more informaaitabout tire models, see [12].

V.LM gives the user the opportunity to define titregectories for the steering wheel input
and the road profile. Fully automatic scripts aesigned in Matlab. One script to construct a
steering wheel input, where the user can choosecleet a perfect sine, or a sine with noise
added. For the road profile a different scriptasstructed. The user can choose between all
kinds of road roughness. With these scripts a sitianl can be as close to reality as possible,
see appendix G for more information.

From this all it can be concluded that we have dehwhich is capable of simulating a
maneuver as described in [3] and [h]jchapter 5 and 6 the results of the data from the
simulations and measurements is discussed anddtiel proves to give proper data. In order
to make the model more realistic some things havmtchanged. From the front suspension
and the steering system some slight changes igebmetry have to be made, which can be
done very easily. For both the front- and the sempension the characteristics for the springs
and dampers have to be changed to real charac®griiis can also be done very easily. For
the front- and rear suspension the parametersiéopushings have to be changed into the real
parameters. For the front suspension, steeringrsyahd some parts of the rear suspension
the values for the masses and inertias have tbédmeged. Also friction, compliance and

power steering have to be implemented in the mdttelthis thorough knowledge of the

V.LM software is required.



4. Instrumentation and measurements

In chapter 3 the V.LM model is discussed. Withihedel all tests as described in chapter 2
are simulated. In order to be able to validatentioelel some measurements from the weave
tests as described in chapter 2 are performedhEaneasurements an instrumentation for
measuring the steering wheel angle, steering wbeglie, lateral acceleration and yaw rate is
necessary. Because not all instrumentation isaailand renting of instrumentation is very
expensive, also a way for a simple instrumentatdound. In this chapter both a description
for very accurate and a very simple instrumentasagiven.

4.1 Steering wheel angle

A very precise measurement device for measuringtd®ring wheel angle, steering wheel
speed and the steering wheel torque is the MSW Meamgnt Steering Wheel for non-
contact measurement of steering speed and angeVBW is delivered by Corrsys Datron
and is deliverable in two types, a 50 Nm versiargiatomobiles and a 250 Nm version for
light trucks. More information about these instrumsecan be found in [14].

For the measurements a draw wire sensor, the WDSR85-SR-U, is used. The draw wire
housing is attached with X60 adhesive to aluminapef stuck at the gear shifter housing, the
draw wire is attached to the steering wheel.

Figure 4.1: Steering wheel angle instrumentation

In figure 4.1 the set-up of the draw wire sensar loa seen. The draw wire is attached
tangential to the steering wheel. Turning the stgewheel anti clockwise results in pulling
the draw wire out of the draw wire sensor housiangjing the steering wheel clockwise
results in the draw wire being pulled into the seri®using. The draw wire is pulled



automatically into the sensor housing by a relasiveng rotational spring. This method for
measuring the steering wheel angle proves to bease method, see also chapter 5.

4.2 Steering wheel torque

For measuring the steering wheel torque the MSWsMieament Steering Wheel can be used,
but a less expensive instrumentation is to usenggages. With strain gages the torsion of the
steering axis (see figure 3.2) can be measuredtore®n can be correlated to the steering
wheel torque. Torsional strain is measured agmnrd 4.2 with a total of four strain gages. In
order to measure torsional strain the four straigeg have to be positioned as in figure 4.2.

RN

Figure 4.2: Position strain gages

The strain gages used at LMS can measure in a tdrjgel500] microstraing(e). Typical
steering wheel torques during on-center weave mamsiare torques up to 2 Nm. In order to
have a good resolution, the minimum strain at arstg wheel torque of 2 Nm should be 20
ue. For safety reasons the steering axis is constiuct have a much lower strain at a steering
wheel torque of 2 Nm. For this reason the diameftéine steering axis has to be reduced in
order have a higher torsional strain at steeringektorques of 2 Nm. Attention should be
paid to a safe construction, a safety has to beibuin order to be able to do a drastic
steering maneuver at all times when there is artlaza

The steering axis exists of two parts. In figur@ tthese parts are represented.

Steering Part 1 L |
gear housing ’E Part 2 Steering
—E wheel
L |
Cardan
joint f:i::?rdan
joint

Figure 4.3: Steering axis

Part 1 and part 2 are each connected on one sidecardan joint to the steering gear housing
and the steering wheel respectively. Part 1 is eoted with part 2 via a spline connection,

10



this makes it possible for part 1 to translatelfrée part 2, but they are fixed in rotational
direction. The strain gages can be positioned theepart 1 or part 2.

Part 1 usually is a solid shaft with a smallestréiter of approximately 18 mm. Part 2 is a
tube with a diameter of approximately 25 mm. amdadl thickness of 3 mm. Values for the
diameter of wall thickness are calculated in otddrave a strain of 2k at a steering wheel
torque of 2 Nm. For part 1 the diameter has toeloleiced to 10.84 mm or for part 2 the wall
thickness has to be reduced to 0.26 mm. Becauke atner side of part 2 is a spline
connection, this will not be possible. For thiss@athe steering wheel torque can only be
measured by reducing the diameter of part 1 arcngahe strain gages on this part.

Because only a loan car was available, this instntation has not been done and the steering
wheel torque has not been measured during the tests

4.3 Lateral and vertical acceleration

Lateral acceleration is measured to know more ath@utehicle's response during a
maneuver. From the signals, plots as describetdpter 2 are made. The signals are also
used to investigate if it is possible to calcukatgaw rate, see also section 4.4 and to measure
vehicle roll. Lateral accelerations are measurdtiesteering gear housing at points 1 and 2
(see figure 4.4), at the longitudinal chassis memsbethe points 3 and 4 and at the rear
bumper attachments at point 5 and 6. Vertical @cagbn is measured at points 5 and 6.

Front
2 1
[ ] [ |
4 3
[ | | ]
& 5
| ] | ]
Fear

Figure 4.4: Locations for measuring accelerations

Vertical acceleration is measured at two pointsrater to know more about the vehicle roll
during the testing. If the vehicle rolls, an enmmthe measured lateral acceleration is
measured, see figure 4.5. When the vehicle rolistdwa lateral displacement, the axes of the
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accelerometer also rolls and the accelerometemvaisure . The real lateral acceleration
of the vehicle is @ and will have a higher magnitude than the measuakee g.,. Because

the on-center weave test is not an extreme tesekpected that vehicle roll is negligible and
am Will be very close to,a In chapter She signals for the lateral and vertical accelereti
are evaluated.

: :

aym
Figure 4.5: Error in measured lateral acceleration

For measuring the lateral or vertical acceleratamtelerometers have to be used which are
able to measure low frequency accelerations. Aeritesl in chapter 2 the weave test consists
of a steering wheel input of 0.2 Hz. Only DC (Dir€urrent) accelerometers are able to
measure this low frequency level acceleration. INgS 5401 and Kyowa AS-10B sensors
are used for measuring the accelerations. Morenrdtion about these sensors can be found
in appendix E.

4.4 Yaw rate

The yaw rate is measured to be able to charactiérezeffectiveness of the SWA, see also
chapter 2. Usually yaw rate is measured with a gyodule.

At LMS no gyro modules are available. For this oras is investigated if it is possible to
calculate the yaw rate from the lateral accelenstit points 4 and 6 or points 3 and 5 on a
similar way as described in [15]. Calculating yaterthis way is also reducing costs.

When a maneuver is made, the speegsand \s, will differ (see figure 4.6), resulting in a
yaw ratey .

12



Front

Vdy

- ]

Eear
Figure 4.6: Speeds during maneuver

The yaw rate can be calculated by:

Y =My2;ﬂi/6y)i360 [%] (4.1)

where \jy is the lateral speed at point 45, ¥he lateral speed at point 6 and L the distance
between point 4 and 6.

Because no information is known about the latguakss at the points 4 and 6, the measured
lateral acceleration signals have to be integraiéit respect to time. This procedure to
process the data and the results are describdwptear 5.

4.5 Measurements and data acquisition

All measurements are performed with a Renault Lageee figure 4.7. All measurements are
performed with the same test driver for reproduiigisults. Measurements are done on
public road. During measurements the frequenchefteer input is triggered with a
stopwatch. After each measurement (four in toted)data is evaluated to check if the peak
lateral acceleration levels were approximateli-2 m/$ during the measurements.
Measurements are made during dry weather and lomt welocity. On the passenger seat the
data-acquisition system is positioned. On the ls&el the operator of the laptop is seated in
the middle of the car.

All measurement devices are connected to a datasabon system developed by LMS, the
Scadas. For the measurements the Scadas3 is tmee8cadas3 is connected to a laptop via a
SCSI card. On the laptop the in home developed khf8vare Test.Lab 7A is installed. All
data during measurements is recorded with Tesatabsample frequency of 512 Hz and
after the measurements exported to ASCI files focg@ssing in Matlab, see also chapter 5.
During measurements the Scadas3 is connected tatlhis battery for the power supply.
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The draw wire sensor is connected to a PQFA madulee Scadas3, see [16]. The output
signal from the draw wire sensor is a voltage aatlme connected directly to the Scadas3.
The draw wire sensor needs a power supply ancdhisemted to the car its battery.

All signals from the accelerometers are basedmmnsgjage technology. The module in the
Scadas3 for connecting strain gage measuremertesdetd is the PQBA module. Because the
MWS 5401 3D accelerometer generates an outputgelitdnich is too high for the PQBA
module, an extra resistance wire is needed to avmméetween the accelerometer and the
PQBA module. The output voltage of the Kyowa AS-li§Borrect and these accelerometers
are connected directly to the PQBA modules.
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5. Data interpretation

From both the V.LM model and the measurements afldata is obtained. In chapteit 2s
described what parameters can be determined frisndaita in order to characterize the
correctness of the maneuvers and to have moremation about the vehicle its response. All
processing is done with use of Matlab. In this ¢bapriefly the processing of the data is
described and the results are presented. Firgrdoessing of the data from the V.LM model
is described, after this the processing of the ftata the measurements is described and
finally the results are compared in order to vdkdae V.LM model.

