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Abstra
t
This thesis presents a 
ontrol algorithm for semi-a
tive suspensions to redu
e the brakingdistan
e of passenger 
ars. A
tive sho
k absorbers are 
ontrolled and used to in
uen
ethe verti
al dynami
s during ABS-
ontrolled full braking. In today's series 
ars the a
tivesho
k absorbers are swit
hed to a passive damping|usually hard damping|during ABS-braking. Several approa
hes to redu
e os
illations of verti
al dynami
 tire for
es are known,implemented and some of them tested in non-braking situations (refer to Yi1, Val�a�sek2,and Nouillant3).The approa
h presented in this paper goes a step further by 
onne
ting the verti
al withthe longitudinal dynami
s. To in
uen
e the verti
al dynami
s a swit
hing 
ontrol logi
,
alled MiniMax-
ontroller, is used. It is named after the fa
t that it 
hanges only fromsoft to hard damping and vi
e versa. A 
ontrol quantity was identi�ed that 
onne
ts theverti
al dynami
s with the longitudinal dynami
s: the integral of dynami
 wheel load.The 
ontrol algorithm is implemented in a 
ompa
t 
lass passenger 
ar. Simulations witha quarter-
ar model have been undertaken as well as tests on a 4-post-test rig, drivingtests with de�ned ex
itations (like de�ned obsta
les), and test drives on a real road, usinga braking ma
hine for reprodu
ibility reasons.It 
ould be shown that it is possible to redu
e the braking distan
e by a�e
ting on theverti
al dynami
s of a passenger 
ar in general. The amount of redu
tion depends on theelevation pro�le of the 
hosen testing tra
k and on the initial velo
ity. On a road with anunevenness 
omparable to the one that is found on a typi
al German Autobahn a redu
tionof typi
ally 1{2%, 
ompared to the best passive damping, was a
hieved.

1Yi/Wargelin/Hedri
k (1992): Dynami
 Tire For
e Control by Semi-A
tive Suspensions.2Val�a�sek et al. (1998): Pergamon|Control Engineering Pra
ti
e.3Nouillant/Moreau/Oustaloup (2001): Hybrid Control of a Semi-A
tive Suspension System. xv





1 Introdu
tion1.1 Classi�
ation of Suspension SystemsIn automotive engineering the suspension system serves several purposes: First of all itmust 
arry the weight of the 
ar. In 
ombination with the other demands on the suspensionsystem this is not the trivial task that it might seem to be. Due to 
hanging loads theweight of the 
ar 
an vary 
onsiderably. This 
hange in weight should in
uen
e the rideand the handling performan
e as little as possible, be
ause a driver does not a

ept asubstantial 
hange of his vehi
le's behavior.Se
ondly the suspension system has to guarantee a high handling performan
e, whi
h isusually measured in terms of a low value of RMS on dynami
 wheel load1. This is basedon the assumption that the lower the amount of os
illations in the verti
al tire for
es, thehigher is the overall for
e transmission in horizontal dire
tion.Finally the suspension systems should serve a high passenger riding 
omfort, whi
h isusually measured in terms of verti
al a

eleration of the 
ar's body. Basi
ally, the lowerthe RMS on verti
al body a

eleration, the higher the riding 
omfort.All those demands on the suspension system|looked at ea
h of them individually|lead to di�erent solutions both in terms of 
onstru
tion and in terms of sets of optimalparameters for a given 
onstru
tion. This means that with a passive suspension system,for whi
h parameters 
annot be 
hanged during operation after being de�ned on
e, thesolution will always be a 
ompromise. As for the parameters, the most 
ommon onesto 
hange are the body spring sti�ness 
B and the body damping kB. For linear passivesystems those parameters are 
onstant and positive, for nonlinear passive systems theyonly depend on the spring displa
ement sS, respe
tively on the damper velo
ity vD, wherethe damping fa
tor 
an depend on both: 
B = 
B(sS) > 0 8 t and kB = kB(vD; sS) > 0 8 t.To solve the upper mentioned 
on
i
t of obje
tives in a better manner, adaptive sus-pension systems have been introdu
ed. Their parameters 
an be adjusted during the life
y
le of the vehi
le, in some of them parameters 
an even be adjusted while driving. Thetime period of the adjustment in adaptive suspension systems is rather long. It di�ersfrom a few hours (if the suspension needs to be dismantled for 
hanging the parame-ters) down to a 
ouple of se
onds. Some of the adaptive suspension systems introdu
edwere not 
ontrolled ele
troni
ally, but they 
hanged their damping 
hara
teristi
s being
ontrolled me
hani
ally2. Examples for those systems are adjustable torsion spring sus-pensions, sho
k absorbers with di�erent damper states, or air suspensions for heavy tru
ks.Adaptive suspension systems serve to adjust the suspension parameters to slowly di�eringsurroundings. In 
ase of a heavy tru
k the level 
an be adjusted while loading, in 
ase ofa sports 
ar the damping 
an be lowered for long highway drives in order to in
rease the1Wheel load is the verti
al 
omponent of the tire for
e, the for
e that a
ts between pavement and tire.For a de�nition of dynami
 wheel load and the RMS on this quantity please refer to se
tion 4.1.2N.N. (1995b): ATZ Automobilte
hnis
he Zeits
hrift 97 [1995℄. 1



1 Introdu
tionriding 
omfort, et
. For heavy tru
ks it is also known to 
ombine adaptive air springs withadaptive sho
k absorbers. In the 
ase of Pneumati
 Damping Control (PDC) the damping
oeÆ
ient is adjusted to the a
tual loading situation3. This system is another example foran adaptive suspension that is 
ontrolled me
hani
ally without making use of ele
troni
sensors or a
tuators.All adaptive suspension systems have in 
ommon that they are not suitable for highfrequen
y purposes above approximately 0.5Hz. Those are the frequen
ies that need tobe rea
hed when 
ontrolling transient handling and riding e�e
ts. For example, if onewants to rea
t to a bump on the road, this 
an only be assured if the time delay betweenswit
hing the suspension parameters and its taking e�e
t is very short.This led to the development of semi-a
tive suspension systems, in whi
h the parameters
an be 
hanged in a rather small time frame. Frequen
ies that 
an be served by semi-a
tive suspensions lie between zero and approximately 30Hz for passenger 
ars. This isbe
ause the eigenfrequen
ies of passenger 
ars lie at approximately 1{3Hz for body motions(verti
al and pit
hing) and approximately 15Hz for verti
al wheel motions. With thosesystems it is possible not only to adjust damping and sti�ness to the needs of a givenroad, but also to rea
t on this parti
ular road's small s
ale bumps and holes. Examplesfor semi-a
tive suspension systems are ele
tro-4 or magneto-rheologi
 sho
k absorbers5, orCDC-dampers6.In the 1980s some BMW 635 CSi were equipped with sho
k absorbers that are adjustablein three di�erent damping stages7, the system being 
alled Ele
troni
 Damper Control(EDC). Toyota developed its Toyota Ele
troni
 Modulated Suspension (TEMS) systemalready in 1983 and in the early 1990s a 
ontrol algorithm was introdu
ed that made useof wheel stroke sensors to measure body rolling and pit
hing and to prevent it by 
hangingthe sho
k absorbers to their hardest setting (refer to Kojima8). Adaptive and semi-a
tivesuspension systems have in 
ommon that for them the sti�ness 
B and the damping kB donot only depend on the spring displa
ement sS and the damper velo
ity vD, but they arealso time-variant: 
B = 
B(sS; t) > 0 8 t and kB = kB(vD; sS; t) > 0 8 t. Still 
B and kBare positive for all times, whi
h means that those systems 
an only dissipate or 
onserveenergy.In a
tive suspension systems energy 
an not only be dissipated or 
onserved, but it 
anrather be brought into the system. For this purpose hydrauli
 or pneumati
 a
tuators areused. A
tive suspension systems are 
hara
terized by the fa
t that their sti�ness 
B anddamping kB 
oeÆ
ients do not only depend on the spring displa
ement sS, the dampervelo
ity vD, and the time t, but they 
an also adopt negative values: 
B = 
B(sS; t) andkB = kB(vD; sS; t). By means of su
h systems it is possible to let the vehi
le's body followa given path, e. g. to keep the body horizontal while driving a 
urve. The disadvantage ofa
tive suspension systems 
ompared to semi-a
tive ones is the enormous amount of power3Causemann (2001): Kraftfahrzeugsto�d�ampfer pp. 64{65.4N.N. (1995a): ATZ Automobilte
hnis
he Zeits
hrift 97 [1995℄.5Petek et al. (1999): Demonstration of an Automotive Semi-A
tive Suspension Using Ele
trorheologi
alFluid.6Irms
her/Hees/Kuts
he (1999): A Controlled Suspension System with Continuously Adjustable Dam-ping For
e.7Henne
ke/Jordan/O
hner (1987): ATZ Automobilte
hnis
he Zeits
hrift 89 [1987℄.8Kojima et al. (1991): Development of New Toyota Ele
troni
 Modulated Suspension|Two Con
epts forSemi-A
tive Suspension Control.2



1.2 State of the Artthat is needed to ful�ll its purpose. An example of an a
tive suspension system is theA
tive Body Control (ABC) by Mer
edes-Benz9. New developments 
ould lead to systemsin whi
h the energy that usually is dissipated by the suspension is stored in batteries, high-
aps, or other energy storages to use it at times when putting energy into the suspensionis needed. Tonoli10 and Z�ador11 suggest sho
k absorbers on basis of ele
tri
 generators,the Bose Corporation in 2004 presented a suspension system where ele
tri
 motors workas a
tuators and generators at the same time12.To redu
e the amount of power needed for the a
tive suspension, in most of the 
ases a
onventional spring-damper-system supports the stati
 weight of the vehi
le's body. Thea
tive elements only 
ontrol displa
ements from the stati
 equilibrium. Still, even a
tivesuspensions have to fa
e the problem that every boost in wheel load automati
ally leadsto a rising vehi
le's body. The only ex
eption is if due to the over-determinedness ofthe system (four wheels = four verti
al supporting points) wheel load is in
reased at thediagonally lying wheels and de
reased at the other two wheels. Then and only then theadditional wheel load will not lead to a lifting of the body but to a distortion of it. Butnegle
ting this very spe
ial 
ase, the amount of possible wheel load in
rease is limited bythe spring travel, whi
h 
an be even more limiting than the la
k of energy supply in 
aseof semi-a
tive suspensions. While it is relatively easy to 
ontrol the body movement, sin
ethe vehi
le's body 
an lean on the wheels and therefore on the unmoveable pavement,there are more limitations for the 
ontrol of wheel load. The wheels 
an only lean on thevehi
le's body, whi
h is not �xed, but rather moves up- or downwards if a for
e is appliedto it.Summarizing, the need to 
ontrol the suspension parameters led to the development of�rst slowly, later rapidly adjustable semi-a
tive suspensions, and to a
tive suspensions inwhi
h an external power supply is ne
essary. Figure 1.1 shows the 
lassi�
ation of suspen-sion systems des
ribed. All those new te
hnologies provide a tool to purposefully in
uen
ethe verti
al dynami
s of a vehi
le, whi
h was not possible before those te
hnologies hadbeen introdu
ed. This tool at hand 
an be applied to either in
uen
e the upper part ofthe suspension strut|the movement of the vehi
le's body|, or to in
uen
e the lower partof the suspension strut|the wheel and its verti
al for
e applied to the ground.1.2 State of the ArtControl of Horizontal Dynami
s in Today's Series CarsThe 
ontrol of the horizontal dynami
s of passenger 
ars|whether longitudinal or lateraldynami
s|is well known in today's series appli
ations. Ele
troni
 vehi
le dynami
s 
ontrolsystems are widespread from sub
ompa
t-sized 
ars up to the luxury 
lass.The Antilo
k Braking System (ABS), developed by Robert Bos
h GmbH and introdu
edin the Mer
edes-Benz S-Class in 1978, 
an be found nowadays in almost every new au-9Wolfsried/S
hi�er (1999): A
tive Body Control (ABC) { das neue aktive Federungs- undD�ampfungssystem des CL-Coup�es von DaimlerChrysler.10Tonoli et al. (2006): Ele
tromagneti
 Sho
k Absorbers for Automotive Suspensions: Ele
trome
hani
alDesign.11Z�ador/Falvy/Palkovi
s (2006): Ele
tro-me
hani
al Suspension A
tuator with Energy Re
uperative Fea-ture.12Bose Corporation (2004): Bose Suspension System. 3



1 Introdu
tion

Figure 1.1: Classi�
ation of suspension systems by Redli
h13.tomobile in the European Union. This system a
ts on the longitudinal dynami
s of thevehi
le only, by modulating the braking torque and with this the braking slip and brakingfor
e (for a more detailed explanation refer to se
tion 2.3.1). It has no expli
it 
ouplingto the verti
al or the lateral dynami
s implemented. The maximum braking pressure ata wheel (and 
onne
ted to it: the maximum braking torque) that 
an be applied by theABS is limited by the one in the main braking 
ylinder. This one is preset by the driver.If the driver is not braking at all the ABS is disabled14.Another system that 
an be found in more and more new automobiles is the so 
alledEle
troni
 Stability Program (ESP). Developed by Robert Bos
h GmbH and introdu
ed in1995 in the Mer
edes-Benz S-Class, it goes a step further by 
onne
ting the longitudinalwith the lateral dynami
s. It brakes at least one wheel automati
ally (i. e. without thedrivers intention) if the vehi
le 
omes 
lose to an unstable situation. The de
ision if asituation is unstable or not is based on the 
omparison of the desired 
ourse, 
al
ulatedby means of the driver's inputs steering angle and vehi
le speed, with the a
tual 
ourse,measured by means of the yaw-rate and the lateral a

eleration. By braking one wheelin 
ase of the vehi
le approa
hing an unstable situation, a longitudinal for
e|the brakingfor
e of the braked wheel|is used to in
uen
e the lateral dynami
s|the yaw-rate and thesideslip angle.Thus, ESP is a system that 
onne
ts the 
ontrol of longitudinal tire for
es with thee�e
t on lateral tire for
es. Although the verti
al dynami
s play a role in the sense that13Redli
h/Wallentowitz (1999): Vehi
le Dynami
s with Adaptive or Semi-A
tive Suspension Systems De-mands on Hardware and Software p. 43714Robert Bos
h GmbH (1999): Kraftfahrte
hnis
hes Tas
henbu
h p. 662.4



1.2 State of the Artthe lateral and the longitudinal dynami
s are in
uen
ed by the verti
al dynami
s, this
onne
tion is not implemented in the 
ontrol algorithms of the ESP. Resear
h is ongoingto develop ESP II, a system that should 
ombine the 
ontrol of the braking system, thea
tive steering, and the semi-a
tive suspension, in order to enhan
e both handling andriding performan
e. S
hwarz15'16 and Tr�a
htler17 show the way on this road. The mainidea is that the fun
tional level and the level of a
tuators are separated from ea
h other.Conne
ting Verti
al and Horizontal Dynami
sAs for the verti
al dynami
s, several ways are possible how the verti
al tire for
es 
an bein
uen
ed and 
ontrolled in general. Every part of the transmission path from verti
altire for
e over the tire itself, the rim, the wheel 
arrier, the suspension strut, and the strutmounting are possible positions in general to pla
e an a
tive or semi-a
tive element tohave an in
uen
e on the verti
al tire for
e. The most eÆ
ient way, however, to a
tuallyin
uen
e this tire for
e is to apply a semi-a
tive or an a
tive element into the suspensionstrut, �rst for 
onstru
tion reasons, se
ond simply be
ause the stroke is largest in thispart of the transmission path. This means that with rather small for
es a high amount ofenergy 
an be 
onverted.Now that the position where the verti
al dynami
s should be in
uen
ed is determined,there is still the question what the 
ontrol obje
tive should be. The 
ontroller 
oulda
t only in the verti
al dynami
s, without `knowing' anything about its in
uen
e on thelongitudinal or lateral dynami
s. In this 
ase the 
ontrol obje
tive is usually to redu
e theos
illations of verti
al tire for
es. Or, the 
ontroller 
ould 
onne
t the verti
al with thehorizontal dynami
s. The 
ontrol obje
tive in this 
ase is more diÆ
ult to de�ne, be
ausemodeling the 
onne
tion between verti
al and horizontal tire for
es is very 
omplex, andif the modeling is su

essful, the model outputs depend strongly on the tire parameters.Pa
ejka's magi
 formula for example in
ludes six independent parameters18, ea
h of whi
hhaving a strong in
uen
e on the transmission path from wheel load to horizontal tire for
es.Thus, be
ause the 
ustomer 
an 
hange the tires or the tires 
an alter their parameters dueto aging, a 
ontroller to 
onne
t verti
al and horizontal tire for
es needs to be parameterinvariant. This and the fa
t that semi-a
tive suspensions are not widespread might bereasons why in today's series 
ars this 
onne
tion between verti
al and horizontal tirefor
es is not expli
itly established yet. As for the 
ontrol of semi-a
tive suspensions, thefo
us lies on the verti
al dynami
s.Semi-A
tive Suspension in Today's Series CarsIn today's series 
ars most of the semi-a
tive suspension systems 
ome with adjustabledamping 
oeÆ
ients. Two ways to adjust the damping ratio are known: Either to 
hangeit via the opening 
ondition of an ele
tro-magneti
 valve or by making use of the 
hangingvis
osity of the damping 
uid. The damping 
uid usually is an oil, but solutions todamp with air are also known and implemented in the BMW HP2 Enduro motorbike19 forexample.15S
hwarz et al. (2003a): ATZ Automobilte
hnis
he Zeits
hrift 105 [2003℄.16S
hwarz et al. (2003b): ATZ Automobilte
hnis
he Zeits
hrift 105 [2003℄.17Tr�a
htler (2005): at { Automatisierungste
hnik.18Pa
ejka (2002): Tire and Vehi
le Dynami
s pp. 173.19M�uller et al. (2005): ATZ Automobilte
hnis
he Zeits
hrift 107 [2005℄. 5



1 Introdu
tionAs for the adjustable damping, on the German market the ele
tro-magneti
 solutionprevails all other solutions. It is just re
ently that the Audi AG 
ame out with the newTT-model, whi
h 
an be ordered with the so 
alled Magneti
-Ride system, in whi
h thesho
k absorbers work with magneto-rheologi
al 
uids20. Mantled there is an a
tive sho
kabsorber from Delphi Corporation. On the US market Delphi's MagnetRide suspension
ontrol system was introdu
ed in 2002 in the Cadilla
 Seville STS for the �rst time21.Those semi-a
tive 
omponents are mainly used to enhan
e the riding 
omfort, whi
hmeans that they are only a
ting on the verti
al dynami
s. Some side e�e
ts are usedthat if one wheel starts to 
atter and vibrate heavily, the damping 
oeÆ
ient is set tohard in order to redu
e this undesirable vibration. A

elerometers are used to measurethe verti
al body and the verti
al wheel os
illations and to 
al
ulate the damper velo
ityfrom their signals. In order to in
rease the riding 
omfort, the semi-a
tive suspension is
ontrolled in most of the 
ases by a so 
alled skyhook-
ontroller. This 
ontroller modelsa virtual damper that is thought to be atta
hed between the vehi
le's body and a virtualskyhook. The damper 
ontrol in this 
ase follows the obje
tive to model the virtual,perfe
t skyhook damper with the real damper atta
hed between wheel and body in thebest possible manner22. To implement the skyhook-
ontroller it is ne
essary to know the
hara
teristi
 diagram of the sho
k absorber, the a
tual damper velo
ity, and the damping
oeÆ
ient of the virtual skyhook damper must be de�ned. Irms
her23 showed how thea
tual damper for
e is distributed in the 
hara
teristi
 diagram of an a
tive sho
k absorberfor the 
ase of skyhook-
ontrolled damping. Identifying the 
hara
teristi
 damper diagramand �nding the best way to determine the damper velo
ity|those are tuning steps thatare undertaken in series 
ars that feature a
tive sho
k absorbers.A system was introdu
ed in the Opel Astra H of the lastest generation in 2004, showingthe way in the dire
tion of Global Chassis Control (GCC). The system is 
alled IDS-plus and in
ludes a
tive sho
k absorbers. Those are 
ontrolled mainly with the skyhookapproa
h. By the driver's 
hoi
e between a sport and standard setting the average damping
oeÆ
ient 
an be set to harder. At the same time the Ele
tri
 Power Steering (EPS) and thea

elerator are swit
hed into a more sporty setting. So the verti
al (via sho
k absorbers),the longitudinal (via a

elerator), and the lateral dynami
s (via EPS) are 
onne
ted bythe IDS-plus. The driver is the 
oupling part of this 
onne
tion, be
ause he is the one whode
ides if the 
onne
tion is suitable or not. The systems are not 
onne
ted via ele
troni
signals with ea
h other.Another system in whi
h a semi-a
tive suspension in form of a
tive sho
k absorbers isapplied is the Mer
edes-Benz S-Class with the so 
alled Airmati
 System. There an airspring is 
ombined with a
tive sho
k absorbers. The same 
ombination of systems 
an befound in the Volkswagen Touareg24. Furthermore, almost every automobile of the luxury
lass 
an be ordered with a semi-a
tive suspension.20Jungmann (2006): Audi magneti
 ride im neuen TT { all4engineers.21Shutto/Tos
ano (2006): Magnetorheologi
al Fluid Te
hnology for Vehi
le Appli
ations.22Kuts
he/Raulf (1998): Optimierte Fahrwerksd�ampfung f�ur Pkw und Nkw.23Irms
her/Hees/Kuts
he (1999): A Controlled Suspension System with Continuously Adjustable Dam-ping For
e p. 459.24Jungmann (2003): So viel Continental ste
kt im Touareg { all4engineers.6