5.1 Processing of V.LM model data

V.LM calculates a great lot of data during a sintiola For every part (chassis, knuckles,
steering rods and so on) time trajectories forfdnees, torques, speeds, accelerations and so
on are calculated. All on-center parameters exasguonse time lag (torque deadband,
steering friction, steering stiffness, responsaldaad and yaw rate response gain), are
determined from the curves of steering wheel torgersus steering wheel angle and from
yaw rate versus steering wheel angle. Responsdduns calculated from the time
trajectories of the steering wheel angle and yde: ra

5.1.1 Time trajectories

The processing starts with reducing the data. Asvkn the V.LM model needs time to
stabilize during the beginning of the simulationl dne data from both the first and the last
weave contain errors due to starting and endiregtsff Also the interest only goes out to the
data contained from the weaves. The data reduatgnrithm reduces the data in such a way
that only information of the second weave up hi#t second last weave will be kept for
calculation of all on-center parameters. Afterdlaga reduction the algorithm calculates all
on-center parameters as described in [3]. Thegbltite time trajectories, zoomed for half a
period, can be seen in figure 5.1.

From these trajectories the response time lagtardd. As can be seen in the figure, there is
a phase lag between the steering wheel angle anghth rate. The line for the yaw rate
passes trough zero at a later moment than thédirtbe steering wheel angle. The reason for
this lies amongst others in the reason that durgetbias the vehicle needs time to response to
a steering wheel input. The distance between tiveseis computed and from this plot the
response time lag is found to be 0.06 seconds. kterature [1], [2]it is known that a
response time lag of 0.14 seconds is a realistievdhe vehicle which is used for testing in
this paper (Jaguar XJ40) is like a Chrysler Netuxary car, but the Jaguar is a heavier type,
so values for the on-center parameters may varil A possible reason for the difference
between the value calculated from the V.LM datafachd in literature is that the V.LM
model lacks some very important information abogoad tire model and frictions and
compliances of the steering system. The tire mosdet! in the V.LM model is a complex tire
model, which contains only information about thietal stiffness, cornering stiffness, lateral
damping and friction coefficient. All these paraarstare described as linear parameters. The
parts in the V.LM model are modeled as rigid bodsesno compliances are taken into
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account. The inertias used in the model are estisnaind are not exact values corresponding
to the inertias of the real Chrysler Neon vehiBlmbably the inertias are estimated too low,
which will result in a faster vehicle response émgs a lower response time lag.

SWA /SWT/ ay / Yaw rate - Time, REDUCED DATA

SWA [deq]
—+— SWT [Nm]

—e—a, [ms?]

\
****** 1= Yaw rate [%/s]

_r -

Time [s] -

Figure 5.1: Time trajectories

5.1.2 Steering wheel torque versus steering wheel angle

The plot for the steering wheel torque versus thersng wheel angle obtained from the
simulation results can be seen in figure 5.2. Adgiplot from the steering wheel torque
versus the steering wheel angle, obtained from ameasents, can be seen in figure 5.3. From
figure 5.2 the parameters for the steering frigtgirering stiffness and torque deadband are
calculated. From literature [1], [2] it is knownrstttypical values for the steering friction,
steering stiffness and torque deadband are 1.140N280 Nm/deg and 5.3 deg respectively.
Values calculated from the simulation data for siggfriction, steering stiffness and torque
deadband are 0.031 Nm, 0.079 Nm/deg and 0.385sdpgctively.

The difference between these values of the ste&iictgpn (vertical distance between the two
lines in figure 5.2 at a steering wheel angle de@) can be attributed to the lack of steering
friction modeled in the V.LM model. In the V.LM metno friction is modeled in the

steering system, where in a normal passenger ¢heisteering system consists friction in
every connection, see also section 3.1.2. Thisatsmbe seen in figure 5.1 where no shift in
the steering wheel torque occurs when the derigatfithe steering wheel angle changes from
sign (this happens at maximum and minimum valugbetteering wheel angle). When
(static) friction would be modeled in the V.LM maddne steering wheel torque at maximum
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and minimum steering wheel angle would be expetttddve a step in magnitude in order to
overcome the friction forces in the steering system

SWT - SWA S o FWT [Mm)

0.8

0.6

0.4

0.2

SWT [Nm]

-0.2

-0.4

-0.6

-0.8
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T
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Q.
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e
ob - -

- 10
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Figure 5.2: Steering wheel torque — steering wheel  Figure 5.3: Steering wheel torque — steering wheel

angle, simulation results angle, literature [1]

The difference in the torque deadband (horizorisghdce between the two lines in figure 5.2
at a steering wheel torque of 0 Nm) can be expthinethe following. Due to the lack of
friction, the two lines in figure 5.2 are vertigalbcated too close to each other. For this
reason the horizontal distance between the lindsalsd be to close and the torque deadband
will be very small.

In the V.LM model no hydraulic power steering isdeted (see also section 3.1.2). A
hydraulic power steering makes use of a torsionTae amount of torsion is the measure for
the steering wheel torque and will result in a g&aaof boost pressure for the steering gear
[8]. In the V.LM model no torsion bar is modelededause of this the steering stiffness
computed from the simulation data could be lowantthe steering stiffness of a real vehicle
would be. Combined with an inaccurate tire modaliit be clear that the magnitude of the
steering stiffness will differ from the steeringffsiess found in literature.

When a closer look is taken to the shape of thes fofigures 5.2 and 5.3 some conclusions
can be made. It can be seen that the plot in fiBéflattens out” at higher steering wheel
angles, where the plot in figure 5.2 is almostdin@ his effect can be attributed to the tire
model and the lack of hydraulic power steering arang steering gear mesh. As stated
above, all parameters of the tire model are lipeaameters. From [12] it is known that the
tire does not behave linear at all. Because ohtmelinear behavior of the tire, the self
aligning moments calculated during simulation carwlbong. The self aligning moment will
generate the lateral forces in the steering rodslaneeded steering wheel torque will
change. The lack of hydraulic steering system én\fiiLM model can also be a reason why
the plot in figure 5.2 does not flatten out. Theltawlic steering system behaves very non-
linear [9]. A typical characteristic of the steeyiwheel torque versus the rack force (lateral
forces on steering gear generated by the steesig) can be seen in figure 5.4.

17



[F]

=

Input Shaft Tarqua, M;, {Nm)

0 f f f
o 1 20 a0 0
Rack Forca, Fy, (N)

Figure 5.4: Steering wheel torque versus rack fd@je

In figure 5.4 it can be seen that the hydraulic @osteering assists in such a way that the
steering wheel torque will be relatively high whae rack force is low and that the steering
wheel torque will be relatively low when the rackde is high. The rack force will be
generated by the steering rods. Larger steeringhdrgles will cause greater angles of the
knuckles, resulting in greater slip angles, which rgsult in greater self aligning moments
generated by the tires, which will result in highances in the steering rods having a higher
rack force as a result. From figure 5.4 it can dwectuded that the needed steering wheel
torque will be relative low and it will be clearathat higher steering wheel angles the needed
steering wheel torques will be low and the curvesteering wheel torque versus steering
wheel angle will flatten out, just like the curvefigure 5.4.

Another possible reason is that the ratio of tkergtg gear is constant. In a lot of modern
cars the steering gear ratio is not constant [bg mtio becomes larger at larger steering
wheel angles, in other words, at higher steeringeangles the steering rack will have a
smaller translation with the same change in stgesineel angle. For this reason the steering
wheel torque will become smaller. Due to this bétwathe curve for steering wheel torque
verses steering wheel angle would also flattenght steering wheel angles.

5.1.3 Yaw rate versus steering wheel angle

The values for the response deadband (horizorgtdrdie between the lines in figure 5.5 at a
yaw rate of 0 deg/s) and the yaw rate response(gaan gradient of the lines in figure 5.5 at
zero yaw rate) is obtained from the plot of the yate versus the steering wheel angle, see
figure 5.5. The value for the response deadbandl@zilated to be 1.57 deg and the value for
the yaw rate response gain is calculated to be2@2§/s/deg. Typical values for the response
deadband and the yaw rate response gain are 3ande@ 135 deg/s/deg respectively.
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Figure 5.5: Yaw rate versus steering wheel angle

Again the values computed from the simulation @aeasmaller than the values from
literature. The reason why the values for the raspaeadband and the yaw rate response
gain from the simulation data are smaller tharvtdaes found in literature can again lie in
the lack of compliance for the steering systenootlie use of too small inertias. Because
there is no compliance in the steering system #gcle will response more directly to the
steering wheel input and the response deadbandetikmaller. Also, if the inertias used in
the model are too small, the vehicle will respoiiaster than in reality, resulting in a lower
deadband and a higher yaw rate response gain.hEpe ©f the curve is similar to the shape
of the curves found in the literature, see alsorg.3.

5.1.4 Lateral acceleration versus steering wheel angle

Finally the values for the lateral accelerationdlead (vertical distance between the two
lines in figure 5.6), angle deadband (horizontatatice between the lines in figure 5.6) and
the steering sensitivity (mean gradient of thedimefigure 5.6 at zero steering wheel angle) is
determined from the plot of the lateral acceleratiersus the steering wheel angle. From this
plot the values for lateral acceleration deadbandle deadband and steering sensitivity are
found to be: 0.4416 nfis4.37 deg and 0.1106 rfikkeg respectively. Typical values found in
literature are 0.8 mis4 deg and 0.2375 mildeg respectively. The reasons for the differences
between the values calculated from simulation daththe values found in literature are the
same as described in section 5.1.3.

19



Lateral acceleration [m/sz]

Steering wheel angle [deg]

Figure 5.6: Lateral acceleration versus steeringeiangle

5.2 Processing of the measurement data

In chapter 2 the reason for the need of a simiguimentation is given. With an
instrumented vehicle weave tests are done. Remdtdiscussed in this section.

5.2.1 Data interpretation and filtering

In figure 5.7a the time trajectory for the steenmgeel angle can be seen, in figure 5.7b a
time trajectory for the lateral acceleration oe tihassis can be seen (from sensor 4, see also
chapter 4). The other time trajectories can bedoamthe CD.

Steering wheel angle, time trace
T T

Steering wheel angle [deg]

Time [s]

Figure 5.7a: Draw wire sensor, time trajectory

Lateral acceleration, sensor 4, time trace
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IFegh. 7b: Lateral acceleration, sensor 4, time
trajectory
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From figure 5.7a it can be seen that the testsstéid3 seconds and ends at 95 seconds.
During this test 10 weaves were made. The averag@evtime then is 5.2 seconds per
weave, what comes down to an average weave freguéic19 Hz. For safety reasons the
draw wire was only attached to the steering whaehd measurements. This explains the
jumps in the plot at 30 and 95 seconds, at theseants the draw wire was respectively
attached and detached to the steering wheel. §halsiontains very little noise or drift. For
this reason measuring the steering wheel angleavittaw wire sensor is a good option.

In figure 5.7b the time trajectory for the lateaakeleration from sensor 4 can be seen. This
signal contains a lot of high frequency noise. Tage is mainly generated by the vibration

of the engine and the road input. In figure 5.8l#teral acceleration, also measured by sensor
4, can be seen with a stationary car and the enigined of. The noise seen here, is the noise
generated by the DC accelerometer and is a fabtentaller than the noise which is on the
signal from the measurements. The signal also oengDC offset of -0.45 nfisthis will be
compensated during processing in such a way tedathral acceleration during straight line
driving will be 0 m/.

DC offset value, sensor 4, engine down
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Figure 5.8: Lateral acceleration sensor 4, statiomehicle, engine down

What can be seen in figures 5.7a and 5.7b is lleagignal contains an oscillation of 80
seconds, or 0.0125 Hz (in figure 5.7b it can bedkat this oscillation starts at 10 seconds
and ends at 90 seconds). A possible reason foisttisit the measurements are done on
public road and there was some very slight curesituthe road. In all data from the 4
measurements a sine with this frequency comes Bsdause not all measurements were
done at exact the same locations on the road melaton can be found. What also can be
seen is that the oscillations in figure 5.7a anih fiave an opposite sign, values for a positive
steering wheel angle correlate with negative vataethe lateral acceleration. This is because
a negative steering wheel angle (counter clockwissy)lts in a positive output value for the
draw wire sensor. Also a negative steering wheglearesults in a negative (in the vehicle its
axis system) acceleration of the vehicle.

The plot for the lateral acceleration versus teerstg wheel angle can be seen in figure 5.9.
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Lateral acceleration versus steering wheel angle
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Figure 5.9: Lateral acceleration versus steeringaivangle

It will be clear that from this plot no paramet@ederal acceleration deadband, angle

deadband and steering sensitivity) can be detednberause no proper hysteresis loop is
obtained (see also figure 2.4 and figure 5.6)Iskh decomes clear that the dataset from which
the plots are made has to be reduced; we are mtelsested in the data during the weaves and

data recorded before and after the weaves is deBtee to the high frequency noise no
proper hysteresis loop can be observed in figu@efér this reason the signal has to be

filtered with a lowpass filter. For filtering ana@i reduction a Matlab Simulink model is
built. For filtering a fifth order Butterworth fiér with lowpass frequency of 2 Hz. was used
(for more information about Butterworth filters,eseppendix D). The reduced, filtered data

can be seen in figure 5.10.
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Figure 5.10: Reduced, filtered time data, sensor 4.
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Due to the use of the Butterworth filter, the fitld data has a phase lag, which also can be
seen in figure 5.10. The signal for the steering&Vlangle needs no filtering, because the
signal contains no noise. Still the steering wizewjle data is filtered in order to be sure that
all data has the same phase lag. If the filtered filam the lateral accelerations is compared
with the unfiltered data from the steering wheeajlanwrong conclusions are drawn.

5.2.2 Lateral acceleration versus steering wheel angle

With the filtered data again the plot is made fa lateral acceleration versus the steering
wheel angle, see figure 5.11.

Lateral acceleration versus steering wheel angle

Lateral acceleration [m/sz]

|
1
-5
Steering wheel angle [deg

Figure 5.11: Lateral acceleration versus steeringalangle, filtered signal

In this plot the hysteresis loop can be seen. fisceffect of noise on the steering wheel input
becomes clear. If the steering wheel input woulieHaeen a perfect sine with no noise
included and a frequency of 0.2 Hz for all weavis,curves in the plot would have
overlapped each other, see also figure 5.6. Ithwltlear that a lot of attention needs to be
paid to a proper steering wheel input during tgstind a steer robot may be preferred. The
parameters for the lateral acceleration deadbaedangle deadband and the steering
sensitivity determined from this plot are 0.3218%2.359 deg and 0.1153 rfitkeg
respectively. These values are compared to thesdfom the simulation data in chapter 6.

5.2.3 Yaw rate

With the filtered data the yaw rate is computedescribed in chapter 4. In order to compute
the lateral speed from the signals of the lateze¢keration, the low frequency oscillation (see
figures 5.7a and 5.7b) is filtered out of the sigmith a second order highpass Butterworth
filter, with cut-off frequency of 0.08 Hz . If th#ata does not pass a highpass filter, the
integrated signal will rapidly increase to verylhigalues. In figure 5.12a this effect can be
seen. In figure 5.12b the calculated lateral spdt filtering from sensor 4 is shown.
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Calculated lateral speed, without filtering Calculated lateral speed after filtering
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Figure 5.12a: Calculated lateral speed without Figure 5.12b: Calculated lateral speed with fitigri
filtering

In order to calculate the lateral speed, the Ma#ahulink model is used to filter the original
acceleration signal twice (lowpass and highpassrfiand after this integrate it with a discrete
integrator. For all acceleration signals the Similinodel is used to calculate the lateral
speeds.

The yaw rate is calculated from the lateral spedédensor 5 and 3 and from the lateral

speeds of sensor 6 and 4 as described in chapiepldt of the calculated yaw rates can be
seen in figure 5.13.

Calculated yaw rates from different acceleration sensors

Yaw rate from sensor 5 and 3
Yaw rate from sensor 6 and 4

Calculated yaw rate [deg/s]

Time [s]

Figure 5.13: Calculated yaw rate
What can be concluded from this plot is that the talculated signals are very close to each

other. Compared to values from literature, alsontlagnitude of the signals seems to be
correct. At first sight this method looks promisivghen the plot of the yaw rate versus the
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steering wheel angle is made (see figure 5.14)cantpared with plots found in literature
(figure 2.3), it becomes clear that this hysterkxyp can not be used.

Yaw rate - SWA
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teering wheel angle [deg]

Figure 5.14: Yaw rate versus steering wheel arsglesor 5 and 3

It can be concluded that no reliable hysteresisiplobtained with the calculated yaw rate
and the filtered steering wheel angle; both theritacceleration deadband (3 fpand the
angle deadband (12 deg) are too large. The problest probably comes with the filtering.
For calculating the yaw rate, the data needs filtbesd twice. After every filter operation
the data obtains a phase lag, and the shape ofithe changes, see figure 5.15.

20

\ I I I I
| Original SWA

Steering wheel angle [deg]

Time [s]

Figure 5.15: Steering wheel angle, effect of fitigr
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After two times filtering the steering wheel andita (which must be filtered in order to
compensate for the phase lag) and the lateralexrateln data, too many errors are generated
and the shape of the yaw rate versus steering vaimeg# plot will change too much. This can
easily be seen in figure 5.15 where the steeringelvaingle data has changed drastically after
the filtering. Nevertheless this does not autonadiiianean that calculating the yaw rate this
method is not possible and gives incorrect data.

When the plot is made from the yaw rate versusthgnal steering wheel angle, the plot in
figure 5.16 is obtained. In this plot the blue @iy the complete dataset of the yaw rate
versus the steering wheel angle. At first sightigeful information can be withdrawn from
this plot. When a closer look is taken to the ddta single weave, it can be concluded that a
proper hysteresis curve is obtained. In figure BtEGyaw rate versus steering wheel angle of
the second and fifth weave is shown.

Waw rate - SWWA
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all curves y
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Yaw rate [deg/s]
[
i
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Steering wheel angle [deg]

Figure 5.16: Yaw rate versus steering wheel angiéltered signal)

The hysteresis loops are positioned at differecations in the plot. This is because the data
of the original steering wheel angle is used t@ibthis plot. From section 5.2.1 it is known
that this data contains an overall oscillation @1@5 Hz. Due to this oscillation the
orientation of the hysteresis loops in figure Sdiféer for every weave.

It will be clear that both the plots in figures $.4nd 5.16 can not be used. A method has to be
found to take the phase lag into account in a propg, so that it will not have to be

necessary to filter the steering wheel angle daitzet An other method could be to delete the
low frequency oscillation in the original data ip@per way, so that it will no longer be
necessary to use a highpass filter.

In order to make sure that this way of calculatimgyaw rate is correct, the method needs to
be validated. This can be done by doing similastedth the same instrumentation, but also
including a yaw rate sensor. After the procesdimg data from the yaw rate sensor has to be
compared with the calculated yaw rate as descabede in order to validate the method. If
this method seems to be a correct method to cadctila yaw rate, and the yaw rate versus
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steering wheel angle plot will become represergaiio yaw rate sensor will be required any
more.

5.2.4 Comparison accelerations steering gear housing

During the weave tests the steering wheel anglegdmconstantly. Every moment different
forces and torques are generated which are traseshfiftbm the tires via the knuckles and the
steering rods through the steering gear housitigei@hassis. The steering gear housing is
mounted with bushings to the chassis. The busltiage a finite stiffness and during a
maneuver the steering gear housing will have sanal slisplacements with respect to the
chassis. In order to try to learn more about tispldcement of the steering gear housing
during a maneuver, the lateral accelerations armgpeoed.

First the lateral acceleration from the chasscalsulated at the point where the lateral
acceleration of the steering gear housing is medsur
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Figure 5.17: Schematic overview of sensors

This means, from the lateral accelerations of ssrs@nd 3, the lateral acceleration of the
chassis at point 1 can be calculated (see figurg) 5The sensors at point 5 and point 3 are
fixed to the chassis, where the sensor at poistfiked to the steering gear housing.