1.2 State of the ArtA
tive Suspension in Today's Series CarsA
tive suspension systems are used e. g. in the BMW 5 and 7 series25. The system is
alled Dynami
 Drive. By means of an a
tive anti-roll bar the rolling during driving in a
urve with lateral a

eleration 
an be redu
ed, and by adjusting the sti�ness of the frontand the rear anti-roll bar relatively to ea
h other, the sideslip angle 
an also be in
uen
ed.The main purpose of this system lies on the 
ontrol of the lateral dynami
s of the vehi
le.Con
erning the braking performan
e this system is not used to redu
e the braking distan
e.It 
ould be used in su
h a way that for �-split 
onditions the wheel load on the front wheelthat drives on the high-� tra
k is in
reased by distorting the vehi
les body. This wouldlead to a de
reasing wheel load at the front wheel of the low-� tra
k. The sum of brakingfor
es would therefore in
rease, be
ause the wheel load gained at the high-� tra
k leads toa higher in
rease in braking for
e than the redu
ed wheel load at the low-� tra
k leads toa de
line in braking for
e.Other a
tive suspension systems like the ABC of Mer
edes-Benz are mainly used to
ontrol the verti
al body os
illations in the frequen
y range up to 5Hz. It is not of theauthor's knowledge that the ABC is also used to 
ontrol the verti
al tire for
es in su
h asense that by their means the braking distan
e is redu
ed.The main problem for a
tive suspension systems is that the high amount of power neededfor lowering and lifting the vehi
le's body does not ne
essarily help to in
rease the wheelload signi�
antly. Of 
ourse the lifting of the vehi
le's body helps to in
rease wheel loadtemporarily, but the problem remains the same for a
tive suspensions as for every otherkind of suspension: In
reasing the wheel load always leads to a lifting of the vehi
le's body,and this lifting is limited by the maximum spring displa
ement. So, even if with an a
tivesuspension for
es 
an be applied that a
t within the moving dire
tion of the body, thewheel load 
annot be in
reased longer than it takes for the body to rea
h its maximumupward velo
ity (refer to Winner26).Resear
h on Conne
ting Controls for Chassis SystemsIt is not of the author's knowledge that the intera
tion between adjustable damping 
oef-�
ient and wheel load and/or braking for
e is purposefully implemented in series 
ars. Inresear
h this is slightly di�erent. Many authors have been working on 
ontrol algorithmsfor semi-a
tive and a
tive suspensions, in most 
ases in order to redu
e the os
illations ofverti
al tire for
es|measured in RMS on dynami
 wheel load (for the de�nition of RMSrefer to equation 4.7 on page 62). It is assumed that if the RMS on dynami
 wheel loadis de
reased this gives a better basis for systems that a
t in the horizontal plane, likeABS and ESP. Several resear
h proje
ts have been undertaken to improve the handlingperforman
e of vehi
les by means of semi-a
tive suspension.Smakman suggested a 
ontrol algorithm to 
ontrol the lateral tire slip by means ofa
tive suspension27 to improve the lateral dynami
s. Tr�a
htler suggested to de
ouple lo
ala
tuator fun
tions from global obje
tives to be able to use the provided a
tuators in aglobal network for more than only one purpose28. All this resear
h has been theoreti
al25Konik et al. (2000): Dynami
 Drive - das neue aktive Wankstabilisierungssystem der BMW Group.26Winner et al. (2006): Die Bremse im me
hatronis
hen Fahrwerk p. 368.27Smakman (2000): Fun
tional Integration of Slip Control with A
tive Suspension for Improved LateralVehi
le Dynami
s.28Tr�a
htler (2005): at { Automatisierungste
hnik. 7



1 Introdu
tionwithout appli
ation to the real world.Redu
ing the braking distan
e has also already been investigated; the Continental AGexe
uted a proje
t with the obje
tive to 
ome up with a real 
ar that has a braking distan
efrom an initial velo
ity of 100 km/h of 30m or less29. The testing vehi
le used was aVolkswagen Golf. In 2000 the Continental AG eventually was able to redu
e the brakingdistan
e (whi
h usually lies around 40m) down to the set target of 30m. Many di�erent
ontrol systems and their appli
ations were involved in this proje
t. The vehi
le was alsoequipped with a
tive sho
k absorbers. But the main fo
us did not lie on 
ontrolling thevehi
le's damping. This was just one additional point amongst many others. The mainpart of the braking distan
e redu
tion was a
hieved by using high-performan
e tires and bymodifying the braking system su
h that the full braking pressure was applied very qui
kly.Furthermore, all 
omponents of the vehi
le dynami
s 
ontrol were adjusted to ea
h otherand they were working in an integrated network. Global 
hassis 
ontrol (GCC) was themain issue in this proje
t. Only be
ause all 
omponents of the 
ontrol of the vehi
ledynami
s were adjusted to ea
h other was it possible to redu
e the braking distan
e bysu
h a high amount.Anyway, the a
tive sho
k absorber 
ontroller used in the 30m-
ar proje
t 
annot dire
tlybe transferred to the 
ontroller of this thesis, be
ause all braking tests were exe
uted onan ideally even pavement. This means that the ex
itation of verti
al tire for
e os
illations
ame only from the fa
t that the braking for
es applied 
ause a weight transfer from rearto front axle. No seismi
 ex
itation was 
ausing os
illations in verti
al tire for
es. In thisthesis the possibility to redu
e the braking distan
e on a road with a typi
al unevenness isinvestigated. Therefore the 
ontrol approa
h used in this thesis di�ers signi�
antly fromthe one of the 30m-
ar.Resear
h on Semi-A
tive Sho
k Absorber ControlState-of-the-art in resear
h 
on
erning the 
ontrol of a
tive sho
k absorbers is the know-ledge that ride on the one hand and handling on the other hand 
an be improved by the
ontrol of a
tive sho
k absorbers. On the handling side this is mainly based on simulationresults or results of quarter- or 2D-
ar physi
al models. Only few test drives with real
ars have been published. It holds true that handling performan
e 
an be improved if it ismeasured and assumed to be measurable in terms of RMS on dynami
 wheel load, withouta
tually using a measurand of the lateral or longitudinal dynami
s. The possibility toimprove the verti
al 
ounting measurand RMS on dynami
 wheel load has been shownfor passenger 
ars as well as for other land-based vehi
les (su
h as tru
ks or tanks) insimulations. For an ex
eptional example refer to Choi30 who redu
ed the verti
al bodya

elerations of a tra
ked vehi
le (a tank) by means of a
tive sho
k absorbers in simulation.The steering stability 
ould be kept 
onstant at the same time.Pinkos31 was able to redu
e the rolling of a real testing vehi
le by means of rotational a
t-ing a
tive sho
k absorbers whi
h are based on ele
tro-rheologi
al magneti
 
uids (ERM).He suggested that ele
tro-rheologi
al based sho
k absorbers ex
eed ele
tro-magneti
 solu-29Be
ker/Huinink/Rieth (2001): Ma�nahmen zur Verk�urzung des Anhaltewegs in Notbremssituationen {das 30m Auto.30Choi/Park/Suh (2002): Journal of Dynami
 Systems|Measurement and Control 124 [2002℄.31Pinkos/Shtarkman/Fitzgerald (1994): An A
tively Damped Passenger Car Suspension System with LowVoltage Ele
tro-Rheologi
al Magneti
 Fluid.8



1.2 State of the Arttions with a faster response to 
hanges of the demand of damper for
es. This is probablynot the 
ase, be
ause the main time delay 
omes from the fa
t that the pressure di�eren
ein upper and lower 
hamber needs to establish in order to provide a damper for
e. Thisis the 
ase for any a
tive sho
k absorber, no matter if 
ontrolled ele
tro-magneti
ally orele
tro-rheologi
ally.Not talking about driving safety in general, but rather about the RMS on dynami
wheel load in parti
ular, this quantity is known as redu
ible by making use of a
tive sho
kabsorbers. This �eld has widely been resear
hed mainly in simulation models.Redli
h32 showed in 1994 on a quarter-
ar model that the RMS on wheel load and theRMS on verti
al body a

eleration 
an be redu
ed at the same time by means of a
tivesho
k absorbers. His approa
h is to determine the a
tual frequen
y with whi
h the vehi
leos
illates and then to set the damping to the best value for this given frequen
y in orderto redu
e both wheel load and body os
illations. He furthermore dedu
ed the demands onthe hardware and the software when using su
h a semi-a
tive suspension system. Alberti33also proposed in 1991 that with a
tive sho
k absorbers it is possible to enhan
e riding andhandling at the same time. He investigated this topi
 with a quarter-
ar model and fo
usedon the e�e
t of di�erent road roughnesses on his results. Both showed the fundamentalpotential for an enhan
ement of the verti
al dynami
s by means of a
tive sho
k absorbers.Several experiments in the real world have been undertaken with quarter- or half-
armodels. Yi in 1992 redu
ed the dynami
 tire for
es in experiments with a half-
ar modeltest rig34. He used a bilinear observer approa
h to redu
e both the verti
al body a

eler-ation as well as the dynami
 tire for
es.A main problem for all resear
hers in the �eld of semi-a
tive suspension when applyingthe theoreti
al models to the real world is the un
ertainty of parameters and the un
ertaintywhether the stru
ture of the simple dynami
al models map the vehi
le behavior in the rightmanner. Lauwerys suggested in 200235 and again in 200436 that due to the 
omplexity ofa passenger 
ar and the 
hanging parameters during a life 
y
le it might be advantageousto do the 
ontrol without 
omplex dynami
al models of the vehi
le, but to rather adjustparameters of neural networks to a less 
ompli
ated model. Neural networking is a 
ontrolstrategy that was also widely applied to the topi
 of semi-a
tive suspension. Moran37 
ouldde
rease the RMS on verti
al body a

eleration by means of su
h a 
ontrol algorithm.Other authors, like Yeh38, worked on fuzzy-
ontrol logi
s to improve riding and handling.Yeh based his work on a quarter-
ar model and showed in simulation results that anadaptive 
ontrol strategy 
an improve the performan
e. The 
ontroller is adaptive in thesense that it 
hanges 
ontrol parameters by rea
ting on the pseudo-noise seismi
 ex
itationof the simulated pavement. Yoshimura39 also implemented a fuzzy-
ontroller into a quarter-
ar model with whi
h he was able to suppress verti
al body a

elerations by a high amount.32Redli
h/Wallentowitz (1994): Vehi
le Dynami
s with Adaptive or Semi-A
tive Suspension Systems De-mands on Hardware and Software.33Alberti (1991): Adaptive Fahrwerksd�ampfung.34Yi/Wargelin/Hedri
k (1992): Dynami
 Tire For
e Control by Semi-A
tive Suspensions.35Lauwerys/Swevers/Sas (2002): Linear Control of Car Suspension Using Nonlinear A
tuator Control.36Lauwerys/Swevers/Sas (2004): Model Free Control Design for a Semi-A
tive Susepension of a PassengerCar.37Moran/Hasegawa/Nagai (1999): Continuously Controlled Semi-A
tive Suspension Using Neutral Net-works.38Yeh/Lu (1999): A Geneti
 Algorithm Based Fuzzy System for Semi-A
tive Suspension System Design.39Yoshimura/Takagi (2004): Journal of Zhejiang University SCIENCE 5 [2004℄. 9



1 Introdu
tionAnother 
ontrol approa
h whi
h makes use of a 2D-model of a vehi
le is to use the frontaxle as a sensor. By the signals that are obtained at this axle|whi
h always passes roaddisturban
es before the rear axle when driving forwards|the performan
e of the 
ontrollerfor the rear axle 
an be improved. Araki40 implemented su
h a preview 
ontroller in his4-degrees-of-freedom model and obtained an improved pit
hing behavior (smaller pit
hingangles) by this feed-forward 
ompensation. In fa
t, he modeled an a
tive suspension sys-tem. The limits for implementing su
h a 
ontrol algorithm in a real 
ar are on
e again thehigh model and parameter un
ertainties.As for real test drives, Val�a�sek was able to redu
e the RMS on dynami
 wheel load inthe 
ase of a heavy tru
k. In earlier work he developed 
ontrol strategies to redu
e theRMS on dynami
 wheel load41. His main obje
tive was to redu
e the road damage, whi
h
an be measured in terms of a derivate of the RMS on dynami
 wheel load. Val�a�sek useda so 
alled groundhook-
ontroller whi
h is similar to the skyhook approa
h. In 
ase of thegroundhook a virtual sho
k absorber is thought to be atta
hed between ground and thewheel's spinning axis. This is be
ause if this damper was there for real it would lead toa redu
ed verti
al os
illation of the wheel. Similar to the skyhook approa
h, this virtualsho
k absorber is than tried to be represented with the real a
tive sho
k absorber in thebest possible manner. But only 
ontrolling the verti
al os
illations of the wheel will lead toan in
reasing de
e
tion of the vehi
le's body in the long run. This is why Val�a�sek went astep further and introdu
ed a so 
alled hybrid-
ontroller whi
h 
ombines the sky- and thegroundhook approa
h by applying two virtual dampers|one atta
hed between sky andbody and one between wheel and ground. With this 
ontrol s
heme Val�a�sek was able toredu
e the RMS on dynami
 wheel load in simulations. Applying this kind of 
ontroller tothe real world is rather diÆ
ult, be
ause several 
ontrol parameters need to be de�ned andadjusted to reality. For real test drives with a tru
k Val�a�sek used a Fuzzy-
ontrol algorithmthat is more parameter independent42. With this approa
h he was able to redu
e the RMSon dynami
 wheel load in real test drives on a sto
hasti
 road on an air�eld.All the literature sour
es mentioned have in 
ommon that they build the fundament for
ontrolling a
tive sho
k absorbers for the 
ase that the RMS on dynami
 wheel load shouldbe redu
ed, for the 
ase that this is the 
ontrol obje
tive. The question arises whetherthis is in fa
t the 
ontrol obje
tive in order to redu
e the braking distan
e. Rei
hel43therefore started to exe
ute test drives with 
ontrolled a
tive sho
k absorbers in brakingsituations. He introdu
ed a 
ontrol me
hanism whose 
ontrol obje
tive is to keep the wheelload 
onstant. This obje
tive 
annot be obtained 
ompletely by a semi-a
tive suspension,and even for an a
tive suspension it is only possible to keep the wheel load 
onstant if theamplitudes of the verti
al ex
itation are small enough. Nevertheless, the 
ontrol obje
tive
an still be to keep the wheel load 
onstant, even if it is not possible to a
hieve this goal.It is the ben
hmark and shows the dire
tion.Rei
hel exe
uted his test drives with 
onstant velo
ity. The rear axle of the testing vehi
lewas driven while the front axle was braked. Thus, the in
uen
e of the verti
al dynami
s|
ontrolled by a
tive sho
k absorbers|on the braking torque and braking for
e 
ould beinvestigated without having to 
onsider the weight transfer and a redu
ed vehi
le's speed40Araki/Oya/Harada (1994): Preview Control of A
tive Suspension Using Disturban
e of Front Wheel.41Val�a�sek/Nov�ak (1996): Ground hook for semi-a
tive damping of tru
k's suspension.42Val�a�sek et al. (1997): Vehi
le System Dynami
s.43Rei
hel (2003): Untersu
hungen zum Ein
uss stufenlos verstellbarer S
hwingungsd�ampfer auf das insta-tion�are Bremsen von Personenwagen.10



1.3 Resear
h Obje
tiveshaving an in
uen
e on the results. Rei
hel was able to redu
e the RMS on dynami
 wheelload when passing a sinusoidal obsta
le for vehi
le speeds up to 50 km/h. He furthermoreshowed that for low vehi
le speeds up to 50 km/h his sho
k absorber 
ontroller leads tobetter performan
e for longitudinal vehi
le dynami
s measurands, like braking torque andbraking slip. His 
on
lusion was that due to the redu
tion of RMS on dynami
 wheel loadthe longitudinal dynami
s were in
uen
ed positively.Summarizing, the analysis of the state-of-the-art of the 
ontrol of semi-a
tive and a
tivesuspension systems shows that the area has been widely investigated by resear
hers all overthe world. Many 
on
epts to 
ontrol the verti
al dynami
s in order to enhan
e the ride andthe handling of a vehi
le have been presented sin
e the early 1980s. The vast majority usequarter-
ar models to enhan
e ride and handling and measure those two quantities in termsof RMS on verti
al body a

eleration and RMS on dynami
 wheel load. In simulations onthose quarter-
ar models it 
ould be shown that both RMS-values are redu
ible by meansof a
tive sho
k absorbers. Test rig trials on physi
al models have also been undertaken.Here the results from simulations 
ould be veri�ed in general. As for implementations ofthe results on resear
h side to the real world only few experimental resear
h proje
ts havebeen undertaken. It is not of the author's knowledge that the 
onne
tion between verti
aland horizontal dynami
s has been established in series appli
ations. The main problemwhen it 
omes to this 
onne
tion is to de�ne the 
ontrol obje
tive. The RMS on dynami
wheel load might not be the only and not the best quantity to serve as 
ontrol obje
tive.1.3 Resear
h Obje
tivesThe results of former resear
hers show the possibility to purposefully in
uen
e the RMS ondynami
 wheel load by means of a
tive sho
k absorbers. Using this knowledge, two moreaspe
ts are added in this thesis: Firstly, not only the response of the system in the longrun is measured and a
ted on, but rather the transient response is treated as an essentialfa
tor as well. This means that the RMS on dynami
 wheel load is only one measurandbeside others. By means of RMS the response of the vehi
le in the long run|e. g. forthe whole braking pro
ess|
an be measured. As an integrative measurand it does notgive information about how one single swit
hing pro
ess of the sho
k absorbers in
uen
esthe 
ourse of wheel load, braking slip or braking for
e. In this sense it is 
omparable tothe braking distan
e, whi
h also is an integrative measurand. The braking distan
e itselfgives information about how good the braking performan
e for a given braking pro
esswas, 
ompared to others. It 
annot give information about the 
ourse of all the quantitiesthat in
uen
e the �nal result, like braking slip or braking for
e.Se
ondly, the 
onne
tion between verti
al and horizontal tire for
es is drawn|and thusbetween verti
al and horizontal tire for
e 
ontrollers|in this thesis. It is not of the author'sknowledge that this 
onne
tion has been implemented with a measurable obje
tive in mind(like redu
ing the braking distan
e) so far. Redu
ing the braking distan
e is not only anobje
tive worth to desire be
ause of the shorter braking distan
e alone. If a system thathas the ability to redu
e the braking distan
e, assuming a 
onstant de
eleration, is appliedto a 
ar, it also redu
es the longitudinal velo
ity of the vehi
le at every point in timeand|in this 
ontext even more important|at every point in the distan
e domain. If adriver applies full-braking this is usually done to prevent a 
ollision. In 
ase the time to
ollision (TTC) is too short to prevent the 
ollision 
ompletely, it is still the desire of the11



1 Introdu
tiondriver to slow down the vehi
le as mu
h as possible. Sin
e the kineti
 energy depends onthe square of the velo
ity, the vehi
le's speed at the time of the impa
t plays a big role indamage redu
tion. A system that is meant to redu
e the braking distan
e thus helps intwo ways: By preventing 
ollisions and|probably more often|by redu
ing the speed atthe time of the unpreventable 
ollision and thus the potential damage.The obje
tive of this thesis therefore is to determine if and to whi
h amount there isa potential to redu
e the braking distan
e by means of a verti
al dynami
s 
ontroller ona 
onventional pavement|and more spe
i�
, by means of a
tive sho
k absorbers. Sub-targets on this way are to de�ne an experimental setting that allows to measure the brakingdistan
e su
h that the in
uen
e of the driver and all other parameters that in
uen
e thebraking distan
e besides the verti
al dynami
s are not relevant.Furthermore, it needs to be 
he
ked whether the given general do
trine that the lowerthe RMS on wheel load, the higher the handling performan
e holds true for the spe
ial
ase of braking pro
edures as well. A 
ontrol obje
tive needs to be de�ned with whi
hthe 
onne
tion between the verti
al and the longitudinal dynami
s of a vehi
le 
an beestablished. This 
ontrol obje
tive does not ne
essarily has to be to redu
e the RMS onwheel load. A 
on
ept ought to be developed whi
h allows to purposefully 
onne
t verti
aland longitudinal dynami
s.The intera
tion with the Antilo
k Braking System (ABS) is part of the investigationas well. By means of the ABS it is also the obje
tive to redu
e the braking distan
e bybraking as 
lose to the optimum braking slip as possible. Sin
e a today's ABS does notget information about the verti
al tire for
es, whi
h in
uen
e the braking slip in the samemanner as the braking for
e and the braking torque do, it 
annot rea
h the obje
tive ofkeeping the braking slip 
onstant at the optimal level. Both tire and type of pavementin
uen
e the 
ourse of the �-slip 
urve and therefore of the value of optimal braking slip.Not knowing whi
h type of tire is atta
hed to the vehi
le and whi
h road 
onditions thesystem has to deal with are two other main reasons why the optimal slip 
annot be a
hieved.Simply be
ause it is not known in advan
e what the value of the optimal slip a
tually is.In this thesis the ABS should therefore be supported in its trying to keep the brakingslip at its optimal level. A measurand has to be found that 
onne
ts the verti
al tire for
eswith the longitudinal ones, that 
onne
ts the verti
al dynami
s with the braking slip. Allresults and 
on
lusions of this thesis should be representative for typi
al roads that 
an befound in real life, e. g. highways with a typi
al unevenness.1.4 MethodologyTo rea
h the obje
tives the following methodology is used:First of all, the verti
al dynami
s of a quarter-
ar|a redu
ed 
ar that only in
ludes onewheel, one suspension strut, and a part of the vehi
le's total body mass|is investigatedin a simulation model. The e�e
t of swit
hing the a
tive sho
k absorber on the 
ourseof the wheel load is investigated with this model and a wheel load 
ontrol algorithm isintrodu
ed. Both the model and the 
ontrol algorithm are validated in test rig trials on a4-post test rig with a real 
ar. The 
ontrol algorithm investigated in simulation models isimplemented in a real 
ar and braking tests are exe
uted.An emphasis is put on the reprodu
ibility of the braking test. Sin
e many di�erentparameters in
uen
e the braking distan
e, it is important to keep as many of them 
onstant12



1.4 Methodologyas possible, to be able to measure the in
uen
e of the developed 
ontroller of verti
aldynami
s on the braking distan
e. A braking ma
hine is used to initiate the brakingpro
ess, in order to ex
lude the driver's in
uen
e on the results. The braking ma
hinedelivers the gradient of braking pressure as well as the position on the testing tra
k wherethe braking is exe
uted in a high reprodu
ibility.Furthermore, the results of this thesis should be transferable to what one 
an expe
t inthe real world, meaning on a 
onventional German Autobahn or 
omparable other road.Thus, a testing tra
k is 
hosen that is 
omparable to a road with a roughness that is typi
alfor German highways.The main fo
us of this thesis lies on deepening the understanding of what happens ifthere is an intervention in the verti
al dynami
s of a vehi
le with respe
t to the longitu-dinal dynami
s. To make the results transferable to other types of vehi
les the developed
ontroller is independent of most vehi
le parameters as masses, sti�ness, or damping 
o-eÆ
ients. It is developed in su
h a way that it makes use of the prin
iple of the verti
aldynami
s that is inherent to every ground based vehi
le, that is, that the wheel load 
anbe in
reased (de
reased) by applying an additional (substra
tional) for
e to the suspensionstrut at this very wheel.