The lateral acceleration of the chassis at poudribe calculated as:

%=@(L1+Lz)+as (5.1)

1

where g, &, L1 and L, are as specified in figure 5.17. Because thedhtistance between
point 1 and point 3 (and also between point 1 andtfb) is much smaller than it Ly, errors
in calculated lateral acceleration due to a difietateral distance of the points will be
negligible. Calculation of the lateral acceleratafrthe chassis at point 2 is done in a similar
way, by comparing the lateral accelerations of péiand point 6 with each other.
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Figure 5.18 shows the calculated lateral accetaradf the chassis at point 1 and the
measured lateral acceleration of the steering lyeasing at point 1. The figure for point 2
looks similar. For calculation the filtered signale used.
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Figure 5.18: Comparison between calculated and uneds
lateral acceleration, point 1

From this plot it can be concluded that at poitttd computed peak accelerations of the
chassis are slightly higher than the measured peedderations of the steering gear housing.
Further it can be concluded that the two curvesabm®st identical for lateral acceleration
levels of +80 % of the peak acceleration values. The shaipie @urves only differ at the
peak regions of the lateral acceleration. Thislmaexplained by the fact that the steering gear
housing is mounted via non-infinite stiff bushirigghe chassis. When the steering wheel
velocity changes from sign, which happens at trekpalues of lateral acceleration, the force
in the bushings will change direction. This wilsalresult in a change of the deformation of
the bushings. The difference in magnitude betwherniwo curves can be explained by the
fact that there could have been a drift on theiteitg of the accelerometers during the
measurements. When this occurs, the acceleronweterseasure a slightly different
acceleration. In order to know if the computed &rations at point 1 (or point 2) are
representative acceleration, these acceleratienseafurther compared with the measured
accelerations.

When the accelerations are integrated twice, Ithvilpossible to look what the displacement
from the steering gear housing with respect tactieessis is. For integration again a Matlab
Simulink model is used. The measured accelerasicubtracted from the calculated
acceleration. From this the difference in accelenat returned. When this signal is
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integrated, the difference in speed between ttexiatggear housing and the chassis is
computed. This can be seen in figure 5.19a.
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Figure 5.19a: Speed difference between steering gedrigure 5.19b: Displacement of the steering gear
housing and chassis housing with respect to the chassis

This signal is integrated again, resulting in tigmal shown in figure 5.19b. In this figure the
displacement of the steering gear housing witheetsio the chassis evaluated in point 1,
determined from the calculated and measured aeteles can be seen. It will be clear that a
relative displacement of the steering gear housfrig100 mm is not possible and that for
this reason the displacement can not be calculdethis.

The reason for the large values of displacemeseaifrom all errors which occur during the
different steps. When calculating the acceleratibtine chassis at point 1, the filtered signals
of point 3 and point 5 are used. In section 5.Rabready got clear that during the filtering
some errors are generated. After this, the caledlahd measured acceleration are subtracted
and integrated twice. Integrating a time trajectieryery error sensitive, and after two
integration steps some substantial errors will rareupted the data [17]. A better option to
determine the displacement of the steering geasihgus to measure the displacement by
means of a LVDT, this is a direct way for measuiigplacements.
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6. Comparison measurements and simulation

From the time trajectories obtained from both treasurements and the simulations a lot of
information is acquired, see also chapter 5. Ireotd validate the V.LM model and to
compare measured and simulated data, the meadaezthg wheel angle is used in a
simulation with V.LM. In this chapter the resultstained from the measured data and the
simulated data are compared.

6.1 Creating input for V.LM

As described in chapter 3, the user can defindimespurve for the steering wheel input and
the road profile. In order to simulate a maneuvieictvis as close to measurements as
possible, these spline curves are generated frerddta obtained from measurements. The
data from the measured steering wheel angle isanrio an excel file. Because no data for
the road profile is available, a smooth road, simib the test track, is generated and used for
simulation (see chapter 3). After the simulatios theasured steering wheel angle and the
generated steering wheel angle during simulatierpéotted in one figure to make sure that
the steering input is correctly applied. From th# i can be concluded that the data from the
measured and the simulated steering wheel angértapv This proves that the simulated
maneuver is equal to the maneuver during measuteraad the data from both simulation
and measurements can be compared. Still the V.LMetzan not be validated with the
measurement data, because the measurements anengelfwith a Renault Laguna, where a
Chrysler Neon is modeled. The results can onlydmpared to check if the order of
magnitude is correct. In order to validate the V.hMdel, new measurements have to be
performed with a Chrysler Neon.

6.2 Yaw rate

In section 5.2.3 plots for the calculated yaw e&atd yaw rate versus steering wheel angle
obtained from the measurement data are shown. trersimulation data for the yaw rate is
available. In figure 6.1 the time trajectories floe simulated yaw rate and the calculated yaw
rate from measurement data can be seen.
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Figure 6.1: Time trajectories yaw rate

What can be seen directly is that the shape frenctinves of the simulated and calculated
yaw rates is similar. There is no phase lag betweemrurves. The magnitude from the
simulated yaw rate and the calculated yaw ratedif§lightly. The reason for this is the same
as described in section 5.2.4, during measurenaeaitst on the sensitivity of the
accelerometers occurred.

From the simulation data the plot for the yaw ragesus the steering wheel angle is obtained.
This plot, together with the plot of the calculatedv rate versus the unfiltered steering wheel
angle is shown in figure 6.2.
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Figure 6.2: Yaw rate versus steering wheel angle
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It can be seen that the loop from the simulated e versus the steering wheel angle
(simulation data) contains only a very little hystgs part. In section 5.1.3 it is already
discussed that the lack of a hysteresis part cdrmapswrong values for the vehicle its inertias
and the lack of compliance of the steering sysfEme. yaw rate response gain (mean gradient
at zero yaw rate) though is approximately equabfith the calculated data and the simulated
data.

In order to validate the simulated data, the yae has to be tracked during measurements
and should be compared with the simulated data.t\W8h@ncluded is that the order of
magnitude is correct. Because it is not knownef ¢hlculated yaw rates are representative, no
validation of the V.LM model can be done with ttedctilated yaw rates.

6.3 Lateral acceleration versus steering wheel angle

In section 5.2.2 the plot for the lateral acceleratersus the steering wheel angle, obtained
from the measurement data, is presented. In fi§LBe¢he plot for the lateral acceleration
versus the steering wheel angle, obtained fronsithelation data, can be seen.

Lateral acceleration versus steering wheel angle
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Figure 6.3: Lateral acceleration versus steeringeivangle,
measurements and simulation

It can be concluded that both plots describe agrbpsteresis loop and the loops almost
overlap each other. The on-center parameters ifsiesensitivity, lateral acceleration
deadband and angle deadband) which are obtaineddoth plots are close to each other and
have the same order of magnitude, see table 6.1.
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Table 6.1: On-center parameters

Parameter Magnitude, Magnitude,
measurement | simulation

Steering sensitivity 0.185 ni/deg | 0.120 mfédeg

Lateral acceleration deadband 0.40m/s 0.45 m/$

Angle deadband 2.0 deg 3.5 deg

Yaw rate response gain 0.35deg/s/deg  0.30 deg/s/de

For the V.LM model validation also the steering eh®rque needs to be tracked during next
measurements. With optimization software (availa@leMS) the model can be validated and
improved. For this a series of simulations are ededfter every simulation the time
trajectories for the steering wheel angle, steaenihgel torque, lateral acceleration and yaw
rate are exported for parameter identification iatlsb. In Matlab the on-center parameters
are compared to the on-center parameters computedthe measurement data and the
V.LM model will be validated. Matlab exports the-oenter parameters to the optimization
software. The optimization software automaticallgk®s changes to the V.LM model
(inertia's, geometry of the suspension, charatiesisf bushings) and starts a new simulation.
This will be done until the on-center parametergctvitome from the simulation data are
close enough to the on-center parameters comprdedthe measurement data.

It already became clear that the values foundendiure for the on-center parameters can
differ from values for different cars. For this sea the V.LM model has to be validated and
updated with data obtained from measurements w@thrgsler Neon. It also became clear
that it is hardly possible to generating a propeesinput as specified in literature (frequency
of 0.2 Hz, amplitude of 10 degrees). A solutioipisise a steer robot which is able to
generate an almost perfect steer input. Anothettisol is to do a lot of measurements, only
use the data which comes close to a perfect sipat and determine an average of the data.
From this reduced dataset the different plots aessory parameters can be obtained.
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7. Friction and compliance identification

In chapter 2 the procedures to carry out propecerter tests are described. Also a way to
judge the quality of the tests by means of the emter parameters is given. If the tests have
proven to be carried out well, the measurement cktabe used for friction and compliance
identification. In this chapter a procedure to iifgrfriction and compliance is described.

A couple of procedures exist to identify frictidmyt all these procedures consider systems
with which every connection point contains a sirfgietion force / torque and a single
actuator. Consider the simple system in figure &laxis supported by a bearing which has
internal friction.
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Figure 7.1: Simple system

In order to identify the friction torque in thissgm an input torque u, which starts at zero
torque and increases via a ramp, can be put aaxiseThe angle of rotation has to be tracked
during increasing torque. As the axis starts tatstthe friction force will be overcome. If the
moment that the axis starts to rotate is correlaidte torque, the static friction will be

known. After this for every desired rotational spélee required input torque can be evaluated
and a friction curve (input torque versus rotatlepeed) can be made.

A different method would be to define a friction deb. After this an input torque, u, has to be
generated which contains all frequencies whichiratee domain of interest and the response
(the angular speed) should be tracked. The gemeirgtat torque should also be evaluated
with the friction model. After this the output dfe friction model and the response of the
measurements can be compared and the friction ncaddbe fine-tuned by means of a least
squares method.

It will be clear that the problem with these methdglthat it only works when the friction is
isolated. If the system in figure 7.1 would haversupported by two bearings (and thus
would contain two friction points), these methodsmbt work anymore. Then only the total
friction force can be determined like this, oriatfon model for the total system can be made.

In this research it is not possible to isolate gwennection point in order to determine the

friction; the steering system contains of a lotofnections (see section 3.1.2) where only the
steering wheel is the actuator which can be maaipdlby hand during on-center tests. It is
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also not possible to determine a single frictiordelavhich is valid for all maneuvers. Every
steering wheel angle will generate a different viaegle, resulting in different self aligning
moments of the tires and different forces in thaltsteering system. With changing forces in
the steering system also the (static) friction ésrchange. Also a friction model describes the
friction force for a wide range of speeds, wheredpeed of the parts in the steering system
with respect to the chassis is very low.

In this research it is of special interest to ustierd at which location in the steering system
energy is absorbed and thus the friction forceg hawe determined in every connection
point.

A valid method to identify friction in the steerisgstem is to measure the forces or torques in
all parts of the steering system before and afiepbint where friction is located. In this way
the friction can be calculated as the differendg/ben the measured forces (or torques)
before and after the point where the friction isali@d. This is explained by means of figure
7.2.
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Figure 7.2: System with multiple friction points

For the system in figure 7.2 the next relations leafiormulated:

Jlél =Tg T, - Ty,
3,0, =T, T,

S.

(7.1)

where J is the inertia between sensor 1 and 2 (marked,akeae inertia of the rest of the
axis, 8, the rotational acceleration of the axis betweerssel and 24, the rotational

acceleration of the rest of the axig; thhe measured torque by sensor g,tfie measured
torque by sensor 2 glthe friction torque generated by bearing 1 apdhe friction torque
generated by bearing 2.
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If it is assumed that the axis is infinite stiffdad,will be equal t#, and no dynamics will
occur than the left part of relation (7.1) will lo&ee zero and (7.1) can be written as:

Jlé:Tsl T, =T, =0 =T, =Ty -T,

S.

J,0=T,-T,,=0 =T,=T,

S

(7.2)

Because L is known, T is known (lower relation). sf is also known and thus willsThe
known (upper relation).

The forces and torques can be measured eithestwiim gages, see [18], or with force cells.
A force cell can be placed directly in between axes (cut one axis in half and place the
force cell between the two ends) and has a highracyg. Because it is also of interest what
the magnitude of compliance of the steering systeiis preferred to use strain gages. In
this way both the compliance of the different parsd the friction in every connection can be
measured.

A problem with the strain gages will be that pagshe steering axis, of steering rods have to
be reduced in diameter in order to be able to nrea=mwough strain (see also chapter 4). The

assumption made to define relation (7.2), thapaits have an infinite stiffness and ttét
and &, are equal than no longer holds. As long as igbtand 8, are equal to zero, the relation
is still true, but during driving test and 8, will probably not be equal to zero.

This problem can be solved by placing a sensoaeMthen sensor 1 and sensor 2 are very
close to the friction point, the bearing in thisead will reduce to almost zero. Near to
bearing 2 the other sensor can be placed in oodeduce Jto almost zero. The product of

J,6, andJ,d, will become negligible and relation (7.2) can lsediagain.

It will be clear that a very complicated instrunregign will be needed. Also serious attention
should be paid to safety. If some parts of thersigesystem have been reduced in diameter,
the steering system will become weaker. At all éeldyparts a safety restriction should be
built.
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8. Conclusions and recommendations

The research consists of three goals. First itvestigated which on-center tests have to be
done in order to obtain proper measurement datar A&fis it is investigated how the frictions
and compliances in the different parts of the #tgesystem can be identified. Finally a full
vehicle motion model is built.

8.1 Conclusions

From the data which is obtained during measurenmrdganulations, the on-center
parameters are determined. With the on-center pemthe data from the measurements
and simulations are compared and the V.LM modphitly validated and updated. Also the
correctness of the data obtained from the tesbegndged with use of the on-center
parameters. The algorithms to process the datineltérom both the measurements and the
simulations are fast and correct algorithms.

Research shows that with a very simple instrumiemtatt is possible to measure the steering
wheel angle and lateral acceleration in a sufficeacurate way. The signals measured by the
DC accelerometers contain a lot of noise, but ditering a good signal remains. Lateral
accelerations can be measured down to 0.01 Hz.

A V.LM model is built in order to simulate maneuseWith the use of the algorithms every
possible maneuver can be defined and simulatedtiétlv.LM model. The V.LM model is
not yet complete. The geometry of both the frormt e rear suspension comes close to the
real geometry of a Chrysler Neon, but the steesysgem lacks some important factors. No
steering friction or compliance and hydraulic assipower steering is implemented,
parameters for the bushings and inertias are iacb(but close to real values) and the
characteristics for the spring stiffness and dampire still unknown. Despite the lack of
these important factors, the results obtained fro@asurement and simulation data are still
close to each other. Also the on-center parametieich are determined from both the data
obtained from measurements and simulations are ¢ttosach other.

A method to calculate the yaw rate from two lata@ieleration signals is described. The yaw
rate calculated from two lateral acceleration dighas the same magnitude as the yaw rate
determined from the data obtained from simulatiamder the same circumstances as the
measurements. The method looks promising but nedas validated.

It is investigated if the displacement of the stegegear housing with respect to the chassis
can be determined by means of comparing accelarsigmals. This method can not be
applied due to too many errors in the method afudation. Displacements can better be
measured with a LVDT displacement device.

During measurements it is very difficult / hardlggsible to generate a steering wheel input
which comes close to a perfect sine with a frequerfi®.2 Hz and a constant amplitude ( +
15 degrees with the vehicle used for testing duttimgyresearch). This can also be seen in the
plots obtained from the measurement data. Fordlaison it will be hard to generate a correct
steering wheel input in such a way that the measent can be judged as a correct
measurement.
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A method to identify the occurring frictions andwgliances in the steering system during
maneuvers is defined. A description is given whidirumentation has to be used and where
the instrumentation has to be located. A very carafed instrumentation has to be used and
several parts of the steering system have to heceetin diameter in order to be able to
measure a proper amount of strain.

8.2 Recommendations

The V.LM model lacks some important factors asratgdriction or compliance, hydraulic
assisted power steering, parameters for the buslaing inertias (still close to real values) and
the characteristics for the spring stiffness andpmlag. Due to this, no proper value for the
steering wheel torque is calculated during simatatiThe lack of compliance, incorrect
values for the inertias and a fault tire model issn an incorrect vehicle response. The
V.LM model for this reason needs to be updated.

The method to calculate the yaw rate from two &tacceleration signals looks promising.
When the calculated yaw rate and the yaw rate fr@nsimulation data are compared, it can
be observed that they are very close. Still thssdwot mean that the calculated yaw rate is
correct. In order to validate this method, simdarcenter tests have to be performed where
also the yaw rate needs to be measured with a gyter. the measurements the signal from
the gyro and the calculated yaw rate have to bgeosa.

Generating a correct steering wheel input duringsueement is hardly possible. For this
reason not all data can be used. This problemiveddy using a steering robot. A different
method is to only use the fragments of the measeméntata where the steering wheel input is
correct. From the fragments a new dataset can hergied.

In order to use the signals for the lateral acesien to calculate the yaw rate, the signals
need to be filtered twice, once by a lowpass arm doy a highpass filter. After every filter a
phase lag is added to the signal. When the ploigide from the steering wheel angle versus
the yaw rate, no proper hysteresis plot is obtailied shown that this comes from the
highpass filter which drastically changes the diatdahe steering wheel angle. A proper plot
is obtained if the data for the yaw rate is plotgdinst the original data for the steering
wheel angle where the phase lag has been takeadotmunt for.

The DC acceleration sensors needs to be connecthd PQBA modules of the Scadas3 by

resistance wires. This method brings a lot of tteul better option is to use the PQBA2
modules, where the DC acceleration sensors caorreected directly to.
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Appendix A, Testing

Weave test

The test is an open-loop test on a test trackftiiatvs a straight-line path. The driver should
accelerate the vehicle in a straight line to a ddéel00 km/h. When the speed is reached the
driver starts a steer input with a frequency ofl8z22+ 10%, or a steer robot can be used. A
stopwatch can be used for the timing. The maximigarsng wheel angle should big enough
to reach a lateral acceleration with a peak vaftro/<, but not bigger than 4 nf/sThe
tolerance on the lateral acceleration i$0f0. The output of the lateral acceleration hdseto
monitored in real time in order to enable the driveestablish the steering wheel amplitude
necessary to generate the desired lateral acdelerBuring testing the speed should not vary
more from the nominal value than3%o, for this reason cruise control is desired. Wihe
driver, instead of a steer robot, generates ther giput the test should have a duration of at
least 40 s, sufficient to capture at least 8 weaves

Step steer test

The step steer test starts when the vehicle idexated to 100 km/h. The tolerance on the
speed is 18 %. The driver then as soon as possible turnstdering wheel to an angle of 5
degrees A0 %. Steering stops can be used to be able @dawrrect input of the steering
wheel. The steering wheel will be kept at this arfgk 5 seconds in order to allow the vehicle
to reach steady-state. After this the steering Wiseeleased and the test continues until the
vehicle has reached steady-state again. Thisasdbhbe done for steering wheel angles of -
5, +5, -10, +10, -20 and +20 degrees of steeringelimput. Data has to be recorded 3
seconds before the test starts until 5 secondsth#ierehicle has reached steady-state after
releasing the steering wheel.

Test conditions

The test track should have a uniform hard surfaaeis free op contaminants and which
has a gradient, in any direction, of not more th&a. A high-friction test surface is
recommended. For the weave test the test trackfslalv a straight-line path. The ambient
wind speed should not exceed 5 m/s at a heighteatt@/ground of not less than 1 m.

Tires with known characteristics should be usedreder possible. When the history of the
tire is not known, new tires should be used, bez#us known that the tire characteristics
change throughout the life of the tire and afféet dn-center handling significant. All
wheel/tire assemblies should be balanced beforeTuss shall be inflated to have the cold
pressure specified by the vehicle manufacturer.t@leeance for setting the cold pressure is +
5 kPa for pressures up to 250 kPa, ar®l% for pressures above 250 kPa.