13



2 Fundamentals of Vehi
le Dynami
s2.1 Coordinate SystemsIn automotive engineering the standard 
oordinate system is a right oriented system asshown in Figure 2.1. The x-
oordinate lies in the vehi
le's longitudinal dire
tion, pointingforwards. The y-
oordinate is perpendi
ular to the x-
oordinate and points to the left (indriving dire
tion). The z-
oordinate points upwards and is perpendi
ular to the x-y-plane1.The origin of this standard 
oordinate system usually is identi
al to the 
enter of gravity(CG) of the total vehi
le, and that is how it is de�ned in this thesis as well. Movementsalong the three translatory degrees of freedom are 
alled `longitudinal' (x), `lateral' (y), and`verti
al' movements. Angular movements along the three rotational degrees of freedomare 
alled `roll' (', around x-axis), `pit
h' (#, around y-axis), and `yaw' ( , around z-axis).
z

x
yRoll

Yaw
Pitch

V
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l
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l

CMCM

Figure 2.1: Global 
oordinate system of a vehi
le's dynami
s and naming of the possiblemovements2.Those are the global degrees of freedom and 
oordinates of the vehi
le as a whole. As forthe single wheels and the suspension at a wheel the 
oordinates are de�ned in Figure 2.2.In this �gure the prin
iple of a typi
al suspension of a front and a rear wheel are shown.For 
larity reasons the springs are negle
ted in this �gure and only the sho
k absorbers aredrawn, but sin
e only geometri
 
al
ulus is done the 
on
lusions are the same for eithersho
k absorber or spring.Measuring the sho
k absorbers' velo
ity and the springs' displa
ement, it must be takeninto a

ount that neither of them is aligned with the verti
al 
oordinates zB;i and zW;i1This de�nition of the 
oordinate system 
onforms to the de�nition in the German norm DIN 70000. Itdi�ers from the SAE-de�nition in the way that in this Ameri
an de�nition the z-axis points downwardsand therefore the y-axis points to the right.2Breuer (2001): Kraftfahrzeuge II p. 214



2.1 Coordinate Systems
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Figure 2.2: Coordinate systems for an aligned and a displa
ed suspension. The stru
tures ofthe suspensions shown 
orrespond with the testing vehi
le's real stru
tures.in general. For the testing vehi
le used for all experimental settings in this thesis (for adetailed des
ription refer to se
tion 3.2), the sho
k absorber as well as the spring at a rearaxle's wheel are in fa
t displa
ed both with respe
t to ea
h other and with respe
t to zB;rand zW;r.For the front axle both sho
k absorber and spring 
an be assumed to be aligned withzB;f and zW;f , be
ause the angles between their axes and the verti
al axis are very smalland both are dire
tly 
onne
ted with the rotational 
enter of the wheel.The measurands vD;i = _zB;i � _zW;i (2.1)and sS;i = zB;i � zW;i (2.2)are introdu
ed as the proje
ted sho
k absorber velo
ity and the proje
ted spring displa
e-ment. The 
oordinate system of the model in se
tion 4.3 always refers to those proje
tedquantities. They do not ne
essarily re
e
t the real velo
ity vrealD;i and the real displa
ementsrealS;i of the a
tual sho
k absorber and the a
tual spring. The fa
tors with whi
h the realand the proje
ted velo
ities and displa
ements are 
onne
ted are 
alled iD;i and iS;i . Thismeans that vrealD;i = iD;i vD;i (2.3)and srealS;i = iS;i sS;i : (2.4)15



2 Fundamentals of Vehi
le Dynami
sFor the values of the fa
tors iD;i and iS;i of the testing vehi
le used for this thesis referto Table 3.1 on page 40. All parameters of the testing vehi
le are 
al
ulated in terms ofproje
ted quantities. If the spring sti�ness, the damping 
oeÆ
ient, or any other parameteris mentioned, it always refers to the proje
ted degree of freedom rather than to the realphysi
al values of spring and sho
k absorber.The angular displa
ement around the i-th wheel's y-axis is de�ned as 'W.2.2 The Braking Pro
essIf the longitudinal a

eleration of a vehi
le is negativ, the 
ar is braking. Its kineti
energy Ekin = 1=2mV v2 is de
reasing. This negative a

eleration|or de
eleration|
anbe 
aused by either body for
es or by 
onta
t for
es. Body for
es a
t on the 
ar due tothe gravitational a

eleration, whi
h 
auses the 
ar to de
elerate if driving an in
liningslope. Conta
t for
es 
an be either fri
tion for
es applied in the 
onta
t zone of tire andpavement or area for
es due to the wind resistan
e of the 
ar.A 
ar whi
h is assumed to drive on a horizontal plane is therefore not subje
t to anybody for
es but only to 
onta
t for
es. As for the type of braking it 
an be di�ered betweena braking pro
edure whose main purpose is to de
elerate the vehi
le, a braking pro
edurewhi
h is meant to bring the vehi
le down to the same velo
ity as the pre
eding 
ar, andfull-brake.In this thesis only the full-brake situation is 
hosen, be
ause only when the maximumde
eleration is desired by the driver a system to redu
e the braking distan
e is of any use.In all other 
ases the driver 
an 
ontrol the de
eleration and therefore the braking distan
ehimself. If the driver is not using the maximum fri
tion 
oeÆ
ient possible, he 
an a
tas 
ontroller and in
rease or de
rease the braking pressure. The de
eleration will follow,be
ause it 
an follow. If the driver desires a higher de
eleration than is possible by usingthe maximum braking 
oeÆ
ient, the un
ontrolled wheel will tend to lo
k. In this 
asethe driver does not have the possibility to 
ontrol the desired longitudinal a

eleration,be
ause the fri
tion fa
tor whi
h would be ne
essary to ful�ll the driver's demand simply
annot be delivered by the tire/pavement intera
tion.In Figure 2.3 a passenger 
ar with optimal brake supporting angles is shown. The angles"B;f and "B;r uniquely de�ne the position of the pit
hing 
enter PC. Now if braking for
esare applied to the front and the rear axle, those for
es together with the height of the
enter of gravity form a moment that lets the wheel load at the front axle in
rease and thewheel load at the rear axle de
rease.FB;total hCG = (FB;f + FB;r) hCG = �Fz;bi l; (2.5)where �Fz;bi is the weight transfer from rear to front axle. The stati
 wheel load isnegle
ted in these thoughts. Now if the wheel load in
reases by �Fz;bi at the front andde
reases by �Fz;bi at the rear axle, this additional respe
tively less verti
al for
e in thetire 
onta
t zone in stationary (quasi-stati
) 
ondition has to be supported by the vehi
le'sbody.If the dire
tion of a
tion of the resulting for
e of �Fz;bi and FB;f at the front axle, Fres;f ,goes through the pit
hing 
enter, no moment around the front suspension is present andtherefore the front axle will not de
e
t, neither bound nor rebound. The same holds truefor the rear axle. This means that in the 
on�guration given in Figure 2.3, the vehi
le's16



2.2 The Braking Pro
essbody will not pit
h when braking for
es are applied at the tires. The additional wheel loadat the front axle is then only transmitted via the suspension links, the suspension springis not de
e
ted.Figure 2.3 also shows that this only holds true if the braking for
es at front and rear axleare in the optimal ratio su
h that the resulting for
es of front and rear axle point dire
tlyat the PC. If one or more of the named parameters di�er from the optimal 
on�guration,the vehi
le's body will pit
h. This happens until the sum of for
es transmitted throughthe suspension links and the spring for
es of the front and rear axles' body springs timesthe wheel base balan
e with the torque that is made of braking for
e times height of 
enterof gravity.
CG PC

z,biF

B,rFB,fF
CGh

l
res,rFres,fF

opt

B,r

opt

B,f

z,biFFigure 2.3: Optimal brake support angles for a passenger 
ar3.Theoreti
ally speaking, this 
an also mean that the vehi
le's body moves upwards at thefront of the vehi
le and downwards at its ba
k|in 
ase the PC lies above the CG. Butthis is a 
on�guration that 
annot be found in today's series 
ars|as the reader knows byinspe
tion. Today's 
ars pit
h by moving the body down at the front and up at the ba
k.Usually 
ars do not have the PC at the same height as the CG, in fa
t it lies mu
hlower (e. g. hPC � 0:14m hCG � 0:52m for the testing vehi
le, refer also to Table 3.1 onpage 40). Thus, due to the fa
t that the PC lies below the CG, if a 
ar is braked it is alsoex
ited to pit
hing os
illations. This is important to mention, be
ause this me
hanism isone sour
e of wheel load os
illation and it is the main reason for sho
k absorber de
e
tions.The other sour
e of wheel load os
illations is the roughness of the road, whi
h 
auses thewheel to boun
e.In Figure 2.4 the 
ourses of dynami
 wheel load for di�erent heights of the pit
hing 
enterare shown for a braking pro
edure on a vehi
le with 2 axles and no seismi
 ex
itation. Thede
eleration in
reases to its stationary value in form of a ramp and is then 
onstant duringthe whole braking pro
edure.If PC lies at the elevation of the pavement, the os
illations of wheel load|whi
h are onlydue to the angular os
illation of the vehi
le's body|have the greatest amplitudes. In 
aseof a PC at the height of the CG in 
ombination with optimal brake supporting angles thereare no os
illations of wheel load at all. The weight transfer simply leads to a higher wheelload at the front and a lower one at the rear axle, but no transient response o

urs. Theassumption is that the suspension bushings are in�nitely sti�. Then the weight transfer is
ompletely proportional to the amount of de
eleration.3Winner (2006): Kraftfahrzeuge II p. 144 17
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Figure 2.4: Wheel load distribution due to weight transfer between front and rear axle fordi�erent heights of the pit
hing 
enter hPC4. Senkre
hte Radf�uhrung (Ni
kpol auf der Stra�e)= verti
al wheel 
ontrol (pit
hing 
enter on the elevation of the pavement), Ni
kpol im S
hw-erpunkt = pit
hing 
enter at the same position as the 
enter of gravity, Vollst�andiger Ni
kaus-glei
h = optimal brake supporting angles, �Fz;v = �Fz;bi, �Fz;h = ��Fz;bi.As was shown in the former passages, the distribution of braking for
e between frontand rear axle, as well as the position of PC relative to CG, has an e�e
t on the pit
hingof the vehi
le's body. But what would the optimal braking for
e distribution be if therewas no pit
hing, if the wheel load at front and rear axle would be assumed to be 
onstantduring the braking pro
edure as the dash-dotted line in Figure 2.4 suggests, in order togain the shortest possible braking distan
e?E. g., if only the front axle is braked, this will 
learly not lead to the shortest brakingdistan
e, be
ause the front axle 
an only transmit a limited amount of braking for
e to theground and this does not in
rease if the rear axle is not braked. Quite the 
ontrary willhappen, it would rather de
rease be
ause the additional wheel load 
aused by the weighttransfer would be missing at the front axle.Looking at it this way and assuming that the tires at front and rear axle have the same4Mits
hke (1984): Dynamik der Kraftfahrzeuge, Band B { S
hwingungen p. 15418
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Figure 2.5: Typi
al �-slip 
urve for a standard summer tire. The 
urve as seen has been usedfor simulations. � = FB=Fz; �B = 1� vW=vx.properties, and furthermore that the �-slip 
urve5 will not 
hange with 
hanging wheelloads, the braking slip at front and rear axle should be the same in order to a
hieve theshortest braking distan
e possible. Be
ause only if every wheel is at the maximum ofbraking for
e appli
able to it (or: at the optimal braking slip �B;opt) the overall brakingfor
e is at its maximum as well.These thoughts lead to the so 
alled brake for
e distribution diagram shown in Figure 2.6.This diagram shows that there is only one distribution of braking for
e between front andrear axle whi
h is optimal for shortening the braking distan
e. In the diagram it is assumedthat the wheel loads at front and rear axle are 
onstant and have the values of the bodyindu
ed wheel load. These assumptions|as 
an be seen in Figure 2.4|do not ne
essarilyhold true in a real 
ar. But sin
e the braking for
e distribution is applied in a real 
ara

ording to the diagram in Figure 2.6, it makes sense to try to redu
e dynami
 wheel loados
illations|to redu
e the RMS on dynami
 wheel load|in order to shorten the brakingdistan
e.During a braking pro
edure the vehi
le's speed is de
reased by the sum of the brakingfor
es a
ting on all wheels. This sum of braking for
es FB;total 
auses a longitudinal a

el-eration in negative x-dire
tion. During the braking pro
edure, FB;total does not have thesame importan
e at all times. Of 
ourse, the higher the mean braking for
e, the shorterthe braking distan
e. But this holds true only for two 
ourses of braking for
e that aresimilar and only di�er by a proportional fa
tor. In fa
t, it is not only the mean value ofbraking for
e that e�e
ts the braking distan
e, but also the distribution of braking for
ein time during the braking pro
edure.5A typi
al �-slip 
urve is shown in Figure 2.5. It shows the braking 
oeÆ
ient � = FB=Fz vs. the brakingslip �B. 19
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Figure 2.6: Brake for
e distribution diagram6. Bez. Hintera
hsbremskraft = braking for
eat rear axle per weight of the 
ar, bez. Vordera
hsbremskraft = braking for
e at front axleper weight of the 
ar, Bremsinstabilit�at = braking instability (rear axle lo
ks before front axlelo
ks), Bremsstabilit�at = braking stability (front axle lo
ks before rear axle lo
ks), Abbremsung= braking ratio, G�utegrad = quality of the braking ratio.At the beginning of a braking pro
edure a loss in braking for
e is worse than the sameamount of loss at later times. Why is this so? First of all, the braking duration �tB is
onstant for the mean value of the total braking for
e �FB;total with respe
t to time being
onstant (
omparing two di�erent braking pro
edures). Why does the braking duration�tB not depend on the distribution of braking for
e over time but only on its mean value?The a

eleration of the vehi
le in longitudinal dire
tion, referring to it as a rigid mass, isgiven by the following equation: mV ax(t) = �FB;total(t); (2.6)where mV is the total vehi
le mass. The longitudinal velo
ity of the vehi
le vx 
an bedetermined by integrating this equation:vx(t) = tZtBB ax(�) d� + vx;0 = � tZtBB FB;total(�)mV d� + vx;0; (2.7)where tBB is the beginning of braking and vx;0 is the initial velo
ity. At the time of the20
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essend of braking, tBE, the longitudinal velo
ity must be zero. This leads to:vx;0mV = tBEZtBB FB;total(t) dt (2.8)Dividing both sides by tBE � tBB = �tB leads to:vx;0mV�tB = 1�tB tBEZtBB FB;total(t) dt (2.9)Realizing that the right hand side of this equation is the mean value of the total brakingfor
e with respe
t to time leads to: vx;0mV�tB = �FB;total (2.10)This means that the braking duration 
an be 
al
ulated by�tB = vx;0mV�FB;total (2.11)This means that as long as the mean value of braking for
e stays 
onstant, the durationof braking is the same for any braking pro
edure, no matter how the 
ourse of brakingfor
e looks like with respe
t to time. The braking duration only depends on the meanvalue of braking for
e, not on its distribution with respe
t to time.For the braking distan
e this looks slightly di�erent. Assuming that the braking for
ewith respe
t to time 
an be distributed by adding two linear fun
tions, one of whi
hde
reases from 2 �FB;total at tBB down to zero at tBE, and one of whi
h in
reases from zeroat tBB up to 2 �FB;total at tBE, the total braking for
e 
an be written down as:FB;total(t) = �FB;1(t) + � FB;2(t); (2.12)with FB;1(t) = 2 �FB;total (1� ttBE ); (2.13)FB;2(t) = 2 �FB;total ttBE ; (2.14)� ^ � 2 [0; 1℄ (2.15)and � + � = 1 (2.16)
6Mits
hke/Wallentowitz (2004): Dynamik der Kraftfahrzeuge p. 202 21
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le Dynami
sThe braking distan
e 
an be 
al
ulated by integrating the longitudinal velo
ity withrespe
t to time: dB = tBEZtBB vx(t) dt (2.17)The longitudinal velo
ity again is the integral of the longitudinal a

eleration. Applyingthis leads to: dB = tBEZtBB 24 tZtBB ax(�) d� + vx;0 35 dt (2.18)Applying equation 2.6 and integrating:dB = vx;0�tB � 1mV tBEZtBB tZtBB FB;total(�) d� dt (2.19)With equation 2.12 this gives:dB = vx;0�tB � 2 �FB;totalmV tBEZtBB tZtBB � + �tBE (� � �) d� dt (2.20)Together with equation 2.16 one eventually ends up withdB = v2x;0mV3 �FB;total (2� �) (2.21)Equation 2.21 shows that the braking distan
e does not depend on the average brakingfor
e applied to the tires during a braking pro
edure only|pre
isely, it is a re
ipro
aldependen
y there|, but also depends on the distribution of braking for
e over time. Thegreater �, the shorter the braking distan
e. The shortest braking distan
e possible withthe given assumptions is gained if � = 1. In this 
ase � = 0 and the braking for
e wouldtherefore linearly de
rease with time until it rea
hes the value zero at the end of the brakingpro
edure. In this optimal 
ase the braking distan
e would bedB = 13 v2x;0mV�FB;total ; (2.22)whereas for a 
ompletely uniform distribution of braking for
e over time (� = 0:5^ � =0:5) the braking distan
e would be mu
h longer:dB = 12 v2x;0mV�FB;total ; (2.23)This means that the earlier the braking for
e rea
hes large values during the brakingpro
edure, the shorter the braking distan
e will be. Therefore it is useful to weight thebraking for
e with the longitudinal velo
ity in order to build a quantifying parameter. Thesame holds true for every quantifying parameter whi
h shall be used to rate the quality of22