All operating components and adjustments likelinftuence test results (wheel rims, springs,
suspension parts, wheel alignment) shall be inspect ensure that they meet the
manufacturer’s specifications. All instrumentatanmd ballast must be secured to prevent shift
in vehicle center of gravity.
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The total vehicle mass for the minimum loading dbad shall consist of the complete
vehicle curb mass plus the masses of the driveiresticimentation. Instrumentation shall be
located to produce a loading distribution of apprately equivalent to 2 passengers in the
front seats. The maximum loading condition is tbmplete curb mass plus 68 kg for each
seat in the passenger compartment and the maxinnggade mass specified by the
manufacturer, equally distributed over the luggegepartment.
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Appendix B, Neon Suspension
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Appendix C, Bushings

Important elements in both the front and rear sosipa are the bushing elements. The
bushing element produces forces along and tordumst &he three principal axes of the
element attachments. The bushing characteristicdefined as a combination of six values of
stiffness and six values of damping. The spring darping forces are calculated by using a
constant coefficient or defined by a curve. Buskiage found in most of the connection
points and introduce some flexibility in the systérhe equation for the forces in the bushing
is given by:

{F} =KX} + DX} +[F (O +[Fo (X))

C.l1
{F} =~F} Y

With F; the force vector applied to bodyH; the force vector applied to bodyR the
diagonal stiffness matri¥ the relative displacement vector of body 2 to bbdy the

diagonal damping matrixX the relative velocity vector of body 2 to bodyA (X the

diagonal stiffness force matrix as a function @ talative displacement arfe, (X) the

diagonal damping force matrix as a function oftieéavelocity. The equation for the torques
in the bushings is given by:

{T}=[K e} +[DHa} +[T (@) +[T, ()] ©2)
{To} =T}
With T, the torque vector applied to bodyTk,the torque vector applied to bodykthe
diagonal rotational stiffness matri® the relative rotation vector of body 2 to bodyDlthe
diagonal rotational damping matrix, the relative rotational velocity vector of bodyd?
body 1, T, (O )the diagonal rotational stiffness force matrix daraction of the relative

rotation andT, («) the diagonal rotational damping force matrix dsrection of relative
rotational velocity.

44



Appendix D, Butterworth filters

Overview

The frequency response of the Butterworth filtemaximally flat (has no ripples) in the
passband, and rolls off towards zero in the stopb@rhen viewed on a logarithmic Bode
plot, the response slopes off linearly towards tieganfinity. For a first-order filter, the
response rolls off at =6 dB per octave (-20 dBdemade) (All first-order filters, regardless
of name, have the same normalized frequency respdfsr a second-order Butterworth
filter, the response decreases at =12 dB per acsaterd-order at —18 dB, and so on.
Butterworth filters have a monotonically changinggnitude function witlw. The
Butterworth is the only filter that maintains tisiame shape for higher orders (but with a
steeper decline in the stopband) whereas othestiesiof filters (Bessel, Chebyshev, elliptic)
have different shapes at higher orders. The galrpaase for a first order Butterworth filter
can be seen in figure D1.

10 T T T T TTT1T T T T T TTT1T T T oIy T T T T TTTT] T T T T TTT1T T T T T TTTT
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Figure D1: Gain and phase for a first order Buttetvfilter
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Transfer function

Like all filters, the typicaprototype is the low-pass filter, which can be modified iathigh-
pass filter, or placed in series with others tarfdrand-pass and band-stop filters, and higher
order versions of these.

The gainG(w) of ann-order Butterworth low pass filter is given in texof the transfer
functionH(s) as:

3 2 G?
P(w) = [H(w) = —
1+ ()
where
n = order of filter
o = cutoff frequency (approximately the -3dB freqagn

Gy is the DC gain (gain at zero frequency)

It can be seen that asapproaches infinity, the gain becomes a rectafiugletion and
frequencies below. will be passed with gai®,, while frequencies above. will be
suppressed. For smaller valuesipthe cutoff will be less sharp.

We wish to determine the transfer functid(s) wheres = ¢ +jw. SinceH(s)H(-s) evaluated
ats= jw is simply equal to |H{)[%, it follows that:

G2
. g2 T
1+ ()

L

H(s)H(—s) =

The poles of this expression lie on a circle ofuad. at equally spaced points. The transfer
function itself will be specified by just the polesthe negative real half-plane ®fThek-th
pole is specified by:

2 .
—g—gz(—l)lzf’ﬂbE k=1,2,3,...,n
e
and hence,
gﬁ=wrf’M k=1,2,3,...,n
The transfer function may be written in terms @@ poles as:
H(s) Go

T (s — s /we

The denominator is a Butterworth polynomiakin
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Appendix E, Instrumentation

Lateral acceleration

At LMS three versions of DC accelerometers arelalblg; the MWS 4301, the MWS 5401
and the Kyowa AS-10B.

The MWS 5401 is a three directional (3D) acceler@md&he MWS 5401 is available in
three versions with different measurement rangd€)gy +25g or +50g. At LMS during the
testing period a total of five accelerometers waslable; one 10g, two 25g and two 50g
accelerometers.

The MWS 4301 is a one directional (1D) acceleromdtee MWS 4301 is available in eight
versions, with ranges from53g up to +1000g. During the testing period only the 509 s
was available.

The Kyowa AS-10B like the MWS 4301 is a 1D acceteeter. This sensor has a range of +
10g. During the testing period one of this accetexter was available.

Because the output voltage of both the MWS 5401ta@dMWS 4301 is too high for the data
acquisition system (the Scadas, see section 4t&) exbles with resistances to reduce the
input voltage in to the Scadas have to be conndmitlieen the accelerometer and the
Scadas.

The output voltage of the Kyowa AS-10B is corread @0 resistance cables are needed. At
LMS a total of seven cables are available. Forrdason all five MWS 5401 accelerometers
(five lateral accelerations at points 1, 2, 4, 8 6rand two vertical accelerations at points 5
and 6) are used for measurements. At point thineelKyowa AS-10B accelerometer was
used. No MWS 4301 accelerometer was used

Yaw rate

Usually yaw rate is measured with a gyro module ttke Corrsys-Datron angular rate gyro
module. Corrsys-Datron delivers a 1-, 2- or 3- @yigo module. Systron Donner delivers the
BEI Gyrochip II. Bosch delivers the single axis 897303 133 gyro sensor. These gyros
could also be used. For the on center testingghesaxis gyro can be used. Potentially a dual
axis gyro can be used in order to also evaluateehele roll for correction of the lateral
acceleration, see section 4.3.

Data acquisition

A big problem during testing has been that thestasce wires are not reliable. The wires can
suddenly stop working or corrupt the measured dgtthe moment PQBA2 modules are
developed with which it will not be longer necegsar use the resistance wires, but where the
accelerometers can be connected directly to thauteedTest.Lab 7A does not support the
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PQBA2 modules, but Test.Lab 7B does. In future mesaments it will certainly we worth to
install Test.Lab 7B and use the PQBA2 modules wherMWS 5401 or MWS 4301
accelerometers are used.
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Appendix F, Matlab

First of all make sure Matlab R14 or higher isafisd, with Simulink.

For generating a steering wheel input and a roafil@ithe matlab scriptsteerinput.m and
roadprofile.m can be used.

Generating steering wheel input

The user has two options; generate a perfect tdee mput or generate a steer input with
noise.

Perfect sine

The scriptsteerinput.m can be used to generate a steerinput for a weatidn order to
generate a sinusoidal steer input, just type >rigiaat in the command screen. The script is
fully automated. Parameters for maximum steeringet/angle, steering frequency, number
of sweeps, stabilizing time at start of simulatéord end of simulation, time step. The
generated data will be exported to an excel filegisnput.xIs) in the current directory. Make
sure that the steer input in V.LM is linked to tterect excel filel When the matlab script has
been run a message for time-table synchronizationld appear in V.LM.

Sine with noise

The scriptsteerinput_cadax.mcan be used to generate a sinusoidal steeringahwbntains
noise. The script reads the data which is generaithdCadaX and exports it to an excel file.
The steerinput_cadaxscript is not fully automated and will only rurofn the editor screen.
The noise generated in CadaX is a sine signal,caditd a noise signal, filtered by a
butterworth filter with a cut-off frequency of 5 H generate a sine with noise up to 5 Hz.
This signal has to be exported to a text file. Makee that the timestep (1/sample frequency)
at line 20 of thesteerinput_cadaxscript is the same as the timestep which is chivsen
CadaX. At line 28 the text file which is generatledCadaX is imported in matlab. Make sure
that the correct text file is imported. Make surattin line 30 the correct data matrix is used.
Similar to thesteerinput script, an excel file will be generated in the eatrdirectory. Again
make sure that in V.LM the steerinput is linkedte right excel file.

Generating road profile

Theroadprofile.m script can be used for this. This is a fully auabead script. In the
command screen just type >>roadinput. The scrign #sks what type of road has to be
generated, the speed of the vehicle during sinmlagimulation time, and a data reduction
factor (the higher the DRF, the faster the simatatvill be, but the less accurate the
generated profile will be). From this a road peiWill be generated. Make sure that the file
roadprofile.mat is placed in the current directory. This file cains the data for the road
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profile and the script will not run without thiddi(see line 53 of the script). For more
information, type >> help roadprofile.

Processing the simulation data

All simulation data is processed with thmain.m script. This script determines values for the
response time lag, torque deadband, steeringdinicsiteering stiffness, response deadband
and the yaw rate response gain. For every paramadliffierent script is made and will be
called inmain.m. The script is not automated and has to be filtdgly hand. The basic
structure used by me is that 3 directories are meadarrent directory, a directory with the
simulation data and a directory where the calcdlg@rameters can be saved to. In the current
directory the filesmain.m, DR.m, LS.m, FREQ.m, RTL.m, TD.m, SF.m, StSm, RD.m
andYRRG.m have to be placed. Make sure that line #&if.m) contains the current
directory. The simulation data has to be exponed.LM to a text file. The text file should
contain a column for time, steering wheel angleeshg wheel torque, lateral acceleration,
yaw rate, speed and wheel angle. V.LM automatiaslys the first column for the time
information. Make sure that in V.LM the data fopexting will be selected in the right
sequence. So first click on SWA, than on steerihgeltorque, then lateral acceleration, after
this yaw rate, speed and finally wheel angle. i th not done, V.LM will write fault data in
the different columns and timeain.m script will not run! When exporting, make surettha
write combined will be selected. The text file which contains gweulation data has to be
placed in the computed_data directory, make soee3D contains the right directory. The last
step of the processing is that the computed datapsrted to amat file with the same name
as the text file. Thismat file will be generated in the motion_output digt make sore that
line 48 contains this directory.