2.2 The Braking Pro
essthe braking pro
edure. This is why the weighted value is introdu
ed whi
h shall be de�nedfor any quantity X(t) as: Xvx(t) = X(t)vx(t)�vx ; (2.24)where �vx = 1�tB tBEZtBB vx(t) dt (2.25)is the mean value of longitudinal velo
ity during a braking pro
edure.Summarizing, this means that there are two di�erent ways how the braking distan
e
an be shortened in general: First of all|most obvious|by in
reasing the mean valueof braking for
e during the braking pro
edure, and se
ondly by distributing the brakingfor
e to the very beginning of the braking pro
edure. The higher the weighted mean valueof braking for
e is, the shorter the braking distan
e will be. As for the �rst aspe
t, thebraking for
e 
an in fa
t only be in
reased by in
reasing the average value of the fri
tion
oeÆ
ient �mean = �� = 1�tB tBEZtBB �(t) dt; (2.26)be
ause the mean value of wheel load 
annot be in
reased in the long run. Thus, it 
anonly be the braking 
oeÆ
ient that gives a potential to in
rease the mean value of brakingfor
e. As for the se
ond aspe
t, it is important to weight 
ontrol quantities higher theearlier (at higher longitudinal velo
ity) they are measured during the braking pro
edure.This is what is done in 
hapter 5. Furthermore, the ne
essity to rea
h higher braking for
esat a high velo
ity also leads to the ne
essity to rea
h higher wheel loads at a high velo
ity,be
ause there is a roughly proportional dependen
y between braking for
e and wheel load.The wheel load should therefore also be shifted from later to earlier times if possible.2.2.1 The Quality of a Braking Pro
essUsually the quality of a braking pro
ess it measured by means of the braking distan
e.The shorter this quantity, the better the braking pro
edure in terms of driving safety.Another way of measuring if the braking pro
edure is good in the sense of an improveddriving safety is to look at the distribution of driving speed over the traveled distan
e.Supposed that an arbitrary full-braking pro
edure might be initiated in order to avoida 
ollision, and furthermore assuming that this 
ollision 
annot be prevented anymore,be
ause the distan
e to the 
ollision partner is smaller than the braking distan
e, howshould then the velo
ity pro�le look like in order to be best in the sense of a high safety?Sin
e 
eteris paribus7, with an in
reasing amount of kineti
 energy that has to be 
onvertedwhen a 
ollision o

urs, the amount of damage also in
reases, a good braking pro
edure isone that has a low kineti
 energy (
onterminous to a low vehi
le speed) as early as possible.7\Ceteris paribus is a Latin phrase, literally translated as `with other things being the same,' and usuallyrendered in English as `all other things being equal.' " Sour
e: Wikipedia 23



2 Fundamentals of Vehi
le Dynami
sThis is why the measurand `quadrati
 velo
ity pro�le integral' VI in addition to thebraking distan
e dB itself is introdu
ed in se
tion 5.1. Integrating the square of the vehi
le'slongitudinal velo
ity with respe
t to the traveled distan
e gives a measurand that indi
atesthe distribution of kineti
 energy (whi
h is proportional to the square of the vehi
le speed)over the traveled distan
e. The smaller this measurand, the better the distribution ofkineti
 energy, be
ause the integral be
omes small if during the braking pro
edure thekineti
 energy is low early (with respe
t to traveled distan
e). This means the damage
aused by a possible 
rash whi
h o

urs during the full-braking is also smaller.2.2.2 Parameters that In
uen
e the Braking Distan
eSeveral parameters in
uen
e the braking distan
e of a passenger 
ar. In this thesis adivision into three groups is made: those parameters that a
t in the long-run, medium-term run, and those that a
t in the short-run. This is done to determine whi
h parametersare responsible for the a
tual out
ome of braking distan
e for a given braking pro
edure.Parameters whi
h in
uen
e the braking distan
e in the long-run are those that do not
hange signi�
antly during one braking pro
ess or even during a 
ouple of braking pro
e-dures during a day. They 
hange their values in the long-run, meaning a 
ouple of hoursor for some parameters even days and weeks. Examples for those parameters are the tirepro�le, the �lling status of the vehi
le's tank, or the surrounding air pressure. During onetesting day those parameters 
an be assumed 
onstant.In 
ontrary, parameters that in
uen
e the braking distan
e in the short-run are thosethat in fa
t 
hange signi�
antly during one single braking pro
ess. Examples for thoseparameters are the braking pressure, the lo
al maximum fri
tion fa
tor between tire andpavement, or the 
ourse of verti
al tire for
es, whi
h 
an be in
uen
ed by the verti
aldamping of the vehi
le.Furthermore, there are those parameters that a
t in the medium-term run. Those arethe ones that 
an 
hange from one braking pro
ess to another or from one blo
k of brakingpro
edures to another. During one braking pro
ess they are assumed to be 
onstant.Besides the 
lassi�
ation in the time domain, there is yet another way to 
lassify theparameters that a�e
t the braking distan
e: A 
lassi�
ation that values the 
ontrollabilityof the parameters. Again, there are three groups amongst whi
h the parameters 
an bedistributed.First of all, the parameters that 
an be measured and 
ontrolled. Se
ondly, those that
an only be measured but not 
ontrolled. Thirdly, those that 
an neither be measured nor
ontrolled. Not being measurable does not ne
essarily mean that the quantity dis
ussedis not measurable in general, but it means that it is not measurable in the given 
ontextwith the tools provided. The same holds true for the meaning of not 
ontrollable.An example for a parameter whi
h 
an be measured and 
ontrolled is the tire in
ationpressure. An example for an only measurable quantity is the temperature of the pavement.8The tire temperature is 
ontrollable in the sense that before a braking pro
edure that should be measuredis exe
uted, there are as many braking pro
edures exe
uted in advan
e as are ne
essary to obtain astationary tire temperature su
h that it always has the same value at the beginning of a braking pro
ess.During braking the tire temperature will always in
rease, while between two braking pro
esses the tirewill 
ool down again. Stationary means that the amount of energy that is put into the tire duringbraking equals the amount of emitted heat between to braking pro
esses.9The same as for the tire temperature holds true.24
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Table 2.1: Parameters that in
uen
e the braking distan
e. Classi�
ation in the time domainand in the domain of 
ontrollability.Measurable and Con-trollable Only Measurable Neither Measur-nor ControllableShort Run � Time at whi
h the
lut
h is un
oupled tC � Course of steeringwheel angle � Variations of lo-
al fri
tion fa
tor �� Settings of the a
tivesho
k absorbers ID � A
tions of the ABS-
ontroller pABS;i� Course of wheel loadMedium- � Initial velo
ity vx;0 � Wind dire
tionterm Run � Tire temperature TT8 � Wind speed� Gradient of brakingpressure at the beginningof the braking pro
edure� Braking dis
 tempera-ture TB9� Slope of the road� Gear in whi
h a brak-ing pro
edure is exe
utedLong Run � Tire in
ation � Surrounding � Vehi
le's masspressure pT air pressure distribution� Surroundingair density� Road 
ondition(dry, wet)� Type of road (
obble-stone, asphalt, ...)� Pavement tempera-ture tP

25
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le Dynami
sAnd an example for a quantity that 
an neither be measured nor 
ontrolled is the a
tuallo
al fri
tion 
oeÆ
ient between tire and pavement.Other parameters, su
h as the drag 
oeÆ
ient, are assumed to be 
onstant for all times.Though they have an in
uen
e on the absolute value of the braking distan
e, they donot vary and therefore do not in
uen
e the braking distan
e di�erently from one brakingpro
edure to another.In the experimental setup for full-braking tests all those parameters that 
an be 
on-trolled are kept 
onstant. The other parameters in
uen
e the braking distan
e in a sto
has-ti
 way. Their in
uen
e 
annot be eliminated, thus they must be treated statisti
ally byusing methods of statisti
s.2.3 Possibilities to In
uen
e the Braking For
eIn Figure 2.7 for
es and torques at a spinning, braked wheel are shown. In the followingthe quantities used shall be introdu
ed and de�ned.
Wheel

Braking Torque 
Controller (ABS)

Wheel Load 
Controller (Active 
Shock Absorber)

Braking
Torque

Wheel Load

Braking Force, 
Slip

Braking Force

Driving Direction

Figure 2.7: Possibilities to in
uen
e the braking for
e by either a braking torque or a wheel-load 
ontroller. As for the braking torque 
ontroller the ABS is state-of-the-art, as for thewheel-load 
ontroller a
tive sho
k absorbers are used in this thesis.Braking For
e FBThe braking for
e at a wheel is the longitudinal part of the tire for
e in the 
onta
t zoneof tire and pavement. The braking for
e 
auses the vehi
le to de
elerate and the wheel atwhi
h it is applied to a

elerate.Braking Torque MBThe braking torque at a wheel is the torque around the wheel's y-axis that 
auses thewheel to de
elerate.Braking Slip �BThe braking slip at a wheel is de�ned as the di�eren
e of vehi
le's longitudinal speed vxand wheel speed vW per vx. If the wheel lo
ks, the braking slip equals one. If the wheel is26
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uen
e the Braking For
e
ompletely free spinning, the braking slip equals zero.�B(t) = vx(t)� vW(t)vx(t) = 1� !W(t) re�vx(t) (2.27)Braking CoeÆ
ient �The braking 
oeÆ
ient � at a wheel is de�ned as ratio of braking for
e FB at the wheel andwheel load Fz at the same wheel (for the de�nition of wheel load refer to se
tion 4.1). Itsmaximum value �max is rea
hed if at a given level of wheel load the braking for
e 
annotbe in
reased anymore. �(t) = FB(t)Fz(t) (2.28)�max = FB;maxFz ����Fz=
onst: (2.29)Applying the prin
iple of angular momentum to the spinning wheel leads to:JW �'W(t) = FB(t) re� �MB(t); (2.30)where JW is the mass moment of inertia of the wheel, �'W is the angular a

eleration ofthe wheel, and re� is the wheel's e�e
tive radius. The braking for
e and the wheel loadare 
onne
ted via equation 2.28, where � again is a fun
tion of the braking slip �B.� = �(�B) (2.31)The braking slip is de�ned in equation 2.27. In its de�nition the rotational speed of thewheel is involved, whi
h means that the loop is 
losed ba
k to equation 2.30.From those simple 
onsiderations it be
omes 
lear that the angular dynami
s of the wheeland with it the dynami
s of the braking for
e have two inputs: Braking torque and wheelload. Even though there are several parameters whi
h do in
uen
e the braking performan
evia their in
uen
e on the braking for
e (refer to se
tion 2.2.2), generally speaking thereare those two parameters to in
uen
e the braking for
e on a braked wheel whi
h 
anbe 
ontrolled by a 
ar-internal system. The braking for
e 
an either be manipulated by
ontrolling the braking torque or by 
ontrolling the wheel load. Both are inputs for thewheel-system. Their values together with other un
ontrollable parameters determine thebraking slip and the braking for
e.If there is a braking torque applied to a wheel, the wheel will slow down. This means thatthen the wheel spins slower than it ought to spin in order to hold the same longitudinalspeed as the vehi
le does. The slowing down of the wheel together with the 
onstantlongitudinal velo
ity of the vehi
le leads to a braking slip at the wheel. This means thatin the tire 
onta
t area there are longitudinal for
es a
ting between pavement and tire,be
ause there is a gap in speeds of vehi
le and wheel/tire.A slipping wheel is slightly di�erent from standard rubber fri
tion. In the 
ase of stan-dard rubber fri
tion as it is shown in Figure 2.8, two main pro
esses lead to a fri
tionfor
e: hysteresis and adhesion. While hysteresis is due to the unevenness of the pavement27



2 Fundamentals of Vehi
le Dynami
sand is therefore only e�e
ted little by 
hanging fri
tion 
oeÆ
ient of the pavement-tire-
onne
tion, adhesion strongly depends on this fri
tion 
oeÆ
ient. Adhesion is thereforemu
h smaller for wet roads than for dry ones, while hysteresis is almost not e�e
ted bysu
h 
hanges. Both e�e
ts need little amounts of deformation of the rubber in longitudinaldire
tion to have an e�e
t.

Figure 2.8: Me
hanisms of rubber fri
tion10.Anyways, if the maximum appli
able fri
tion 
oeÆ
ient is ex
eeded, the rubber in Fig-ure 2.8 begins to slide. The same holds true in 
ase of a spinning tire with braking torqueapplied.The di�eren
e is that the total tire 
onta
t zone 
an be divided into di�erent 
onta
tareas, and depending on the amount of braking torque applied more or less of those areashave slipping tread elements. A tread element at the very beginning of the 
onta
t zoneis undeformed. As it enters the 
onta
t zone it gets deformed. This deformation is 
ausedby the fri
tion for
e between pavement and tire. The fri
tion for
e again o

urs be
ausethere is a velo
ity di�eren
e of the tread elements of the tire and the pavement, whi
h is
aused by the de
eleration of the wheel due to the braking torque applied. The further thetread element goes to the 
enter of the tire 
onta
t zone the more deformation is appliedto it.10
p. Meyer/Kummer (1962): Me
hanism of for
e transmission between tire and road p. 18 a

ording toGillespie (1992): Fundamentals of Vehi
le Dynami
s p. 5428



2.3 Possibilities to In
uen
e the Braking For
eAt high braking levels there are areas of the total 
onta
t zone in whi
h the adhesionfor
es of the tread element 
annot stand the deformation anymore and the respe
tiveelements begin to slip. In those areas the fri
tion for
e is de
reasing.Figure 2.9 shows the des
ribed pro
ess. The verti
al load, the fri
tion for
e, and the rel-ative slip are shown. The integrals over the total tire 
onta
t zone of those three quantitiesgive the total wheel load, the total braking for
e, and the total braking slip of the wheel.Therefore, the whole deformation and relaxation pro
ess �nally leads to the braking for
eof the wheel that leads to the de
eleration of the vehi
le.

Figure 2.9: Deformation of the tire in its 
onta
t zone due to braking torque and braking for
eapplied in a braking situation11.It also be
omes 
lear that if and only if a braking slip o

urs a braking for
e 
an beapplied to the ground. Furthermore, the maximum braking for
e is applied at braking sliplevels in the lower part of the spe
trum from zero to one and not if the wheel lo
ks. Inthis lo
ked 
ase every single tread element slides over the ground. Sin
e fri
tion for
es aregreater for fri
tion of rest than for sliding fri
tion, the maximum braking for
e appli
ableis the greater the less 
onta
t areas do slide.In the best 
ase (maximum braking for
e) the tread elements are all 
lose to sliding butdo not totally slide and sliding is limited to lo
al areas. The reasoning given also explainswhy for bold tires the optimal braking slip is lower than for brand-new tires. The shorterthe deformable tread elements, the sti�er they are. This means that the same amount oflongitudinal for
e 
auses less deformation. Also the maximum braking for
e just beforethe tread element slips is rea
hed at lower deformation levels. That is why the brakingslip has smaller values the shorter the tread elements are.11Gillespie (1992): Fundamentals of Vehi
le Dynami
s p. 55 29



2 Fundamentals of Vehi
le Dynami
s2.3.1 In
uen
e via Braking Torque|ABSThe braking torque|whi
h is the reason for the de
eleration of the wheel and the existen
eof the braking for
e|
an be applied to a wheel in several di�erent ways, e. g. by ele
tro-magneti
 for
es or by fri
tional for
es. In any 
ase the braking torque times the angularvelo
ity of the wheel delivers the part of total braking power at a wheel that is 
onvertedby the brake. The other part of the total braking power is 
onverted in the tire 
onta
tzone. This part is 
al
ulated by the velo
ity di�eren
e of longitudinal velo
ity vx and wheelspeed vW = !W re� times the braking for
e at the respe
tive wheel.The ratio of the part of the total braking power 
onverted in the tire 
onta
t zone andthe total braking power itself equals the braking slip. In 
ase of a lo
ked wheel, i. e. 100%braking slip, the entire braking power is 
onverted in the tire-pavement-zone.In 
ase that the braking torque is applied by a fri
tional for
e, the fri
tional partners(e. g. braking dis
 and braking pads) have to be 
ompressed by a normal for
e. This normalfor
e together with the a
tual fri
tion 
oeÆ
ient leads to the a
tual fri
tion for
e. Thenormal for
e again 
an be generated in di�erent ways, e. g. hydrauli
ally, me
hani
ally,or pneumati
ally. In today's series passenger 
ars the hydrauli
 solution predominates allother solutions by far.Figure 2.10 shows the prin
iple layout of an Antilo
k Braking System (ABS) within ahydrauli
 braking system. The for
e applied by the driver at the braking pedal in
reasesthe braking pressure in the brake master 
ylinder (BMC). This pressure is transmitted viathe brake lines to the wheel-brake 
ylinders. If the pressure applied by the driver is low,the ABS will not 
ontrol, the vehi
le brakes as if the ABS was not there. This means theinlet valves are opened, the outlet valves at every wheel are 
losed.If the braking slip at a wheel be
omes too large, the respe
tive inlet valve is 
losedin order to dis
onne
t the BMC and the high pressure from the respe
tive wheel-brake
ylinder. If the slip is still too large or is even in
reasing, the outlet valve is opened. Bythis the braking pressure at the 
riti
al wheel is released and with it the braking torque.The ABS therefore has three possible settings for every wheel: inlet valve open and outletvalve 
losed, inlet valve 
losed and outlet valve 
losed, inlet valve 
losed and outlet valveopened. The variable pABS;i is introdu
ed, whi
h 
an take values of -1, 0, and +1, dependingon the ABS' 
urrent a
tion at the i-th wheel. These three settings shall be named as:� In
rease braking pressure = inlet valve opened and outlet valve 
losed: pABS = +1� Hold braking pressure = inlet valve 
losed and outlet valve 
losed: pABS = 0� Release braking pressure = inlet valve 
losed and outlet valve opened: pABS = �1The ABS implemented in the testing vehi
le also works on the hydrauli
 basis with asystem similar to the one shown in Figure 2.10. The signals of the wheel-speed sensorsare used to 
al
ulate the a
tual velo
ity vx of the 
ar and to de
ide if one of the wheels isabout to lo
k or not.The algorithm of de
iding between in
reasing, holding, or de
reasing braking pressure isshown in Figure 2.11. It shows a 
ontrol 
y
le of a today's ABS for high fri
tion 
onditions(fri
tion between pavement and tire). The in
rease of braking pressure leads to a de
reasingvelo
ity vx and an also de
reasing angular velo
ity !W of the wheel.12Robert Bos
h GmbH (1999): Kraftfahrte
hnis
hes Tas
henbu
h p. 66530
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e

rl fr rrflFigure 2.10: Setup of an Antilo
k Braking System (ABS) that is similar to the one installedin the testing vehi
le12. 1: Brake master 
ylinder (BMC), 2: Hydrauli
 unit, 3: Damping
hamber, 4: Return pump, 5: Motor, 6: Reservoir, 7: Inlet valves, 8: Outlet valves.
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2 Fundamentals of Vehi
le Dynami
sThe angular a

eleration of the wheel _!W is negative and stays at a more or less 
onstantlevel while the braking for
e and therefore the braking slip is in
reasing. If the maximumof the �-slip 
urve is rea
hed (refer to Figure 2.5), _!W drops dramati
ally. This happensbe
ause at the maximum of the �-slip 
urve a further in
rease in braking torque 
annot be
ompensated by an in
rease in braking for
e anymore. It must therefore lead to an angulara

eleration of the wheel whi
h will �nally make it lo
k|if the braking pressure and with itthe braking torque is not lowered in time. This sudden drop of wheel angular a

elerationis dete
ted by the ABS. On
e the threshold (�a) is passed, the braking pressure is kept
onstant (hold braking pressure). The wheel speed at the time of passing the threshold ais memorized and named vreferen
e. Due to the negative angular a

eleration of the wheel,the wheel speed will also drop. If the wheel speed referred to vreferen
e drops below a slipthreshold �1, the braking pressure is released (pABS = �1), in order to prevent the wheelto lo
k and to keep the braking slip 
lose to the optimal braking slip with the highestfri
tion 
oeÆ
ient possible.An important point to keep in mind is that, due to the ignoran
e of the ABS about thetype of tire used, the ABS needs to determine where the optimal braking slip lies for everybraking pro
ess newly. Thus, the �rst drop in wheel angular a

eleration and in wheelspeed 
an never be prevented. It is rather a ne
essary part of the ABS 
ontrol algorithm.This �rst drop in angular a

eleration happens shortly before the maximum of the �-slip 
urve is rea
hed. Be
ause of the degressiv 
urvature of the �-slip 
urve 
lose to itsmaximum, an in
rease in braking torque does not lead to an in
rease in braking for
e inthe same dimension anymore|this is what happens in the linear part of the �-slip 
urve.Hen
e, be
ause the ABS waits for the angular a

eleration to drop below the threshold(�a) and the �rst drop happens 
lose to the maximum of the �-slip 
urve, this waiting
an be treated as determining the maximum of the �-slip 
urve13.Due to releasing the braking pressure, the angular a

eleration of the wheel will in
reaseagain. On
e it 
rosses the threshold (�a)|this time from below|, the braking pressureis kept 
onstant again. If this 
onstant level of braking pressure is su
h low that the wheelwill spin up more and more, the braking pressure 
an be in
reased again. This happensif the angular a

eleration of the wheel 
rosses the threshold A. If this very threshold is
rossed from above again, the braking pressure is kept 
onstant. It in
reases even furtheron
e _!W 
rosses the threshold +a. Then the 
ontrol 
y
le starts from its beginning. Thewhole pro
ess is meant to �nd the optimal braking slip and to adjust the a
tual brakingslip to it.

13Robert Bos
h GmbH (1999): Kraftfahrte
hnis
hes Tas
henbu
h p. 662.14Robert Bos
h GmbH (2000): Automotive Handbook p. 66232
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Figure 2.11: ABS 
ontrol 
y
le for large fri
tion 
oeÆ
ients14. vwheel = vW, vvehi
le = vx.
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2 Fundamentals of Vehi
le Dynami
s2.3.2 In
uen
e via Wheel Load|A
tive Sho
k AbsorbersFor two reasons the ABS 
annot 
ompletely rea
h the goal of keeping the braking slip
onstant at the optimal level: Firstly, information about the a
tual �-slip 
urve is notpresent. The ABS has to estimate it. Se
ondly, and this is even more limiting, the ABShas no in
uen
e on the verti
al tire for
e: the wheel load. But this for
e is the se
ondinput for the angular dynami
s of the wheel (refer to Figure 2.7). In the same manneras the braking torque does, the wheel load also in
uen
es the rotational dynami
s of thewheel.The only di�eren
e is that a 
hanging wheel load has to be transferred into a 
hangingbraking for
e before it 
auses an angular a

eleration of the wheel. Here a time delayappears: If an additional wheel load is applied, the tread elements of the tire have todeform �rst before the additional wheel load leads to an additional braking for
e. Thetime that it takes for this additional braking for
e to establish lies in the s
ale frame of a
ouple of millise
onds. In later 
hapters (refer to 5.5) this 
onne
tion between wheel loadand braking for
e is investigated. Similar thoughts hold true for the 
onne
tion betweena lowered wheel load and the de
reasing braking for
e. In this dire
tion the e�e
t shouldestablish faster. This assumption 
annot be falsi�ed by the results shown in Figure 5.5 onpage 123, but it also 
annot be veri�ed, due to too high amounts of noise and deviationsof wheel load.But a thought experiment makes the dire
tion of thinking 
lear: A drasti
 example forthe in
uen
e whi
h wheel load has on the rotational dynami
s of a wheel is a 
ompletelylifted wheel. In this 
ase no braking for
e 
an be applied at all and the wheel will be sloweddown by a braking torque present very qui
kly. If the wheel is lifted, the braking for
ebreaks down immediately. In the other dire
tion, if the wheel is set ba
k on the pavementagain, it takes some amount of time for the tread elements to deform and to 
arry thebraking for
e. This extreme example makes 
lear that the e�e
t whi
h a 
hanging wheelload has on the braking for
e is assumably faster in the one dire
tion than in the other.The best thing in the sense of an optimal braking performan
e would be if ea
h wheelwas slowed down su
h that the braking slip is 
onstant at the optimal braking slip for alltimes. This is be
ause in this 
ase � = �(�B;opt) = �max would be highest. If the wheelshould be slowed down in su
h a way, this means that|assuming a 
onstant de
elerationof the vehi
le|the angular a

eleration of the wheel would have to be 
onstant as well.A 
onstant angular a

eleration of the wheel implies a 
onstant torque a
ting on thiswheel. That means the di�eren
e of braking torque and braking for
e times e�e
tive wheelradius needs to be 
onstant, be
ause those two quantities sum up to the total torque onthe wheel. A 
u
tuation in braking torque should therefore always be 
ompensated by a
u
tuation of braking for
e in the other dire
tion. This 
hange in braking for
e 
an onlybe 
aused by a 
orresponding 
hange in wheel load.
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2.4 Con
lusionsFurthermore, referring to se
tion 2.2, the wheel load 
an provide yet another tool: Bytrying to in
rease wheel load at earlier times of the braking pro
edure and redu
ing it atlater times, the braking for
e will also be in
reased at earlier times, whi
h eventually leadsto a shorter braking distan
e. Doing all these 
onsiderations it must always be kept inmind that the mean value of total wheel load with respe
t to time over a whole brakingpro
edure 
an neither be in- nor de
reased. It is always equal to the total stati
 wheelload. For a single wheel of the front (rear) axle, the mean value over a braking pro
edureequals the stati
 wheel load plus (minus) the wheel load due to the weight transfer fromrear to front axle.2.4 Con
lusionsIn this 
hapter the fundamentals of vehi
le dynami
s whi
h are relevant for this thesis wereintrodu
ed. The braking pro
ess in general and the possibilities to in
uen
e the brakingfor
e in parti
ular were presented.Con
erning the braking pro
edure it was noti
ed that the braking distan
e 
an be re-du
ed in two di�erent ways:� In
reasing the time-average of the braking for
e� Distributing braking for
e from later to earlier times of the braking pro
edureThe possibility to in
rease the time-averaged braking for
e is given by the fa
t that dueto slip os
illations the maximum fri
tion 
oeÆ
ient is not fully utilized in today's brakingpro
edures.Furthermore, besides the braking distan
e itself another measurand was introdu
ed:The quality of the braking pro
edure, measured by means of the integral of the squaredvehi
le's velo
ity VI. This quantity indi
ates the possible damage in 
ase a 
ollision 
annotbe prevented anymore. The smaller VI, the better.Depending on the distan
e of the 
enter of mass and the pit
hing 
enter, a brakingpro
edure more or less leads to os
illations in the verti
al tire for
e (the greater the distan
e,the more os
illations), even on an ideally even road. Those os
illations in
uen
e the brakingbehavior.Two possible ways were introdu
ed that are feasible to in
uen
e the braking distan
e:Either the 
ontrol of braking torque or the 
ontrol of wheel load. In this thesis the latteris investigated.

35



3 Tools and Resear
h Environment3.1 A
tive Sho
k-AbsorbersSho
k absorbers in passenger 
ar suspensions serve two di�erent purposes: Firstly, theyhave to guarantee the passengers' riding 
omfort. Se
ondly, they have to 
are for a highhandling performan
e. Both demands have in 
ommon that for their ful�llment it isne
essary to redu
e vibrations in the suspension system. This is done by dissipatingenergy in the sho
k absorbers.For riding 
omfort purposes the fo
us lies on the vibrations of the vehi
le's body, for animproved handling it lies on the os
illations of the verti
al tire for
e|namely the wheelload. Sho
k absorbers as a part of the vehi
le's suspension usually are mantled betweenwheel and body. They produ
e for
es opposing the vibratory motion. Sho
k absorbersusually produ
e a higher damper for
e in rebound than in 
ompression for the same dampervelo
ity1. This is due to the fa
t that in 
ompression the damper velo
ity 
an be mu
hhigher than in rebound, be
ause if the vehi
le is passing an obsta
le that is similar to astep input, the wheel must be a

elerated upwards very qui
kly in order to follow the step.The vehi
le's body with its inertia standing against the damper for
e is also a

eleratedupwards. If the damping 
oeÆ
ient in 
ompression was very large, the potentially verylarge damper velo
ity in 
ompression would lead to a strongly a

elerated vehi
le body.This would bring unwanted os
illations into the system and 
ould 
ause damages due tohuge damper for
es.In the other dire
tion, passing a step input with negative height or a hole, the dampervelo
ity is only as large as the wheel is a

elerated downwards by the spring for
e. Thereis no boundary restri
tion that implies that the wheel must be a

elerated by a very highamount. Therefore, it does not do any harm if the damping 
oeÆ
ient is high in rebound.In fa
t, the rebound phase 
an be used to dissipate as mu
h energy as possible. This iswhy the damping 
oeÆ
ient usually is approximately two times greater in rebound thanin 
ompression.The same prin
iple holds true in 
ase of a
tive sho
k absorbers. There, the rebound isharder than the 
ompression stage (refer to Figure 4.3 on page 66), too. A
tive sho
k ab-sorbers are 
hara
terized by the fa
t that their damping 
oeÆ
ients 
an be adjusted withina short amount of time. They do not only have one �xed 
hara
teristi
 line but rather|in
ase of 
ontinuously adjustable sho
k absorbers|an in�nite number of 
hara
teristi
 lines.The two extreme 
hara
teristi
 lines shall be 
alled `hard' and `soft' in this thesis (refer toFigure 4.12 on page 77).The sho
k absorber that is used for all experimental testings is a so 
alled CDC-sho
kabsorber2. Its 
hara
teristi
 lines 
an be adjusted by an ele
tromagneti
 valve. The 
on-stru
tion of this kind of sho
k absorber is shown in Figure 3.1. Here, via the opening1Dixon (1999): The Sho
k Absorber Handbook p. 250.2Continuous Damping Control by ZF Sa
hs AG36



3.1 A
tive Sho
k-Absorbers
Electromagnetically

actuated valve

Bottom valvePiston valveFigure 3.1: Example for an a
tive sho
k absorber with external proportional and ele
tromag-neti
ally a
tuated valve. Sour
e: ZF Sa
hs AG.
ondition of an outlying ele
tromagneti
ally a
tuated valve the damping ratio is 
hanged.Constru
tions where the ele
tromagneti
ally a
tuated valve is inside the sho
k absorber,integrated in the piston valve, are also known3. For the sho
k absorbers used in this thesisthe hard damping is a
hieved by setting the 
urrent of the ele
tromagnet to ID = 0A. Thesoft damping is set by a damper 
urrent of ID = 1:6A. Both 
hara
teristi
 lines (soft andhard) for the sho
k absorbers of the front and the rear axle 
an be seen in Figures 4.3 and4.4 on pages 66 and 67. The reason for having the sho
k absorber in its hardest stage withno damper 
urrent present is that in 
ase of a system failure the sho
k absorbers shouldnot be soft but rather hard. This is be
ause harder damping is supposably better in thesense of a higher handling performan
e and is therefore safer.In Figure 3.2 the fun
tional prin
iple of a
tive sho
k absorbers that are 
ontrolled by anele
tromagneti
ally a
tuated valve is shown. The two fun
tional prin
iples are an inlyinga
tive valve (A) and an outlying a
tive valve (B). In 
ase (A) the hydrauli
 oil that ispushed away by the piston rod in 
ompression is pressed through the bottom valve into theinter
epting 
hamber. At the same time the oil from below the a
tive piston valve is pressedthrough this valve into the 
hamber above it. Both valves, bottom and a
tive one, deliverpart of the damping. In rebound, the oil streams ba
k from the inter
epting 
hamber intothe piston 
hamber through the se
ond bottom valve, whose damping fa
tor 
an di�erfrom the one of the bottom valve whi
h is responsible for the damping in 
ompression.Furthermore, the oil is pressed from the lower to the upper piston 
hamber through thea
tive valve. In both stages (
ompression and rebound) part of the damping is delivered bythe a
tive valve. Thus, the damping 
oeÆ
ient 
an be in
uen
ed by 
hanging the opening
ondition of this valve.In 
ase of an outlying a
tive valve the same 
onsiderations hold true in general. Thedi�eren
e here is that the oil streams through the a
tive valve always in the same dire
tion.In 
ompression, oil is passing through the piston and the a
tive valve, in rebound, it is thebottom and the a
tive valve whi
h provide the damping.For any sho
k absorber (no matter if a
tive or not) the rebound/
ompression dampingfa
tor ratio sRC shall be de�ned as the ratio between linearized damping 
oeÆ
ient inrebound and the linearized damping 
oeÆ
ient in 
ompression:sRC = kB;RkB;C (3.1)3Causemann (2001): Kraftfahrzeugsto�d�ampfer p. 60. 37
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h Environment
I
D

= 0 A

hard

I
D

= 1.6 A

soft

Internal electro-

magnetically

actuated valve

External electro-

magnetically

actuated valve

A B

optionalFigure 3.2: Prin
iple of the fun
tion of a
tive sho
k absorbers4. A: Internal ele
tromagneti
allya
tuated valve. B: External ele
tromagneti
ally a
tuated valve.For a passive sho
k absorber this fa
tor is 
onstant and|as already mentioned above|itusually has a value of approximately two. For a
tive sho
k absorbers this ratio dependson the setting of the sho
k absorber for rebound and 
ompression. If the sho
k absorberis set to hard in rebound and soft in 
ompression, the ratio is largest. If it is set to soft inrebound and hard in 
ompression, the ratio is smallest.For an a
tive sho
k absorber the spreading with respe
t to the 
hara
teristi
 lines forhard and soft damping shs shall be de�ned as the ratio between linearized damping 
oeÆ-
ient in rebound or 
ompression for hard damping and the linearized damping 
oeÆ
ientin rebound or 
ompression for soft damping.shs;R = khB;RksB;R (3.2)shs;C = khB;CksB;C (3.3)3.2 Testing Vehi
leThe testing vehi
le being used for all experimental investigations is an Opel Astra ofthe lastest generation, 
alled Astra H. It is equipped with the so 
alled Intera
tiveDriving System-plus (IDS-plus), whi
h in
ludes Continuous Damping Control (CDC) byZF Sa
hs AG, Germany. In series appli
ations this semi-a
tive suspension system mainlyis 
ontrolled by a skyhook 
ontrol algorithm whi
h redu
es the verti
al os
illations of thebody in order to improve the riding 
omfort. If a 
riti
al driving situation o

urs, the
ontrol of this 
ar's a
tive sho
k absorbers is swit
hed o�, meaning that the dampers are4Causemann (2001): Kraftfahrzeugsto�d�ampfer p. 5638



3.2 Testing Vehi
lein their hardest possible setting. This means that during an ABS-braking|whi
h is 
on-sidered to be a 
riti
al situation|, the sho
k absorbers are not 
ontrolled and are thereforein the hard setting. Figure 3.3 shows the testing vehi
le on the testing tra
k `StandardRoad', whi
h is an air�eld that belongs to Te
hnis
he Universit�at Darmstadt and is not inuse for regular air traÆ
 anymore.

Figure 3.3: The testing vehi
le whi
h is used for all experimental testings Opel Astra H 2.0i16v Turbo on the testing tra
k `Standard Road'.The IDS-plus system, besides the a
tive sho
k absorbers, 
omes with several additionalequipment that 
annot be found in the standard series Astra without IDS-plus. Theseare namely �ve a

elerometers to measure verti
al wheel and body a

elerations and anEle
troni
 Control Unit (ECU) to handle the signals and 
al
ulate the damper 
urrent forea
h wheel individually. In Figure 3.4 the spring-and-sho
k-absorber unit of a front wheelof the testing vehi
le is shown. The main 
omponents and their 
on�guration in the 
ar
an be seen. The damper velo
ity is 
al
ulated from the signals of the a

elerometers thatprovide the verti
al wheel and body a

eleration.3.2.1 Testing Vehi
le Spe
i�
ationsThe testing vehi
le's spe
i�
ations 
an be found in Table 3.1. The fa
t that the vehi
leis a standard 
ar that 
an be found in large numbers in the streets is important for therelevan
e and the transferability of the results gained from investigating the sho
k absorber
ontroller.3.2.2 Testing Vehi
le Measurement SystemFigure 3.5 shows the testing vehi
le with its series 
on�guration. A
tive sho
k absorbersare in
luded in the series 
ar as well as a

elerometers at the front axle (wheels and body)and one a

elerometer at the body above the rear axle. In the series appli
ation thesesensors are 
onne
ted to an Ele
troni
 Control Unit (ECU), whi
h also in
ludes the powerampli�er for providing the damper 
urrent. The ne
essary damper 
urrent is 
al
ulatedwithin the ECU for every wheel individually. It depends on the damper velo
ity vD,whi
h is 
al
ulated from the a

eleration signals at the front axle and on the desired bodymovements (usually the 
ontrol obje
tive is to damp the body os
illations against a virtual39



3 Tools and Resear
h EnvironmentTable 3.1: Spe
i�
ations of the testing vehi
le. Sour
es: N.N. (2006
): Website { OpelIreland, ZF Sa
hs AG, and own measuring. Own measuring are in bold.Property Spe
i�
ationMake OpelModel Astra 2.0i 16v TurboEngine 
apa
ity 1998 
m3Maximum power 125 kW at 5,400min�1Maximum torque 250Nm at 1,950min�1Gross vehi
le weight(
+fr+rl+rr) 1,700 kg = 2 � 480 kg + 2 � 370 kg (fueled, in
luding measure-ment equipment, driver and one passenger)Front suspension M
Pherson struts, Anti-roll bar, Sub frame, Hydrauli
 bushingsiD;f = 1iS;f = 1"f = 3:5ÆRear suspension Torsion beam, Displa
ed sho
k absorbers and 
oil springsiD;r = 0:68iS;r = 0:88"r = 26ÆSho
k Absorbers Intera
tive Driving System-plus (IDS-plus) with ContinuousDamping Control (CDC)Tires Pirelli P6000, 205/55 R16 91Wre� = 0:304:::0:307mStandard in
ation pressure pT = 2:3barMass moments of iner-tia JW;f = 8<: 1:3kgm2 � 0:1kgm2 for neutral position3:1kgm2 � 0:1kgm2 for third gear6:3kgm2 � 0:2kgm2 for se
ond gearJW;r = 0:95kgm2 � 0:08kgm2JB = 1870 kgm2Rims Steel rims, 6.5"x16" ET 37Transmission Front-wheel driveSix-speed manual gearboxBraking system Front ventilated disk brakes (280mm diameter)Rear dis
 brakes (264mm diameter)Fri
tion fa
tor between braking pads and braking dis
 �PD � 0:4Fa
tor to transfer braking pressure into braking torque frontipB2MB;f � 24Nm=barFa
tor to transfer braking pressure into braking torque rearipB2MB;r � 10Nm=barAnti-lo
k Braking System (ABS) withEle
troni
 Brake For
e Distribution (EBD)Gradient with whi
h braking pressure is relieved by the ABS_pB;rel = �1; 000bar=sGradient with whi
h braking pressure is in
reased by the ABS_pB;in
 = +250bar=sDimensions Wheel base l = 2:614mDistan
e from front axle to 
enter of gravity lf = 1:13mDistan
e from rear axle to 
enter of gravity lr = 1:48mHeight of 
enter of gravity hCG = 0:52m40



3.2 Testing Vehi
le

Figure 3.4: Spring-and-sho
k-absorber unit of a front wheel of the testing vehi
le. 1: CDC-sho
k absorber, 2: A

elerometer for verti
al body a

elerations, 3: A

elerometer for verti
alwheel a

elerations, 4: Ele
tromagneti
ally a
tuated valve, 5: Ele
troni
 Control Unit (ECU).Sour
e: ZF Friedri
hshafen AG.sky-hook). The fo
us is put on the front axle (it is only there that wheel a

elerometersare applied in series appli
ation), be
ause the front axle supports 57% of the total wheelload and for series appli
ations it 
an furthermore be assumed that the verti
al ex
itationat the rear axle will with a phase shift whi
h is re
ipro
al to the vehi
le's speed be thesame as at the front axle.The standard 
omponents of the series vehi
le are extended by several additional mea-suring equipment and by an a
tive element, a braking ma
hine. Table 3.2 gives on overviewof the measuring equipment.The measurement system used in the testing vehi
le uses analog as well as digital signals.All quantities whi
h are relevant for a braking pro
edure and whi
h are vehi
le internalquantities 
an be measured. An external quantity e. g. would be the fri
tion 
oeÆ
ientbetween pavement and tire. This one 
annot be measured with the measurement systempresented. The 
ore of the measuring and 
ontrolling system is a dSpa
e Autobox whi
hmeasures all signals, 
al
ulates the optimal damper 
urrent, and gives this as an outputto the a
tive sho
k absorbers. All data is gained with a sampling rate of fs = 2; 000Hz, inorder to be able to measure e�e
ts that take pla
e in the time frame of millise
onds.All quantities measured 
an be divided into two subse
tions: First, those measurandsthat are measured to obje
tively value the braking pro
edure and to monitor the param-eters that in
uen
e the braking distan
e. These sensor signals are not used to a
tuallyin
uen
e the braking distan
e by using them as inputs for a 
ontroller, but they are ratherstored to be treated o�-line, after the test drive is �nished. For those measurands it isnot 
riti
al if their signal is slightly noisy or if there is an o�set. Noise and o�sets usually5The a

elerometers of the body have an integrated high-pass �lter of �rst order with a 
utting frequen
yof 0.5Hz. 41
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h Environment

Figure 3.5: The testing vehi
le with its series equipment. Sour
e: N.N. (2006a): Website {all4engineers.42



3.2 Testing Vehi
le
Table 3.2: Sensors and a
tuators in the testing vehi
lePhysi
alQuantity Sensor Position DPPressure Piezo-ele
tri
 sensor Wheel braking 
ylinder fl,fr, rl, rr, and main braking
ylinder analogOpening
ondition ofABS-valves Digital information fromthe ECU of the ABS Wheel fl, fr, rl, rr binaryDispla
ement ASM position sensor, po-tentiometer Wheel to body fl, fr, rl, andrr analogVelo
ity Datron Correvit, opti
alsensor Rear bumper, longitudinal analogAngularvelo
ity Series sensors Wheel fl, fr, rl, and rr CANA

eleration Piezo-ele
tri
 sensor, samesensor-model as used inthe produ
tion-model of theOpel Astra5 Wheel fl, fr, rl, and rr, ver-ti
al, Body fl, fr, rl, and rr,verti
al at suspension strutmounting, Body, longitudi-nal analog