At line 40 and 44 values for the domain of whicl #teering sensitivity and the yaw rate
response gain can be defined. A value of 1 willmisat the values for steering sensitivity of
yaw rate are calculated over a domain of -1 to edreles (or deg/s). For more information
about this, see the report.

At line 52 the size of the matrix with reduced deda be given. During the data reduction, a
new matrix is generated with information in whick are interested in. With the value at line
52 is will be determined which information has ®used in the reduced matrix. A value of 2
means that only the first two columns of the orgjifile will be used (so the reduced matrix
only contains information about the time and tleeghg wheel angle). A value of 6 means
that all columns will be used.

Themain script shows the results at the command screeplatgione figure which contains
the reduced time trajectories and one figure (satppthich contains the plots of steering
wheel angle versus steering wheel torque, stearireel angle versus lateral acceleration,
lateral acceleration versus steering wheel toraquiesteering wheel angle versus yaw rate.
Fore more information type >>help main in the comahacreen. For more information about
the different scripts used for processing, typehelp DR, LS, FREQ, RTL, TD, SF, StSt,

RD or YRRG.
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Processing the measurement data

The measurement data will be processed with udéatibb Simulink. For the exact
sequence, see the report.

Filter the signals

After the signals have gotten the DC offset ang tire trimmed (if necessary), the signals
will be filtered. For this théilt_sig.m script can be used. This script imports the ddtghvis
exported with TestLab and processes it. Again difiedirectories are used; one for the
mfiles, one directory with the simulink files andeodirectory which contains the time
trajectories generated by TestLab. Make sure i@t/ contains the right directory where the
time trajectories (text files) are placed. Whentipld tests have been performed, and the data
of every test is stored in a different directorgel5 can be used. This line contains the name
of the directory where the measurement data igdtorwhich you are interested. Line 11
contains the name of the text file which belonga gensor. This text file contains the time
trajectory. Make sure that line 48 contains theary where théltered.mdl simulink

model is located. This simulink model filteres gignal (see line 51). THét_sig script

returns two figures, one with the original signatld@he filtered signal and one figure with the
integral of the filtered signal. For more infornmatiabout the filtering, open tlidered.mdl

file.

In order to process all the signals, runfilieall_signals.m script. This script operates

similar to thefilt_sig.m file, but also exports the computed data tmat file with the same
name as the text file which contains the origiimakttrajectory. At line 7 the name of the
different directories with the text files belongitwthe different tests can be specified. | did 4
tests, so | had 4 directories with text files. kel 8 the name of the different text files can be
specified. | had 10 signals during my measuremesotfiere 10 text names are specified. The
directory names specified at line 7 are used atl1®, the text names specified at line 8 are
used at line 17. Again a simulink model is usedk®sure that the link to the simulink model
at lines 42 and 45 are correct. The all_signals.m script saves all computed data toret

file with the same name as the original text fdehe same directory where the original text
files are located.

Plot the data

Theplotdata.m script plots all the data computed with flie all_signals.m script. At line 6
the name of the directory where the damaaf files!) is located has to be specified. It is only
possible to plot the data from just one test &ha.tAt line 10 the names of thmat files can
be specified. | had 10 sensors, so here 10 naradslad in. Make sure that at line 13 the
name of themat file which will be imported is correct. The scrigturns a number of figures
which is 2x the number of time trajectories. Irufig 1 the original time trajectory and the
filtered signal is plotted. In figure 11 the intaggd signal (integrated from the filtered signal)
is plotted. This is the same for pictures 2 and3land 13, 4 and 14 and so on.
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Calculate the lateral displacement of the steering gear housing

The lateral displacement of the steering gear Imgusir.t. the chassis can be computed with
the steeringgearacc.nfile. With my signals this script did not returroper results, but this

is due to corrupted signals, the script works fiseline 8 the directory where the data from
the sensors are placed can be specified. At lie2? the used data is imported. For more
information about the procedure on how to calcullagedisplacements of the steering gear
housing, see the report. At lines 24 and 25, cotibthand 62 the longitudinal distance
between the different sensors have to be speciielihe 43 it has to be specified from which
signal the displacement of the steering gear hgusit be calculated. At line 50 the
steeringgear.mdlsimulink model is called. Make sure that this nlasiéocated in the
directory specified at line 48.

The steeringgearacc.nscript returns four figures; one figure with theasured acceleration
and the calculated acceleration from sensor Indasifigure from sensor 2, one figure which
contains the difference in speed between the sgggear housing and the chassis and one
figure which contains the displacement of the stgegear housing with respect to the
chassis.

Compare measurement data with simulated data

The data from the measurements and the simulatiobe compared to each other with the
compare_measurements_simulations.rfile.

Make sure to set the currect directory where thrukition data is placed at line 8. The right
filename has to be specified at line 10. Make #saéthe directory at line 12 is the one where
the measurement data is place. From lines 14 h&8ata is imported in which we are
interested, namely the steering wheel angle (2%edfflateral acceleration at the front of the
vehicle (13_offset and 8_offset) and lateral acedilen at the back of the vehicle (9_offset
and 11_offset). At lines 39 and 41 the yaw rataisulated. Make sure that the longitudinal
distance between the sensors is specified at3@esd 41, at column 29.

The script returns 9 figures. In figure 1 the meedisteering wheel angle (from
measurements) and the simulated steering wheed aaglbe seen. From this picture one can
see if the simulation has been a good simulatiofigure 2 the measured and simulated
lateral acceleration can be seen. In figure 3 #heutated yaw rates (from measurement data,
see report) and the simulated yaw rate can be beégure 4 again the measured and
simulated lateral acceleration can be seen, butin@asubplot. In figure 5 the steering wheel
angle versus yaw rate (from measurement data) €@edn. Because it is not a clear picture,
two curves belonging to different weaves are ptbitedifferent colors. In figure 6 the signals
for the measured and simulated steering wheel agléhe yaw rates from measurement
data and simulation data can be seen. In figurpl@tacan be seen from the steering wheel
angle versus the yaw rate from simulation datdigure 8 only the yaw rates can be seen. In
figure 9 the steering wheel angle versus the yagvisgplotted for the measurement data and
the simulation data.
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Appendix G, V.LM

In this appendix a very detailed description atibatsuspension, steering system and
implementation into V.LM can be found.

G.1 Suspension and steering system of the Chrysler Neon

For this research the Chrysler Neon model built.ioM is of the old type Chrysler Neon
(1995 up to 1998). This type of Neon is equippetth\an independent front and rear
suspension. The front suspension is of the McPhegme, and is equipped with a stabilizer
bar. The rear suspension is an independent 3-Lisgension, without a stabilizer bar. The
steering system is a power steered rack and pigjmn

G.1.1 Front suspension

A typical front suspension of the McPherson type loa seen in figure G.1. For a detailed and
exact overview of the complete front suspensiothefChrysler Neon, see appendix B.

1) -brake disc 4
2) -connection point steering rod
3) -stahilizer bar connection rod 5
4) -main spring
5) -tire
6) -damper
7) -caliper
8) -knuckle 1
9) -A-arm 8
10) - stabilizer bar o
11) - stabilizer bar bushing 3
9
10

Figure G.1: Typical McPherson front suspension

An important part of the front suspension is thadile, which is connected to almost every
part of the front suspension. The knuckle is logaethe wheel center. The bottom of the
damper and the caliper are rigidly connected tckthekle. The top of the damper is
connected to the car’s body via the suspension mdime knuckle is connected to the front
subframe with the A-arm. The connection betweerAfa@m and the knuckle is a ball joint.
The ball joint constrains the relative translatedrihe connection and leaves the rotation free
in all directions. The connections between the W-and the subframe are bushings acting
like a ball joint. The bushings are stiff elemetatsestrict big displacements, but allow
rotations of the A-arm. The front subframe is rigichounted to the car. The function of the
stabilizer bar is to stabilize the vehicle duringmaneuver. When the wheels move out of
phase the stabilizer bar acts as spring. The gabbar connects to the left and right damper
housings via a stabilizer bar connection rod. Térenections on both sides of the stabilizer
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bar are ball joints. The stabilizer bar is connédtethe body with the stabilizer bar bushings.
These bushings allow free rotation of the stahilizar, but restrict displacements. The wheels
are mounted to a spindle (see also figure G.3)¢chvisi connected to the knuckle with a
revolute joint. In this way the spindle can turrthie knuckle round the wheels rolling axis.
The steering rod, which is not shown in the figowé can be seen in figure 3.2, is connected
to the knuckle via a ball joint. Since the bushinfithe A-arm allow rotations and the
connections of the steering rod and the stabibaerare ball joints it is clear that the vertical
motion of the suspension mass is mainly determimyetthe stiffness of the tire, the stiffness of
the main spring, the damping characteristics ofddmmper and the stiffness of the suspension
mount [5],[6].

G.1.2 Steering system

The steering system modeled in V.LM is based orsteering system in figure G.2.