For
e andtorque Kistler 6-
omponents mea-suring rim, piezo-ele
tri
 Wheel load fl, braking for
efl, and braking torque fl analogTemperature Thermo
ouple Typ K Brake dis
 fl analogLight inten-sity Light barrier sensor Rear bumper analogA
tuator Position DPBraking ma
hine, ele
tri
motor Atta
hed to the brakingpedal analogMagneti
 
oils A
tive sho
k absorbers fl,fr, rl, and rr CAN
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h Environment
an be handled o�-line with a minimum of loss in signal a

ura
y. As for the noise, this isbe
ause the relevant frequen
ies lie way below the typi
al noise frequen
ies in automotiveappli
ations (20{30Hz 
ompared to 100Hz and more).The other group of measurands are more 
ru
ial with respe
t to their realtime 
om-putability. It is those measurands whi
h deliver the inputs for the 
ontroller|that is whythey need to be 
omputed in realtime while driving and braking. The verti
al a

elerom-eters provide the signals from whi
h the dynami
 wheel load is 
omputed, the positionsensors provide the signals from whi
h the damper velo
ity is determined. Thus, for theverti
al a

elerations an o�set 
orre
tion is undertaken at the beginning of every test day.For the position sensors the o�set 
an be negle
ted, be
ause the damper velo
ity isthe derivative of their signals, and a possible o�set therefore does not play a role in the
al
ulation of the desired signal. But by taking the derivative, high-frequen
y noise isampli�ed. Hen
e, �ltering is ne
essary for this signal, whi
h leads to a phase shift. Sin
ethe relevant frequen
ies in the signal of the damper velo
ity are mu
h lower than thene
essary 
utting frequen
y (refer to 5.9 on page 132 for the frequen
ies of the dampervelo
ity during full-braking, the 
utting frequen
y lies at 40Hz), this phase shift in
uen
esthe 
ourse of damper velo
ity in a time frame of a 
ouple of millise
onds. Though thereis this additional time delay on top of all other time delays, this one is small 
ompared tothe others.Another 
ru
ial sensor whose signal needs to be present in realtime is the light barrieratta
hed to the rear bumper. With this sensor not only the braking pro
edure is initiated,but also the determination of the longitudinal velo
ity is veri�ed for every test drive. It isfor every test drive that �ve meters before the light barrier re
e
tor whose signal initiatesthe braking pro
edure another light barrier re
e
tor is pla
ed. Thus, knowing this distan
eof �ve meters during whi
h the velo
ity of the vehi
le is still 
onstant, the signal from theso 
alled Correvit sensor 
an be veri�ed and, if ne
essary, 
alibrated.3.2.3 Measuring RimA 6-
omponent measuring rim is used for test drives on de�ned obsta
les to determine thewheel load and the braking for
e at the front left wheel (refer to se
tion 5.2.2 for these testdrives). A wheel of the front axle is 
hosen to mount the measuring rim at, be
ause thefront axle is responsible for more than 3/4 of the overall braking for
e.Figure 3.6 shows this measuring rim installed at the front left wheel of the testing vehi
le.The a
tual measuring element is 
onne
ted with the rim well via two rigid adapters. Thepurpose of using the measuring rim is to measure the wheel load|the verti
al tire for
ein the 
onta
t zone of tire and pavement. But between the measurand `real wheel load' Fzand the pla
e of measuring, where the for
e Fz;rim is 
aptured, lies the tire, whi
h 
annot betreated as a rigid body. Thus, Fz;rim only represents Fz with high pre
ision at frequen
iesthat are su
h low or su
h high that the tire 
an be assumed to be rigid. Evers and Rei
helinvestigated this topi
 in detail for a measuring rim mounted to a 1999 BMW 5 seriespassenger 
ar on a 4-post test rig6.Figure 3.7 shows the transfer fun
tion from the for
e that is measured by the test rigdes
ribed in se
tion 3.3 and that is representing Fz in high pre
ision to the for
e Fz;rim6Evers et al. (2002): Radkraft-Dynamometer (RWD/FWD) als Entwi
klungswerkzeug f�ur Felge und Rad-aufh�angung.44
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Figure 3.6: Measuring rim installed at the front left wheel of the testing vehi
le.whi
h is measured by the measuring rim. This �gure shows that on ampli�
ation level themeasuring rim represents the real wheel load for frequen
ies up to 5{12Hz, depending onthe damper setting. The data was gained in test rig trials with the testing vehi
le OpelAstra.For soft damping it starts at 5Hz that the measuring rim 
aptures a signal that is smallerthan the real wheel load. The ampli�
ation is approximately 1.5 throughout the frequen
yband from 5{20Hz. For hard damping it starts at 12Hz that the ampli�
ation in
reasesand also rea
hes a value of 1.5 at approximately 20Hz. On phase level it 
an be seen thatthere is almost no phase shift between Fz and Fz;rim up to 8Hz. Starting from there, thephase shift for soft damping de
reases linearly, for hard damping it in
reases slightly butstays bounded to a maximum of 0:1 �. The linearly de
reasing phase shift for soft sho
kabsorbers implies that there is a 
onstant time delay in the transfer fun
tion from realwheel load Fz to rim for
e Fz;rim. Cal
ulated from the data in Figure 3.7, this time delay��Fz � 5ms.It is 
ontrary to expe
tation that the transfer fun
tion depends on the damper setting,be
ause the sho
k absorber is mounted behind the point at whi
h the rim for
e Fz;rim ismeasured|viewed from tire perspe
tive|and should therefore not in
uen
e the 
onsideredtransfer fun
tion. An explanation for this phenomenon 
annot be given, but neverthelessthe observed time delay 
an be 
onsidered when looking at results when using the mea-suring rim. For low frequen
ies up to 5Hz the signals from the rim 
an be 
onsidered torepresent the real wheel load. For higher frequen
ies the previous 
onsiderations must betaken into a

ount.3.2.4 Indire
t MeasurandsSeveral quantities whi
h are needed for the 
ontroller or for measuring purposes 
annot bemeasured dire
tly. These have to be determined by 
al
ulus from a
tual dire
t measurands.Examples for su
h quantities are the dynami
 wheel load, the damper velo
ity, or thebraking slip. The dynami
 wheel load, the wheel load integral, and the damper velo
ity45
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3.2 Testing Vehi
letake a spe
ial pla
e in the list of those non-measurable quantities, be
ause they are essentialfor the 
ontrol algorithm. For this reason, these three quantities shall be introdu
ed inmore detail.Dynami
 Wheel LoadThe dynami
 wheel load Fz;dyn is determined by a deviation of the so 
alled Aa
hen pro-
edure7. In the Aa
hen pro
edure it is assumed that the vehi
le 
an be modeled with aquarter-
ar model, where pit
hing and rolling is negle
ted. This holds true for 
onstant hor-izontal for
es (
onstant de- or a

eleration or 
onstant lateral for
es). In 
ase of transientbraking (
hanging braking for
es, beginning of braking), the vehi
le 
annot be modeledin su
h a simple way anymore, be
ause the pit
hing and rolling in
uen
es the values ofthe dynami
 wheel load at ea
h wheel. This alone would not make the Aa
hen pro
edureunservi
eable for determining the dynami
 wheel load if those in
uen
es of pit
hing androlling were 
ompletely measurable by means of only the two verti
al a

elerations of therespe
tive wheel and the respe
tive part of the body. This is not the 
ase, for the wheelload at a given wheel leads not only to a

elerations at this very wheel, but at other vehi
le
orners as well.A

elerometers are used to 
al
ulate the dynami
 wheel load on every wheel. In fa
t, thedynami
 wheel load has its highest in
uen
e on the verti
al a

eleration of the respe
tivewheel and on the verti
al a

eleration of the body dire
tly above this wheel. Moreover,there is an in
uen
e on the verti
al a

elerations of the rest of the vehi
le's body withdes
ending strength in the following order:� The verti
al a

eleration of the vehi
le's body above the se
ond wheel at the sameaxle� The verti
al a

eleration above the se
ond wheel at the same tra
k� The verti
al a

eleration of the vehi
le's body above the diagonal opposing wheelThe right and left tra
k, and the front and rear axle are 
oupled via the so 
alled 
ouplingmass. This means that a verti
al for
e at the front (rear) axle leads not only to a verti
ala

eleration at the front (rear) axle but also at the rear (front) axle. The same holds truefor the 
oupling between right and left tra
k. A verti
al for
e at the right (left) tra
kleads not only to a verti
al a

eleration at the right (left) but also at the left (right) tra
k.This is be
ause the mass matri
es of the vehi
le model whi
h explain os
illations in thex-y-plane and in the x-z-plane are both 
ompletely �lled.In Figure 3.8 a rigid mass with a mass m and moment of inertia J is shown that shallexplain the e�e
t of the 
oupling mass for a vehi
le, both with respe
t to angular os
illationsaround the x- and the y-axis. The motion of the mass 
an be des
ribed 
ompletely by eithermaking use of the set of 
oordinates z1 and z2, or by making use of the set of 
oordinatesz and #. Both 
oordinate systems are a basis for the mass' motion. The mass is for
ed byan external for
e at the 
oordinate z1. The mass and its inertia shall stand for half of themass of the vehi
le's body and its inertia around either the x- or the y-axis.It stands for half of the mass be
ause with this model the 
oupling along one axle(angular motions around the x-axis) as well as along one tra
k (angular motions around7Winner (2006): Kraftfahrzeuge II p. 95. 47
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2Figure 3.8: Rigid body with mass m, mass moment of inertia J and a for
e F applied to the
oordinate z1.the y-axis) is investigated. The external for
e stands for the for
e that is applied at onesuspension strut, it might be the damper for
e that is applied additionally due to swit
hingof the sho
k absorber. The system of equations that des
ribes the motion of su
h a masswith an external for
e is given by:� m 00 J � � �z�# � = � F�F l1 � (3.4)Assuming that #� 1, the transformation matrixA = � l2l1+l2 l1l1+l2� 1l1+l2 1l1+l2 � (3.5)
an be formed. This matrix 
onne
ts the two di�erent 
oordinate systems.� z# � = A � z1z2 � (3.6)Transforming the system of equations presented in equation 3.4 into the 
oordinatesystem z1 and z2 leads to:AT � m 00 J �A � �z�# � = AT � F�F l1 � (3.7)whi
h is equivalent tol1 l2(l1 + l2)2 � m l2l1 + Jl1 l2 m� Jl1 l2m� Jl1 l2 m l1l2 + Jl1 l2 � � �z1�z2 � = � F0 � (3.8)This means that if m� Jl1 l2 equals zero, the two equations are de
oupled. For all othervalues of m � Jl1 l2 the two equations are 
oupled. m � Jl1 l2 is the so 
alled 
oupling massm
. The 
oupling mass is a virtual point mass that 
annot be measured in the sense of areal mass. It 
an also have negative values. The rest of the total mass m is distributedto the virtual masses m1 and m2. These are point-masses that are assumed to lie at the
oordinates z1 and z2 respe
tively. Keeping in mind that the three virtual masses mustsum up to the total mass, that the position of the 
enter of gravity should not be e�e
ted48



3.2 Testing Vehi
leby introdu
ing those three masses, and that the total mass moment of inertia around the
enter of gravity of the virtual masses has to equal J , the virtual masses are determinedby: m1 = Jl1 (l1 + l2) (3.9)m2 = Jl2 (l1 + l2) (3.10)m
 = m� Jl1 l2 (3.11)What 
an the introdu
tion of the 
oupling mass help to do? It shows that if a for
eis applied at 
oordinate z1, this 
auses not only an a

eleration at this very 
oordinate,but also at 
oordinate z2. This a

eleration at 
oordinate z2 is negative if the 
ouplingmass is negative, it is positive if the 
oupling mass is positive, and it is zero if and onlyif the 
oupling mass equals zero. The 
oupling mass sets into relation the mass momentof inertia J and the mass m. If J is very large, mu
h greater than ml1 l2, the 
ouplingbetween z1 and z2 is not only strong, but also negative. On the 
ontrary, if ml1 l2 is mu
hgreater than J , the 
oupling is also strong, but positive.Beside the 
oupling via the vehi
le's body, there is also a dire
t 
oupling between twowheels of the same axle for the testing vehi
le. At the front axle this is due to the anti-rollbar, at the rear axle the torsion-beam a
ts in a similar way. Hen
e, the wheels of oneaxle are 
onne
ted via a rotational spring. In both 
ases a positive (negative) verti
alde
e
tion of a wheel on the one side 
auses a for
e that a

elerates the wheel on theother side upwards (downwards). The wheel load on one wheel therefore not only 
auses averti
al a

eleration of the wheel where it is applied, but also on the wheel of the oppositetra
k.Thus, the dynami
 wheel load for the i-th wheel 
an be 
al
ulated by the followingequation, making use of the fa
t that the dynami
 wheel load 
auses verti
al a

elerationsof the respe
tive wheel, the opposite wheel, and of the body in the previously des
ribedmanner. Fz;dyn;i = p1;i �zW;i + p2;i �zB;i + p3;i �zB;j + p4;i �zB;k + p5;i �zW;j (3.12)In this equation �zW;i is the verti
al a

eleration of the wheel whose wheel load shouldbe determined, �zB;i is the verti
al a

eleration of the body above this wheel, �zB;j is theverti
al a

eleration of the body above the wheel of the opposite tra
k on the same axle,�zB;k is the verti
al a

eleration of the body above the wheel of the same tra
k but on theother axle, and �zW;j is the verti
al a

eleration of the wheel of the opposite tra
k on thesame axle. The 
oeÆ
ients p1;i to p5;i 
an physi
ally be interpreted as the masses of therespe
tive quantities but are not 
ompletely similar to them, be
ause it is not only therespe
tive mass that is represented, but also the 
oupling of this mass with the 
onsideredwheel. The parameters p1;i to p5;i used for all test drives are shown in Table 3.3.The determination of these parameters was veri�ed in test rig experiments, where thereal dynami
 wheel load 
ould be measured in high pre
ision, and in braked test drives,where the signal of a 6-
omponent measuring rim minus the weight transfer was used tovalidate the 
al
ulated wheel load at the front left wheel. 49
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h EnvironmentTable 3.3: Parameters that are used for the so 
alled extended Aa
hen pro
edure to 
al
ulatethe dynami
 wheel load on every wheel.
20442429722r

20447637736f

p5,ip4,ip3,ip2,ip1,i
all p

in kg

Wheel Load IntegralThe integral of dynami
 wheel load, or wheel load integral, FI is introdu
ed be
ause itis the main 
ontrol variable for the a
tive sho
k absorber 
ontroller (refer to se
tion 5.3).For the exa
t de�nition of the wheel load integral refer to se
tion 4.1. It is gained byintegrating the dynami
 wheel load introdu
ed in the previous se
tion. This quantity hasthe property that due to the �ltering behavior of the integral its frequen
y spe
trum isshifted to lower frequen
ies than that for the dynami
 wheel load. Due to the fa
t thathigher frequen
ies are suppressed by the integral, the distribution of importan
e of the�ve 
oeÆ
ients 
hanges. The wheel of the same axle on the opposing tra
k for examplehas almost no in
uen
e on the wheel load integral anymore, be
ause wheel a

elerationstake pla
e at rather high frequen
ies above 10Hz. To determine to whi
h amount theparameters p1;i to p5;i 
hange their relevan
e, a parameter in
uen
e analysis is exe
uted.Figures 3.9 and 3.10 show the results of parameter variations for the wheel load deter-mining parameters with respe
t to their in
uen
e on the wheel load integral. The datain these �gures are gained from a full-braking pro
edure. The wheel load integral is on
emeasured by means of the test-rim minus the weight transfer and on
e by integrating thedynami
 wheel load 
al
ulated in equation 3.12. Then the parameters whi
h determinethe dynami
 wheel load are varied one by one. The variation is plotted on the x-axis (avalue of 1.05 here means that the respe
tive parameter has been in
reased by 5%). The
hange in wheel load integral that is 
aused by the 
hange of the respe
tive parameter isplotted on the y-axis. It 
an be seen that the wheel load integral rea
ts most sensitive onparameter p2;i for both hard and soft damping.Other parameters, espe
ially the parameter p5;i, whi
h 
onne
ts the wheel load of thefront left wheel with the a

eleration of the right left wheel, do not in
uen
e the wheelload integral by mu
h. This implies that with respe
t to the wheel load integral the bodymovement of the wheel for whi
h the wheel load integral should be determined is mostrelevant. The wheel load integral is therefore by big parts in
uen
ed by the pit
hing ofthe body. Wheel os
illations do not have a great in
uen
e on the wheel load integral. It
an furthermore be seen that for soft damping the wheel load integral has a mu
h higherin
uen
e on the front right wheel and on the front right body a

eleration than for harddamping. This is due to the fa
t that for soft damping the rolling of the vehi
le is strongerthan for hard damping. Therefore more a

eleration on the opposing tra
k is measurablefor the same wheel load integral in 
ase of soft damping than in 
ase of hard damping.50
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h EnvironmentDamper Velo
ityThe damper velo
ity vD is, beside the wheel load integral, the se
ond input for theMiniMax-
ontroller introdu
ed in se
tion 4.4. The information needed to be obtainedis �rstly the dire
tion of the damper's moving, either 
ompression or rebound, and se
-ondly the strength of the moving, the absolute value of vD, be
ause a swit
hing of thedamper at high damper velo
ities 
auses a larger e�e
t than at low damper velo
ities.vD 
annot be measured dire
tly in the testing vehi
le, as no velo
ity sensors are imple-mented in the struts. In series appli
ation the damper velo
ity is therefore 
al
ulated byintegrating the di�eren
e of body and wheel a

eleration. This works �ne as long as the 
aris not de
elerated. In 
ase of de
eleration the frequen
y spe
trum of the damper velo
ity isshifted down to low frequen
ies (due to the body pit
hing motion). This 
auses problemsin the 
al
ulation of the damper velo
ity from a

elerometer signals, for the a

elerometersin
lude high-pass �lter that suppress low frequen
ies.Furthermore, in 
ase of de
eleration the a

elerometers of the body not only measurethe verti
al body a

eleration anymore (whi
h they ought to do), but they rather measurethe very low-frequen
y longitudinal a

eleration of the vehi
le as well, be
ause the bodyand with it the body a

elerometers are pit
hing. This is a se
ond reason why the signalsof the a

elerometers are not suitable in the given 
ontext to measure the damper velo
ity.Sin
e the low-frequen
y body motions are of high interest in the given 
ontext, be
ausethe wheel load integral strongly 
orrelates with those motions, the damper velo
ity is
al
ulated from the signals of the spring de
e
tion sensors on every wheel. From theirsignals the derivative has to be taken of, whi
h leads to a noisy signal whi
h needs to be�ltered by a low-pass �lter. This again leads to a time delay in online testing. Nevertheless,sin
e the time delay of the �lter used is in the dimension of 10ms or less and the importantfrequen
ies lie below 5Hz, to �lter the derivative of sS is a mu
h better 
hoi
e to determinethe damper velo
ity than to integrate �zB � �zW.This has been investigated in test rig trials and in real test drives. The damper velo
itywas determined o�-line, the phase-shift was adjusted, and the realtime damper velo
itysignals from both the spring de
e
tion sensors and the a

elerometers were 
omparedwith the o�-line referen
e. This shows that espe
ially for low frequen
ies below 2Hzthe determination of damper velo
ity from the a

elerometers is mu
h worse than fromde
e
tion sensors.3.3 4-Post Test RigFor investigation of the testing vehi
le's verti
al dynami
s a 4-post test rig is used. Thisone allows to apply a seismi
 ex
itation at every wheel independently from ea
h other.The a
tual wheel load Fz;i at the i-th wheel and the stroke of the i-th hydrauli
 post sp;i
an be measured. The range of the posts' stroke rea
hes from min(sp;i) = �125mm tomax(sp;i) = 125mm. The test rig 
an supply a maximum for
e of 40 kN per post. Thewheels are not bound in lateral dire
tion, whi
h means that lateral tire for
es, whi
h wouldin
uen
e the verti
al os
illation, are not present. The seismi
 ex
itations applied at ea
hwheel are free to be 
hosen within the limitations due to the hydrauli
 power of the test rig.Pseudo-noise seismi
 ex
itations 
an be applied as well as a sinusoidal or a 
hirp signal.Figure 3.11 shows the testing vehi
le standing on the 4-post test rig.52
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ks

Hydraulic

posts

sp,fr

sp,flFigure 3.11: Testing vehi
le on the 4-post test rig of ZF Sa
hs AG in S
hweinfurt. A seismi
ex
itation 
an be applied to every wheel independently.The test rig is used to investigate the verti
al dynami
s of the vehi
le and in parti
ularto investigate the e�e
t of swit
hing the sho
k absorbers on wheel load. The advantageof using a test rig is the high reprodu
ibility of the signals measured. E. g., the seismi
ex
itation 
an be preset in high a

ura
y on a test rig, whi
h is not possible on a regularpavement. The driver plays no role when testing on the test rig. Neither does the weather
ondition nor the heating of the tires and the brakes when exe
uting real test drives.Using the test rig has the disadvantage, however, that only the verti
al dynami
s 
an beinvestigated and even there, that the 
oupling between longitudinal and verti
al dynami
s
annot be looked at. No e�e
t on the verti
al os
illation of the vehi
le whi
h is 
aused bylateral or longitudinal for
es 
an be investigated.3.4 Test Tra
ksTo avoid the problems of missing 
oupling between horizontal and verti
al dynami
s inthe test rig experiments, real test tra
ks have been de�ned that allow to investigate thevehi
le's behavior with the wheel spinning and the braking system braking.3.4.1 Test Tra
k `De�ned Obsta
les'When it 
omes to real test drives there is always the problem of reprodu
ibility. It ishard to guarantee it on a normal road with standard kind of ex
itation amplitudes. Formany investigations this 
an be dealt with by either exe
uting many tests and/or lookingat measurands that are highly integrative. But some test drives demand a very highreprodu
ibility in the short time-s
ale, e. g. if the e�e
t on wheel load, braking for
e or53
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h Environmentbraking slip of one single swit
hing pro
ess should be investigated. In su
h 
ases it is usefulto make use of de�ned obsta
les. Those should have a given shape that is known and theex
itation 
aused by them should be rather high so that it 
learly 
an be di�ered betweenthe response to the ex
itation of the obsta
les and the response to the standard pavement(whi
h is not very reprodu
ible). In this thesis two 
osine-shaped obsta
les (
osine waves)have been used (refer to Figure 3.12). Their elevation pro�le is governed by the followingequation: hCW(x) = ĥCW �1� 
os� 2�lCWx�� ; (3.13)where the length of the 
osine waves is lCW = 2m and their maximum elevation fromthe ground is 2 ĥCW = 0:04m (refer to Figure 3.13). Both are oriented parallelly in drivingdire
tion.