1) steering gear mounting bracket
2) steering gear housing

3) cardan joint

4) steering axis

§) steering column

6) steer

7) pinion gear

8) steering gear

9) steering rod

Figure G.2: Steering system

The steering system used in the Chrysler Neon tiseofack and pinion type. The steering
gear converts rotation of the pinion gear into station of the rack and thus translation of the
steering rods, causing steering of the wheels amihnig of the vehicle. The steering wheel is
connected to the pinion gear via the steering axéstwo cardan joints. In this way it is
possible to position the steering gear housingsa@ering wheel where desired. The steering
wheel is rigidly connected to the steering axise $teering axis is supported with a
cylindrical joint in the steering column. The cydnical joint allows no translations and only
one rotation, namely rotation around the steerkig. d he steering rods are connected to the
end of the rack with a ball joint. The rack has degree of freedom and is allowed to
translate only in lateral direction, causing inwardl outward moving of the steering rods.
The steering gear housing is connected rigidiyéoftont subframe [5], [6].
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In the V.LM model all parts are modeled as rigidtpaWhen a passenger car is equipped
with a hydraulic power steering, a torsion tubd b located in the steering gear. The torsion
of the torsion tube is a measure for the steeringehtorque. This torsion tube mainly
determines the stiffness of the steering systen{98]In the V.LM model no hydraulic
power steering is modeled and thus a part of fléiilwill not be present in the model. Also
in a normal passenger car a chain of friction espnt in the steering system [10], [11]. The
steering axis is usually supported by two bearimigieh inhabit friction and in the steering
gear also friction is present. For modeling bothftiction and the hydraulic power steering
thorough knowledge of the V.LM software is needeat. this reason the V.LM model is not
equipped with friction in the steering system, frand rear suspension and no hydraulic
power steering is modeled.

G.1.3 Rear suspension

A typical 3 Link rear suspension is shown in fig@e. For a detailed and exact overview of
the complete rear suspension of the Chrysler Nesmappendix B.

1) suspension strut
2) knuckle

3) spindle

4) lateral arm

5) lateral arm

6) tension strut

(118

Figure G.3: 3-Link rear suspension

The rear suspension looks similar to the front saosjon, but the connection from the knuckle
to the subframe is different. The knuckle is coteéaevith two lateral arms to the rear
subframe. The lateral arms are on one end conneatiedbushings to the knuckle and on the
other end with bushings to the rear subframe. €hsion strut is connected on one end with a
bushing to the chassis and on the other end wbtishing to the knuckle. The suspension
strut for the 3-Link rear suspension is mountedlainas with the front suspension, at the
bottom rigidly to the knuckle, at the top to thassis via the suspension mount. The rear
suspension of the old type Chrysler Neon is notmmpd with a stabilizer bar and for this
reason a stabilizer bar is not modeled in V.LM. ikgaince the bushings of the two lateral
arms and tension strut allow rotation of these el@s) it is clear that the vertical motion of
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the suspension mass is mainly determined by tfieests of the tire, the stiffness of the main
spring, the damping curve of the damper and tfimass of the suspension mount [5], [6].

G.2 Implementation in Virtual.Lab Motion

Using [6]a full vehicle model of the Chrysler Neon is builtv.LM. The coordinates of the
real geometry of a Chrysler Neon was unknown, licg teason the V.LM model is built with
use of existing V.LM models and FE models.

G.2.1 Front suspension

The geometry of the front suspension is based @xeting V.LM model which was suited
with a McPherson front suspension, the McPhersoteindhe car from the McPherson
model is a similar sized car to the Chrysler Néldre coordinates of the geometry are
recalculated in such a way that the Chrysler Neodehhas the correct track width. Due to
the lack of information about the real Chrysler Nepring- and damping characteristics of
the suspension struts, spring- and damping chaistate for the front suspension are based
on the McPherson. All bodies; chassis, subframeckie, A-arms, steering rods and spindles
are modeled as rigid bodies. Masses and inertitteeddifferent bodies are based on the
values of the McPherson model and should be adjustealues belonging to a Chrysler
Neon. Characteristics for the bushings (more infdram about bushings can be found in
appendix C) are not known, for this reason theautaristics are the same as in the
McPherson model. The connections between the diffdyodies are as described in section
G.1.1.

G.2.2 Steering system

The steering system in the V.LM model is modeledilsir as in the McPherson model. The
coordinates of the geometry are recalculated ih suway that the steering gear housing and
steering wheel are located as in the Chrysler Nabiodies; steering rods, steering axis and
rack and pinion are modeled as rigid bodies. Maardsnertias are based on the McPherson
model and should be adjusted to values belongiagQarysler Neon. The connections
between the different bodies are as describedcitseG.1.2.

G.2.3 Rear suspension

The geometry of the rear suspension is based @&rad€lel. The FE model only contained
information about the geometry and mass and inpraperties. The characteristics of the
springs and dampers are based on an existing V.oleinwhich was suited with a 5-Link

rear suspension, the 5-Link model. Again all bodsebframe, knuckles, lateral arms, tension
struts and spindles are modeled as rigid bodiearaCkeristics for the bushings are not known
and no FE- or V.LM model existed with charactecsstior bushings in the rear suspension.
For this reason a 3D stiffness of 2e6 N/m is u$éds value is not representative for the real
bushing parameters, but will have the correct oad@nagnitude, and the simulation results
will not be corrupted due to completely wrong bushparameters. The alignment of the
bushings for both the front suspension and regresuson are based on [&hd are correct.
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G.2.4 Future improvements

An important component of the full vehicle modeths tire model. For all maneuvers the tire
will generate forces and moments which will regulforces in the steering system and
suspensions. Because the steering wheel torqueeisfdhe parameters we are specifically
interested in, it is important that the simulatectés of the tire are similar to forces generated
in a real maneuver with a real tire. For this reathe tire model used in the V.LM model
should be the same as the tire used for the mareuMas is not the case yet; now a simple
tire is modeled. A future improvement is that thed®l will be equipped with a more realistic
tire model like a TNO tire model. For more informoatabout tire models, see [12].

The body and rims of an old type Chrysler Neon helueady been modeled and implemented
in the model.

From this all it can be concluded that we have dehwhich is capable of simulation a
maneuver as described in [3] and [hjchapter 5 and 6 the results of the data from the
simulations and measurements is discussed anddtiel proves to give proper data. In order
to make the model more realistic some things haveetchanged. From the front suspension
and the steering system some slight changes igebmetry have to be made, which can be
done very easily. For both the front- and the sempension the characteristics for the springs
and dampers have to be changed to real charac®griiis can also be done very easily. For
the front- and rear suspension the parameterfiéopushings have to be changed into the real
parameters. For the front suspension, steeringrsyahd some parts of the rear suspension
the values for the masses and inertias have tbédmeged. Also friction, compliance and

power steering have to be implemented in the mdgtelthis thorough knowledge of the

V.LM software is required.

G.3 Defining maneuvers using Matlab and Cada-X

In V.LM the user has the option to define a manelweusing text of excel files. For
generating a steer input a time dependent trajeetitk be generated and exported to an excel
file. A height — distance dependant road profil# be generated and will also be exported to
an excel file. It will be clear that the maneuvelt ae an open-loop maneuver; no controller
is implemented for the simulation. From [7] and {4 know that the maneuver has to be
open-loop. The signal for the steer input will lmmgrated by Cada-X and will be exported to
an excel file by Matlab. The road profile will bergerated and exported by Matlab. It will be
clear that every possible maneuver can be generated

G.3.1 Steer input

During the simulation the vehicle responses geadray steering wheel input will be
calculated. From [1] and [3] we know that the omtee parameters can only be calculated
from data which comes from a simulation of a weaité a steer input of 0.2 Hz and a
maximum lateral acceleration of 1 g he steer input will be created with a Matlabster
steerinput.m.
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In the steerinput script the user is given the ibdgy to change the maximum steering wheel
angle at maximum lateral acceleration of I°nthe frequency of the input and the timestep.
Because the model needs some stabilizing timeedtelginning of the simulation, the user is
given the option to define when the weaves willibeghis is typically 5 seconds after the
simulation has started. From these parametersfagpsine is generated and exported to an
excel file. Every time the steerinput script hasegated a new excel file, the file will be
automatically reloaded in V.LM and a conformatigopaars in V.LM.

During early road tests, to look if the defined mawvers would be possible, we found that it is
nearly impossible to generate a perfect sine fersteer input by hand. The results of the on-
center tests are very sensitive for variationseéqgdency and amplitude of the steer input [1].
Because of this a maneuver will be simulated wistegr input which contains band related
noise. Using Cada-X a sine with added noise ismgea@. A steer input generated by hand
typically contains noise up to 5 Hz. For this readee generated signal is filtered with a
Butterworth filter with a cut-off frequency of 5 Hnd an order of 2 (-12 dB per octave), for
more information about Butterworth filters see apgig D. The filtered signal is exported to a
text file. In Matlab the steerinput script agaimgeates a signal for the steer input and exports
the data to the excel file. In figure G.4 sevetaésinputs generated by Matlab and Cada-X
can be seen.
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Figure G.4: Steer input

G.3.2 Road profile

One of the requirements of the test track is thattack is flat with as minimal road noise as
possible. Results of a test will be influenced whentrack does not fulfill the requirements
[3]. In order take some road roughness into accdunihg simulation a matlab script has
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PSD [(m?)/Hz]

Z [mm]

-240

been designed to generate a road profile, the ro&ilgpscript. In V.LM the road which is
used for simulation can, similar as with the steput, be defined using a time table or loaded
from an excel file. The roadprofile script expdtie profile to an excel file.

To generate a proper road profile one must lodkeapower spectral density of the profile. A
proper road profile has a slope of -2 dB per dedadee power spectral density plot [13].
From the PSD plot (power spectral density plotp ate road roughness can be obtained. The
height of the line in the PSD plot is a measuretierroad roughness. In figure G.5 the
calculated road profile with its PSD can be seen.
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FigurG.5: Calculated road profile and its PSD

The user can specify the speed, the simulation &intka scale factor in order to get the
desired road profile. The computed road profiltheslowest plot in figure G.5. The length of
the road profile (horizontal axis in the lower platill be computed from the speed and the
simulation time. The height of the road profilerfi@l axis in the lower plot) will be the
measured road profile multiplied by a scale factor.
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The scale factors are based on the ISO classesdadprofiles. The PSD's belonging to the
scale factors can be seen in the upper plot. Ageod road is classed as ISO A (the pink line
in the PSD plot), a medium road is classed as I@ré€en line), a very bad road is classed as
ISO E (cyan line) and an off-road profile is clasas ISO G (black line), see also [13]. The
PSD belonging to the computed road profile is tlue lourve. Trough the blue curve aline is
fitted in order to determine which I1SO class thiealated road profile belongs to.

With a combination of both the steerinput and roafile scripts a simulation for every
maneuver on every kind of road will be possible.
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