Figure 3.12: Cosine-shaped obsta
les that are used for test drives to 
ause reprodu
ible andhigh-magnitude os
illation responses of the testing vehi
le8.
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Figure 3.13: Elevation vs. longitudinal length of the 
osine-shaped obsta
le.Depending on the passing velo
ity, the 
osine waves ex
ite the vehi
le at di�ering fre-quen
y bands. The faster the vehi
le 
rosses the obsta
les, the higher are the ex
itation8Rei
hel (2003): Untersu
hungen zum Ein
uss stufenlos verstellbarer S
hwingungsd�ampfer auf das insta-tion�are Bremsen von Personenwagen p. 4854



3.4 Test Tra
ksfrequen
ies (refer to Figure 3.14). The 
osine waves are made from steel and rigidly 
on-ne
ted to the pavement. Their driving surfa
es are glued with a so 
alled Safety Walk,whi
h is an arti�
ial pavement with similar properties (espe
ially the fri
tion 
oeÆ
ient)as normal asphalt pavement.
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Figure 3.14: Frequen
y spe
trum of the seismi
 ex
itation 
aused by passing the 
osine wavesfor di�erent passing velo
ities. Data gained by 
al
ulus9.3.4.2 Test Tra
k `Standard Road'The test tra
k `Standard Road' has been 
hosen with the intention to get results from driv-ing and braking on it that are 
omparable to the ones on a typi
al German Autobahn. Thetest tra
k is lo
ated on a 
losed air�eld that belongs to Te
hnis
he Universit�at Darmstadtand 
an be used for test drives (August-Euler-Flugplatz in Griesheim). In Figure 3.15 thistest tra
k is shown. The white line in the pi
ture marks the elevation pro�le of this testtra
k, whi
h has been measured (refer to Figure 3.16). This pro�le has a slowly in
reasingslope (70 
m per 100m) and its unevenness is 
omparable to the one on typi
al highways.From inspe
tion it 
an be seen that the pavement stru
ture looks similar to the one that
an be found on typi
al roads.
9Rei
hel (2003): Untersu
hungen zum Ein
uss stufenlos verstellbarer S
hwingungsd�ampfer auf das insta-tion�are Bremsen von Personenwagen p. 61 55



3 Tools and Resear
h Environment

Figure 3.15: Test tra
k `Standard Road' (an air�eld) on whi
h part of the braking tests areexe
uted with the testing vehi
le during a braking pro
edure.To make this inspe
tion more quanti�able two measurands are 
hosen whi
h allow to
ompare the test tra
k to other roads:The unevenness UP and the Delta Spring Displa
ement �sS. It is assumed that thepower spe
tral density of the pavement overdriven shows a linear behavior in the double-logarithmi
 frequen
y domain. The unevenness UP values the elevation pro�le of thepavement in the frequen
y domain. The Delta Spring Displa
ement �sS provides withinformation about the overall power of the ex
itation due to driving over a given pavement.As is shown in se
tion 4.4.2, this quantity is based on the self-leveling e�e
t of a
tive sho
kabsorbers. It measures the 
hange in verti
al level of the vehi
le's body for di�erent sho
kabsorber 
on�gurations and is the higher, the stronger the seismi
 ex
itation, the morepower is put into the system due to the pavement's verti
al unevenness. �sS measurestherefore the overall unevenness. UP provides with information about how the power of thepavement is distributed in the frequen
y domain. UP is the negative slope of the elevationpro�le plotted vs. the wave number.Figure 3.16 shows the elevation pro�le of a 100-m-part of the air�eld whi
h is used toexe
ute braking pro
edures. The data is gained from own measuring with a laser distan
einstrument. Besides the determination of the slope, whi
h 
an be seen in the �gure, themeasurement of the elevation pro�le was undertaken to determine the roughness of thepavement.Figure 3.17 shows the frequen
y spe
trum of the elevation pro�le of the test tra
ks thatare used for the braking pro
edures. It 
an be seen that the unevenness UP � 1 � 0:1on the 
hosen tra
k. For typi
al highways UP � 1 as well (refer to Mits
hke10)11. Thismeans that the 
hosen test tra
k is similar to a typi
al German highway with respe
t to the10Mits
hke/Wallentowitz (2004): Dynamik der Kraftfahrzeuge p. 298.11The unevennessW in relevant literature is often de�ned as the slope of the power spe
tral density (PSD)of the pavement. Here UP is the slope of the elevation pro�le and has therefore values that are by thefa
tor two smaller than the ones that are 
al
ulated from using the PSD.56
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ks
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x in mFigure 3.16: Longitudinal elevation pro�le of the test tra
k `Standard Road' that is used forbraking tests mainly.measurand UP. For su
h a typi
al road the amplitudes of elevation de
rease approximatelywith f�1, same as the amplitudes on the test tra
k `Standard Road' do.For the test tra
k `Standard Road' the same testing pro
edure as explained in se
tion 4.5is exe
uted. The value for the Delta Spring Displa
ement at the front right wheel forthis testing tra
k at a vehi
le's speed of 85 km/h and for swit
hing from Fz;req = +1 toFz;req = �1 or vi
e versa is �sS;fr = 2:8mm: (3.14)Comparing this value with the ones from a typi
al German Autobahn, whi
h are pre-sented in Figure 4.17, shows that the test tra
k 
hosen is 
omparable to those typi
alroads. This is for two reasons: First of all, be
ause the frequen
y spe
trum of the testtra
k 
hosen is similar to the one that 
an be found on ordinary highways. Se
ondly, thenewly introdu
ed measurand �sS, whi
h measures the possible e�e
t strength on a givenpavement, is also 
omparable to the ones found in reality. Thus, the test drives exe
utedon the test tra
k 
hosen are assumed to be representative for su
h typi
al highways as theones shown in Figure 4.14. For those kinds of pavement, that is for sto
hasti
 pavementswhi
h feature a linear de
reasing elevation pro�le in the double-logarithmi
 wave-numberplot, the frequen
y spe
trum of the ex
itation is independent of the driving velo
ity. Within
reasing velo
ity it is only the magnitude that in
reases, but the distribution of ex
itationover the frequen
y spe
trum remains 
onstant.Thus, results whi
h are gained on su
h a test tra
k for the 
ase when the only ex
itationis the seismi
 ex
itation (no braking, a

eleration, or 
urve-driving), 
an be assumed tohave the same quality, no matter at whi
h driving speed they are gained. If hard dampingis better with respe
t to lowering the RMS on wheel load on a given sto
hasti
 road at one
onstant velo
ity, it should be better for every 
onstant velo
ity. 57



3 Tools and Resear
h Environment

10
0

10
1

10
2

10
-4

10
-3

10
-2

10
-1

10
0

 in 1/(100 m)

|h
| 
in

 m

0-100 meter

0-50 meter

50-100 meter^

 -U
P

 -1 

Figure 3.17: Spe
trum in the distan
e domain of the test tra
k that was used to exe
utebraking pro
edures on an ordinary road. The longitudinal elevation pro�le of a distan
e of 100meters was measured. The spe
trum for the total 100 meters, the �rst 50 meters and the last50 meters are shown. � is the so 
alled wave number that measures the number of waves per100 meters. � = 10=(100m) means that there are 10 full wavelengths per 100 meters at thegiven pavement.
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3.5 Con
lusions3.5 Con
lusionsIn this 
hapter the testing tools have been presented. The a
tive sho
k absorbers whi
h areused as a
tuators in this thesis and the terms spreading and rebound/
ompression ratiohave been introdu
ed. Both are essential parameters for the e�e
t whi
h an a
tive sho
kabsorber 
an have on the verti
al dynami
s. The testing vehi
le is 
hosen su
h that it
overs a wide range of vehi
les that 
an be found on German streets. A braking ma
hineis used to guarantee that the initial slope of braking pressure is reprodu
ible from onebraking pro
edure to another.Most of the physi
al quantities that ought to be determined to value the braking per-forman
e 
an be measured by means of sensors whose signal is dire
tly 
onne
ted to therespe
tive physi
al quantity. Some measurands, however, have to be determined indire
tly.The most important representatives for those are the dynami
 wheel load, the wheel loadintegral, and the damper velo
ity. The former are 
al
ulated from a

elerometer signals,the latter is 
al
ulated from the signals of displa
ement sensors.The testing tools used in
lude ones that are meant to investigate the verti
al dynami
sof the testing vehi
le, ones that allow to investigate the 
oupling between verti
al andlongitudinal dynami
s, and ones that are 
hosen to determine the braking distan
e.The �rst purpose is ful�lled by a 4-post test rig whi
h is used for verti
al ex
itations ofthe testing vehi
le, for the se
ond purpose de�ned, 
osine-shaped obsta
les are used, andfor the latter purpose a test tra
k that is 
omparable to a German highway is 
hosen. Thistest tra
k is sele
ted su
h that a representative statement about the potential to redu
ethe braking distan
e by means of a
tive sho
k absorber 
ontrol is possible.The parameters whi
h in
uen
e the braking distan
e have been identi�ed and distributedin two dimensions over three 
ategories ea
h. There are parameters whi
h 
an be 
ontrolledand measured, and these are the ones whi
h are indeed kept 
onstant during the brakingpro
edures in order to make them 
omparable. All parameters whi
h 
annot be 
ontrolledmust be treated as random errors to the results of the determination of the braking distan
e.Summarizing, it 
an be stated that the testing tools are 
hosen su
h that the brakingdistan
e 
an be determined in the pre
ision whi
h is required to measure the e�e
t whi
hthe verti
al dynami
s has on the longitudinal dynami
s. Furthermore, all testing tools are
hosen su
h that the expe
ted 
on
lusions are representative for real-life appli
ations.
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4 Verti
al Dynami
sIn this 
hapter the verti
al dynami
s of the testing vehi
le are investigated in a quarter-
ar simulation model, in test-rig trials, and in test drives. The obje
tive is to �nd the
onne
tion between the swit
hing of the sho
k absorber from one 
onstant line to the other(hard to soft or vi
e versa) and the 
ourse of wheel load in the time and the magnitudedomain. To do this it is ne
essary to de�ne referen
es to whi
h the 
ourse of wheel loadafter swit
hing the sho
k absorber 
an be 
ompared. Thus, experiments with a highreprodu
ibility of the 
ourse of wheel load are designed in order to be able to 
ompare the
ourse of wheel load with and without swit
hing the sho
k absorber.After introdu
ing a 
ouple of de�nitions in se
tion 4.1, in se
tion 4.2 the general possi-bility to have an in
uen
e on wheel load by means of a
tive sho
k absorbers is explained.The fo
us lies on the transient behavior of the wheel load, the behavior in the long rundoes not play a role here.The quarter-
ar model whi
h is used for numeri
al investigations of the verti
al dynami
sis introdu
ed in se
tion 4.3. This model is a seismi
 ex
ited non-linear os
illator with twodegrees of freedom. It is also in this se
tion that fundamental thoughts about the frequen
yrange in whi
h the use of a sho
k absorber 
ontroller makes sense are developed. For thosethoughts the quarter-
ar model is partly linearized by using 
onstant but di�ering damping
oeÆ
ients for rebound and 
ompression.Based on those fundamentals, the 
ore 
ontroller with whi
h the wheel load is 
on-trolled is introdu
ed in se
tion 4.4. It is 
alled MiniMax-
ontroller, for it is a 
ontrol logi
whi
h swit
hes between hard and soft damping. The possibility to 
ontinuously adjust thevehi
le's damping is not made use of. The 
ontroller works individually for ea
h wheeland has two inputs: the a
tual damper velo
ity vD and the a
tual request of wheel loadFz;req 2 f�1;+1g at the respe
tive wheel. The one and only output is the damper 
urrentID 2 f0A; 1:6Ag. With this 
ore 
ontroller arti�
ial 
hara
teristi
 lines for the sho
kabsorbers 
an be generated, depending on the request of wheel load. These lead to alowering/lifting of the body, whose e�e
t is dis
ussed in se
tion 4.4, too.The 
omplex sour
e of the request of wheel load whi
h is applied to redu
e the brakingdistan
e|an essential part of the overall 
ontroller|is not dis
ussed in this 
hapter, butin 
hapter 5, where the longitudinal dynami
s are addressed.In the following se
tion 4.5 the testing vehi
le is set on a real road and the lifting andlowering e�e
t of the MiniMax-
ontroller is used to determine the roughness of standardsouthwestern German highways. The results of these measuring are taken to 
ompare thea
tual testing tra
k `Standard Road' with a typi
al Autobahn in order to make the brakingresults transferable.In se
tion 4.6 in test rig experiments three steps are undertaken: First of all, the e�e
twhi
h the swit
hing of the sho
k absorber has on wheel load is determined in its time andmagnitude frame for a real 
ar|the testing vehi
le des
ribed in se
tion 3.2. Se
ondly,the e�e
t is 
ompared for di�erent ex
itation s
enarios to determine if the pla
es wherethe seismi
 ex
itation is applied a�e
t the results. Finally, the numeri
al results from60



4.1 De�nitionsinvestigations with the quarter-
ar model are 
ompared with the results from the test rig.4.1 De�nitionsFirst of all, a 
ouple of de�nitions shall be introdu
ed for the verti
al dynami
s of apassenger 
ar.Wheel Load FzThe wheel load Fz is the part of the for
e in the 
onta
t zone of tire and ground whi
ha
ts in z-, meaning in verti
al dire
tion. This for
e is 
ounted positive if it a
ts in upwarddire
tion with respe
t to the tire. In the s
ales measured in the given 
ontext the wheelload 
an never have values below zero, be
ause at value zero the wheel loses its 
onta
t tothe ground.Stati
 Wheel Load Fz;statThe term stati
 wheel load des
ribes the for
e Fz;stat in the 
onta
t zone of tire and groundthat a
ts in the stati
 
ase (the 
ar is not moving and standing on a horizontal plane) inz-dire
tion. It only depends on the total mass of the 
ar and on the mass distribution andis assumed to be time-invariant during a driving 
y
le. Obviously the stati
 wheel loadalways has positive values.Body Indu
ed Wheel Load Fz;biBody indu
ed wheel load shall be de�ned as stati
 wheel load whi
h 
hanges its value dueto the de
eleration ��xV during the braking pro
ess and is re
e
ting the weight transfer.At the rear axle wheel load is de
reasing while at the front axle it is in
reasing duringbraking due to for
es a
ting below the vehi
le's 
enter of gravity hCG. This part 
annot be
ontrolled and therefore must not be 
ontrolled. The body indu
ed wheel load is de�nedas follows: Fz;bi;f(t) = Fz;stat;f +�Fz;bi (4.1)for a wheel at the front axle andFz;bi;r(t) = Fz;stat;r ��Fz;bi (4.2)for a wheel at the rear axle, with�Fz;bi = 12mV(��xV(t))hCGl (4.3)as the di�eren
e of wheel load between braking and non-braking situation due to weighttransfer whi
h leads to a greater (smaller) stationary wheel load. hCG is the height of the
enter of gravity of the whole vehi
le, measuring from the ground, l is the wheel base|thedistan
e from one axle to the other|, mV is the total mass of the vehi
le and �xV thelongitudinal a

eleration of the vehi
le. �xV is negativ for braking. The same holds truefor weight transfer from right to left lane when a lateral for
e a
ts on the vehi
le below61



4 Verti
al Dynami
shCG. Sin
e in this thesis only test drives moving straight ahead are undertaken, this kindof weight transfer does not play a role in the given 
ontext.Dynami
 Wheel Load Fz;dynThe dynami
 wheel load Fz;dyn is the di�eren
e of the a
tual wheel load and the bodyindu
ed wheel load. Without any longitudinal for
es on another elevation than hCG a
tingon the vehi
le, this is equal to the di�eren
e of a
tual wheel load and stati
 wheel load.The dynami
 wheel load des
ribes the os
illation of wheel load and by this it has positiveand negative values. Fz;dyn(t) = Fz(t)� Fz;bi(t) (4.4)Wheel Load Integral FIThe integral of the dynami
 wheel load FI is de�ned asFI(t) = tZt0 Fz;dyn(�) d�: (4.5)Its bene�t is explained in detail in se
tion 5.3. Here it should just be introdu
ed andde�ned analyti
ally. The mean value of the wheel load integral is always zero in the longrun, for the dynami
 wheel load's mean value always equals zero in the long run. Thus,the wheel load integral 
annot drift away and is therefore bounded within the limits of themaximum os
illations of the dynami
 wheel load.RMS on Dynami
 Wheel Load RMS(Fz;dyn) = F e�z;dynThe RMS on dynami
 wheel load between times t0 and t1 is de�ned as follows:RMS(Fz;dyn) = F e�z;dyn =vuuut 1t1 � t0 t1Zt0 F 2z;dyn dt (4.6)The same de�nition holds true for every variable X.RMS(X) = Xe� =vuuut 1t1 � t0 t1Zt0 X2 dt (4.7)4.2 Possibilities to In
uen
e Wheel LoadAs it was shown in se
tion 2.3.2, the braking for
e 
an not only be 
ontrolled by a systemwhi
h a
ts on the braking torque|as the ABS does|, but it 
an also be in
uen
ed bya
ting on the wheel load. Prin
ipally speaking, both ways are suitable for the givenpurpose in the same manner. Here the wheel load is in
uen
ed by 
ontrolling the a
tivesho
k absorbers to �nally in
uen
e the braking for
e and the braking slip. But how 
an62



4.2 Possibilities to In
uen
e Wheel Loadthe wheel load be in
uen
ed by an a
tive sho
k absorber? How does the 
ausal dire
tionlook like? To answer these questions a simple swit
hing from hard to soft damping isinvestigated in more detail. For hard damping, the damper for
e is greater than for softdamping, 
onstant damper velo
ity provided.In Figure 4.1 a part of a quarter-
ar model is shown whi
h only in
ludes the damperfor
e. The for
e of the spring 
an be negle
ted for the following thoughts. The damper is
onsidered to be in rebound at a 
onstant velo
ity vD = vB � vW = 
onst > 0. In reboundthe damper for
e points upwards with respe
t to the wheel and downwards with respe
tto the body. This means that during rebound the damper for
e redu
es the wheel load.If the damper for
e was not there, the wheel would not be pulled upwards and thereforethe wheel load would be greater than it is with the damper for
e being present. Butwhat happens if the damper is swit
hed from hard to soft damping at a given velo
ity inrebound? The damper for
e will de
rease, the wheel will be pulled upwards less and thewheel load will therefore in
rease.
Body

Wheel

vB

vW

Fz(ID=ID,max)

FD(ID=0A)FD(ID=ID,max)

Fz(ID=0A)Figure 4.1: Damper for
e for hard and soft damping in rebound and its e�e
t on wheel load1.Similar 
onsiderations 
an be made for every possible state of damper movement and�nally one ends up with a quite simple matrix whi
h is 
alled the Wheel Load In
uen
eMatrix (refer to Table 4.1). It ought to be read in the following manner|exemplarilyfor the upper right 
orner: If the damper is swit
hed from hard to soft in rebound, thiswill lead to an in
rease in wheel load. The swit
hing must be thought of in the followingmanner: By 
hanging the system-immanent parameter kB, one ends up with a system witha new set of parameters. Compared are then the two 
ourses of wheel load for those twosystems, starting from the same initial 
onditions. Those initial 
onditions are the a
tualsystem states at time of swit
hing the sho
k absorber in both 
ases.1If the damper is in rebound and it is swit
hed from hard to soft, the damper for
e will de
rease andsin
e it a
ts upwards with respe
t to the wheel the wheel load will in
rease. 63



4 Verti
al Dynami
s Table 4.1: Wheel Load In
uen
e Matrix
Decrease in 

wheel load 

Increase in 

wheel load
Soft to hard

Increase in 

wheel load

Decrease in 

wheel load
Hard to soft

ReboundCompression

Shock abs. 

stage

Switching

of shock abs.

4.3 Quarter-Car Model and SimulationA quarter-
ar model is used to investigate the verti
al dynami
s of the testing vehi
le. Themodel is shown in Figure 4.2. The model has two degrees of freedom, body de
e
tion zBand wheel de
e
tion zW, and is for
ed by a seismi
 ex
itation z0. It 
onsists of two pointmasses whi
h represent the part of the total body massmB that a
ts on the respe
tive wheeland the wheel's mass mW. Furthermore, it 
ontains a linear spring and a linear damperfor the wheel's verti
al sti�ness 
W and damping kW. Both wheel parameters are of 
oursedominated by the tire parameters. The rim does not 
ontribute to the overall wheel'ssti�ness and damping in the investigated frequen
y band from 0{30Hz. The verti
al bodyspring sti�ness 
B is modeled by a linear spring. The model does neither represent thebraking pro
ess of the 
ar nor its rolling behavior. Nevertheless this model 
an be used toinvestigate the verti
al dynami
s of the 
ar, as will be seen in se
tion 4.6.3.
m
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Proportionate
body mass, 
sprung mass

Body damper/
Body spring

Wheel mass,
unsprung mass

Tire damper/
Tire spring

PavementFigure 4.2: Mathemati
al model, used for simulation of the verti
al dynami
s of the testingvehi
le.The model is governed in analyti
al form by the following system of equations.64



4.3 Quarter-Car Model and Simulation�mB 00 mW� � �zB�zW�+ � kB(vD; ID) �kB(vD; ID)�kB(vD; ID) kB(vD; ID) + kW� � _zB_zW�+ � 
B �
B�
B 
B + 
W� �zBzW� = � 0kW _z0 + 
W z0� (4.8)The gravitational a

eleration is not in
luded, for the origin of the 
oordinates is set tothe stati
 equilibrium. The stati
 wheel load in this model therefore has the value zero.The dynami
 wheel load is determined by the sum of tire damper and tire spring for
e.Fz;dyn(t) = kW [ _z0(t)� _zW(t)℄ + 
W [z0(t)� zW(t)℄ = � (FkW(t) + F
W(t)) (4.9)The prin
iple of linear momentum for the body and the wheel writes down as:mB �zB = � (FkB + F
B) ; (4.10)where the body damper for
e FkB plus the body spring for
e F
B|provided that they arepositive|
ause a downward a

eleration of the body. The prin
iple of linear momentumfor the wheel writes: mW �zW = FkB + F
B � (FkW + F
W) ; (4.11)where the body damper for
e FkB plus the body spring for
e F
B|provided that they arepositive|
ause an upward a

eleration of the wheel and the wheel damper for
e FkW plusthe wheel spring for
e F
W 
ause a downward a

eleration of the wheel. Both the wheeldamper for
e FkW and the wheel spring for
e F
W sum up to the negative of the dynami
wheel load (refer to equation 4.9). Thus, the dynami
 wheel load 
an also be written as:Fz;dyn = mW �zW � (FkB + F
B) (4.12)Together with equation 4.10 this leads to:Fz;dyn = mW �zW +mB �zB (4.13)This means that the dynami
 wheel load of a quarter-
ar model 
an be 
al
ulated bysumming up the verti
al wheel a

eleration and the verti
al body a

eleration, weightedwith the wheel and the body mass respe
tively. This is the so 
alled Aa
hen pro
edure to
al
ulate the dynami
 wheel load (refer to se
tion 3.2.4).Furthermore, it should be mentioned that the system of equations is nonlinear, sin
e thedamping fa
tor kB of the a
tive sho
k absorber is a fun
tion of the damper velo
ity andof the damper 
urrent: kB = kB(vD; ID), where the damper velo
ity vD is de�ned as thedi�eren
e between verti
al body velo
ity _zB and verti
al wheel velo
ity _zW.vD(t) = _zB(t)� _zW(t) (4.14)The damping fa
tor kB depends on the damper 
urrent ID, be
ause this is how the desireddamper 
hara
teristi
 is adjusted. For a given damper velo
ity an inde�nite number ofdi�erent kB 
an be set by 
hoosing ID 2 [ID;min; ID;max℄. Neither the setpoint for the damper65
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al Dynami
s
urrent nor the setpoint for the damping fa
tor are met immediately after swit
hing thedamper from one state to another. These time delays are implemented in the model bymeans of �rst order low-pass �lters, where the damper for
e is �ltered.The damping fa
tor vs. the damper velo
ity is shown in Figure 4.3 and in Figure 4.4.These data are related to the front and the rear left damper of the testing vehi
le and havebeen obtained on a test rig at and by ZF Sa
hs AG. The a
tual damping ratio depends notonly on the damper velo
ity but also on the parameter damper 
urrent ID. In the �gureonly the two extrema of this dependen
y are shown. The real damper 
an adopt any valueof damper 
urrent between 0 and 1.6A.
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Figure 4.3: Damping fa
tors used in the quarter-
ar model, gained from experiments with thefront left damper of the testing vehi
le, sour
e: ZF Sa
hs AG.The parameters of the quarter-
ar model are shown in Table 4.2. As for the tire dampingkW it must be mentioned that this value is a rough approximation of the values measured,whi
h lay between 200 and 1,000Ns/m, depending on and de
reasing with the ex
itationfrequen
y. But the a
tual value of the tire damping fa
tor is not that important, be
auseit is very small 
ompared to the body damping fa
tor. It is only important that there is atire damping at all, be
ause it is responsible for a phase shift in the wheel load whi
h ismeasured by summing up verti
al tire spring and damper for
e.
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Figure 4.4: Damping fa
tors used in the quarter-
ar model, gained from experiments with therear left damper of the testing vehi
le, sour
e: ZF Sa
hs AG.Table 4.2: Parameters of the quarter-
ar modelParameter Value Sour
efront left rear leftmB 380 kg 290 kg own measuring: 
al
ulatedfrom stati
 wheel loadmW 31 kg 22 kg own measuring: weightmeasuring with damper and
oil spring dismantled
B 29N/mm 28.6N/mm own measuring: hydrauli
press and lifting platform
W 228N/mm 228N/mm own measuring: hydrauli
shakerkB as shown in Figures 4.3 and 4.4 ZF Sa
hs AGkB;lin(ID = 1:6A) 1500Ns/m 1200Ns/m 
al
ulated fromkB;lin(ID = 0A) 6000Ns/m 4000Ns/m 
hara
teristi
 diagramkW 400Ns/m 400Ns/m own measuring: hydrauli
shakerFirst undampedeigenfrequen
y fe1 1.3Hz 1.5Hz 
al
ulated from the givenparametersSe
ond undampedeigenfrequen
y fe2 14.4Hz 17.2Hz 
al
ulated from the givenparameters
67



4 Verti
al Dynami
sLinearized Quarter-Car ModelFor the following investigations the quarter-
ar model is linearized in the sense that thedamping 
oeÆ
ients for hard and soft damping are set to the values given in Table 4.2.This is done be
ause otherwise it is impossible to solve the governing equations of motionanalyti
ally. These equations of motion write as:M�zlin +K _zlin +Czlin = f = � 0kW _z0 + 
W z0 � (4.15)The eigenfrequen
ies for the undamped linearized system 
an be found in Table 4.2.Now if z0(t) is assumed to be of the form:z0(t) = ẑ0 ej
t; (4.16)the parti
ular solution for the system of for
ed di�erential equations 
an be found withthe following approa
h: zlin = ẑ ej
t (4.17), applied to equation 4.15 yields to:� 
2Mẑ ej
t + j
K ẑ ej
t +C ẑ ej
t = � 0j
 kW + 
W � ẑ0 ej
t (4.18)�C� 
2M+ j
K� ẑ = � 0j
 kW + 
W � ẑ0 (4.19)The 
omplex ve
tor of amplitudes is thus given by:ẑ(
) = �C� 
2M + j
K��1 � 0j
 kW + 
W � ẑ0 (4.20)ẑ(
)ẑ0 = � ẑB(
)ẑW(
) � 1̂z0 = �C� 
2M + j
K��1 � 0j
 kW + 
W � (4.21)A

ording to equation 4.13 the amplitude of the dynami
 wheel load 
an be 
al
ulatedas: F̂z;dyn(
) = mB �̂zB(
) +mW �̂zW(
); (4.22)where �̂z(
) = �
2 ẑ(
). Both �̂z and F̂z;dyn are 
omplex quantities. The part of dynami
wheel load whi
h 
auses a movement of the 
ar's body and the one whi
h 
auses the 
ar'swheel to os
illate 
an be separately written as:F̂z;dyn;B(
) = mB �̂zB(
) (4.23)F̂z;dyn;W(
) = mW �̂zW(
) (4.24)This means that part of the dynami
 wheel load is responsible and therefore measurablein terms of verti
al body a

eleration, another part is measurable in terms of verti
al wheel68



4.3 Quarter-Car Model and Simulationa

eleration. The question is, to whi
h amount do those two parts 
ombine to the totaldynami
 wheel load? This question needs to be answered in order to be able to determinein whi
h frequen
y range the relevant os
illations will take pla
e and in order to de
ide ifeither the body or the wheel os
illations are more relevant in the given 
ontext.In Figure 4.5 the dynami
 wheel load response vs. the ex
itation frequen
y of a seismi
ex
itation is plotted. For frequen
ies well below 10Hz, for both hard and soft dampingthe main part of dynami
 wheel load results in an os
illation of the vehi
le's body. This isbe
ause at those low frequen
ies the wheel is almost not moving with respe
t to the seismi
ex
itation. It just moves up und down with the same phase as the seismi
 ex
itation andtransfers the dynami
 wheel load to body spring and damper for
es whi
h then ex
ite thevehi
le's body. One 
an see that for hard damping the dynami
 wheel load almost only
onsists of the part that results in body os
illations over the whole frequen
y bandwidth.It is only at 30Hz that the two parts, body and wheel part, 
ontribute with the sameamount to the dynami
 wheel load's e�e
t.
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Figure 4.5: Amplitude of dynami
 wheel load per amplitude of seismi
 ex
itation vs. frequen
y.Data gained from the linearized quarter-
ar model for the front left wheel.For soft damping the pi
ture is slightly di�erent. Here it is already below 10Hz thatthe wheel part ex
eeds the body part. This is be
ause for soft damping the wheel andthe body are less dynami
ally 
onne
ted than for hard damping. Thus, the wheel 
anos
illate in its eigenfrequen
y at around 15Hz without a�e
ting the body. So due to theseismi
 ex
itation and by this due to the dynami
 wheel load os
illation the wheel 
anos
illate without transferring vibrational energy to the body. This is why in 
ase of softdampers and at higher frequen
ies the dynami
 wheel load is almost only re
e
ted in wheelos
illations. If the damping 
oeÆ
ient is rather high, this means that the wheel os
illation69



4 Verti
al Dynami
sis strongly 
onne
ted to the body's os
illation and via the wheel the dynami
 wheel loadis dire
tly translated into body os
illation.Furthermore, one 
an see that the ampli�
ation of dynami
 wheel load at higher frequen-
ies is approximately by fa
tor �ve higher than at low frequen
ies. For soft damping thelo
al maximum between 1 and 2Hz has a value of 80 kN/m, whereas the lo
al maximumbetween 10 and 20Hz has a value of almost 400 kN/m. For hard damping there are nodistinguished maxima, but still the dimension of ratio for ampli�
ations at high and lowfrequen
ies is roughly the same as for soft damping. This gives a pi
ture of what to expe
tin terms of frequen
y spe
trum when ex
iting one of the wheels with the same amplitudeof seismi
 ex
itation at every frequen
y|i. e. with a white noise on displa
ement level.The response of the integral of dynami
 wheel load FI|a quantity whi
h will be intro-du
ed and used in more detail in se
tion 4.6.1|to a seismi
 ex
itation is also determinedby means of the linearized quarter-
ar model. The 
omplex amplitude of the integral ofdynami
 wheel load 
an be determined by simply dividing the 
omplex amplitude of thedynami
 wheel load by the ex
itation frequen
y j
.F̂I(
) = F̂z;dyn(
)j
 (4.25)In Figure 4.6 the response of the integral of dynami
 wheel load to a seismi
 ex
itationis plotted vs. the ex
itation frequen
y. The integral of dynami
 wheel load is investigatedbe
ause it establishes the 
onne
tion between verti
al and longitudinal dynami
s. Thedetailed explanation of why this is the 
ase 
an be found in se
tion 5.3.
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 wheel load per amplitude of seismi
 ex
itationvs. frequen
y. Data gained from the linearized quarter-
ar model for the front left wheel.70



4.3 Quarter-Car Model and SimulationNow for this integral, the distribution over frequen
ies di�ers from the one for pure dy-nami
 wheel load. Sin
e the integral has a lowpass-�ltering behavior, the lower frequen
iesare weighted stronger now. For hard damping the maximum of the integral of wheel loadappears at 3Hz, whereas for soft damping it lies between 1{2Hz. For both hard and softdamping the amplitudes of the integral of dynami
 wheel load are by a fa
tor 2{3 smallerfor high frequen
ies above 10Hz than for low frequen
ies below 10Hz. This means thatwith respe
t to the integral of dynami
 wheel load the os
illations of the body are morerelevant than the os
illations of the wheel. This has two reasons: First, be
ause the partof dynami
 wheel load whi
h 
auses body os
illations is greater for lower frequen
ies andse
ond, be
ause the magni�
ation of the integral of dynami
 wheel load is smaller for highfrequen
ies than for low frequen
ies. Both reasons 
ause that the 
ontrol algorithm forlongitudinal purposes is most needed at lower frequen
ies.In Figure 4.7 the amplitude of the integral of dynami
 wheel load per amplitude ofseismi
 ex
itation, divided by the ex
itation frequen
y is shown.
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Figure 4.7: Amplitude of dynami
 wheel load per amplitude of seismi
 ex
itation divided by
 vs. frequen
y. Data gained from the linearized quarter-
ar model for the front left wheel.Why is this division by the frequen
y done? Looking ba
k at se
tion 3.4.2, it be
omes
lear why. On a road with a standard roughness the amplitude of verti
al ex
itationde
reases with the wave number (for a 
onstant velo
ity this is 
omparable to a frequen
yin the time domain) to the power of minus one. Translated into a time-based frequen
ythis means that driving at a 
onstant speed the amplitude of the verti
al ex
itation alsode
reases with the frequen
y to the power of minus one. Thus, driving on an ordinary road,the ex
itation by the pavement 
auses the integral of dynami
 wheel load to behave in theway shown in Figure 4.7 with respe
t to frequen
y. The ne
essity to 
ontrol the dynami
71



4 Verti
al Dynami
swheel load and its integral therefore lies at lower rather than at higher frequen
ies. In 
aseof braking, the quarter-
ar is not only ex
ited by the seismi
 ex
itation but also by theadditional (subtra
ted) wheel load at the front (rear) wheel due to weight transfer (refer tose
tion 2.2). This kind of ex
itation holds very low frequen
ies, assuming that the brakingfor
e and with it the weight transfer is applied 
onstantly and immediately. It therefore 
anbe negle
ted in the thoughts just made, be
ause it does not hold a noteworthy proportionof high frequen
ies and therefore does not 
hange the quality of 
on
lusions just drawn.Looking at the response of the integral of dynami
 wheel load to a seismi
 ex
itationgives an idea of the frequen
y bandwidth within whi
h the wheel-load 
ontroller needs towork. But this is only one part of the whole inspe
tion, it is the demand part. The se
ondquestion whi
h needs to be answered is the supply question. In whi
h frequen
y band isit possible to a
tually in
uen
e the wheel load? To answer this question, in Figure 4.8 theamplitude of damper velo
ity v̂D = _̂zB � _̂zW per amplitude of seismi
 ex
itation is plottedvs. frequen
y. It 
an be seen that the amplitude of damper velo
ity os
illations in
reaseswith in
reasing frequen
y. For the same amplitude of seismi
 ex
itation the amplitudeof damper velo
ity is higher at higher frequen
ies than at lower frequen
ies. Sin
e thedamper velo
ity delivers a dire
t 
onne
tion to the possible strength of the e�e
t a wheel-load 
ontroller 
an have (refer to se
tion 4.6.2), this implies that the possible e�e
t of the
ontroller is highest at high frequen
ies. This is 
orre
t for a white noise ex
itation on thedispla
ement level. But again, in reality the seismi
 ex
itation is 
omparable to a whitenoise on velo
ity level rather than on displa
ement level.

10
0

10
1

10
-2

10
-1

10
0

10
1

10
2

10
3

f = /(2 ) in Hz

|v
D
|/

|z
0| 

in
 1

/s hard

soft

^
^

Figure 4.8: Amplitude of damper velo
ity per amplitude of seismi
 ex
itation vs. frequen
y.Data gained from the linearized quarter-
ar model for the front left wheel.That is why, similar to the thoughts formed for the integral of dynami
 wheel load,72



4.3 Quarter-Car Model and Simulationin Figure 4.9 the amplitude of the damper velo
ity per seismi
 ex
itation is plotted vs.frequen
y and divided by the frequen
y. It 
an be seen that now the amplitude of dampervelo
ity de
reases with the ex
itation frequen
y from 1{3Hz on. The maximum of dampervelo
ity is rea
hed for both hard and soft damping at approximately 1{4Hz.
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f = /(2 ) in HzFigure 4.9: Amplitude of damper velo
ity per amplitude of seismi
 ex
itation divided by 
 vs.frequen
y. Data gained from the linearized quarter-
ar model for the front left wheel.Comparing Figure 4.7 with Figure 4.9 it 
an be seen that the demand on the wheel-load
ontroller in terms of operation frequen
y band is quite similar to the supply a wheel-load
ontroller 
an deliver. The 
orrelation between integral of dynami
 wheel load and thedamper velo
ity is high. In Figure 4.10 the integral of dynami
 wheel load is plotted vs.the damper velo
ity for a road-like ex
itation. Only frequen
ies between 1 and 30Hz arelooked at. It 
an be seen that, simplifying speaking, the greater the damper velo
ity,the greater the integral of dynami
 wheel load. This shows on
e again that for the givenpurpose|braking on a road with a normal roughness|the supply and the demand sideof the problem overlap very well. If the os
illation of the integral of dynami
 wheel loadtook pla
e at frequen
ies above, let's say, 20Hz and at those frequen
ies there was notany os
illation of the sho
k absorber, it would not be possible to purposefully in
uen
ethe 
ourse of the integral of dynami
 wheel load by means of a
tive sho
k absorbers. Thesupply and the demand side of the problem would not mat
h. But, sin
e the wheel loadintegral and the damper velo
ity are in
uen
ed on the same level of physi
al quantities (thewheel load integral is on velo
ity level|due to the integration of the a

eleration signals,and the damper velo
ity obviously is on velo
ity level as well) and their distribution in thefrequen
y domain is similar, the supply and the demand side of the problem �t.Comparing the results from the quarter-
ar simulation model in Figure 4.9 with the ones73
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al Dynami
s
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Figure 4.10: Amplitude of integral of dynami
 wheel load per amplitude of seismi
 ex
itationdivided by 
 vs. amplitude of damper velo
ity per amplitude of seismi
 ex
itation divided by
. Data gained from the linearized quarter-
ar model for the front left wheel.from a real braking pro
edure in Figure 5.9 on page 132 it 
an be seen that the qualitative
ourse of the frequen
y spe
trum is 
omparable for the simulation and the real world.Those two �gures are 
omparable be
ause the simulation is made for an ex
itation thatde
reases with f�1 and the real-world test drives are exe
uted on the `Standard Road',whose elevation pro�le de
reases with f�1, too. In both 
ases the maximum amplitude ofdamper velo
ity o

urs between frequen
ies of 1{2Hz for soft damping. For hard dampingthe maximum amplitude lies at a slightly higher frequen
y for the simulation (3{4Hz),whereas in the real world the maximum for hard damping lies at 2Hz. For both hard andsoft damping the amplitudes of damper velo
ity de
rease from their low-frequen
y maximaon. The higher amplitudes at very low frequen
ies below 1Hz in the real-world plot 
anbe explained by the fa
t that there the system is not only ex
ited by the seismi
 ex
itationalone, but also by the additional wheel load 
aused by the weight transfer during braking.4.4 Wheel Load-Controller|MiniMax-ControllerIn se
tion 4.2 the Wheel Load In
uen
e Matrix was introdu
ed (refer to Table 4.1 onpage 64). This matrix shows that it is possible to purposefully in
uen
e the 
ourse ofwheel load. This knowledge about the e�e
t of swit
hing the sho
k absorber 
an beimplemented into a swit
hing logi
. This logi
 
hooses between the two 
hara
teristi
 lines`soft' and `hard', depending on the inputs `damper velo
ity' and `request of wheel load',74



4.4 Wheel Load-Controller|MiniMax-Controllerand is therefore 
alled MiniMax-Controller. It is only the two extrema that are sele
tablestates for the MiniMax-Controller for the following reason:It is assumed that most of the time the sho
k absorber 
annot provide the damperfor
e whi
h is requested. The requested damper for
e is either too large or it has a signthat would make an a
tive element ne
essary. Rei
hel2 used a 
ontroller to redu
e theos
illations of dynami
 wheel load whi
h made use of the whole spe
trum of 
hara
teristi
lines of the a
tive sho
k absorber. His results showed that even though there was thepossibility to set the damper 
urrent to an intermediate level, it was almost at all timesthat the output of his 
ontroller was either `hard' or `soft'. This in 
onne
tion with thefa
t that after setting the damper 
urrent two �rst order low-pass �lter apply before thea
tual damper for
e is set (with respe
t to the damper 
urrent and with respe
t to thedamper for
e) leads to the 
onstru
tion of the MiniMax-
ontroller. Both low-pass �ltersmooth the 
ourse of damper for
e and bring a time delay to the system. Thus, if therequest at a given time is to in
rease the wheel load, this request should be followed bythe 
ontroller as qui
kly and as strongly as possible to partly 
ompensate the e�e
t of the�lters. If the dimension of 
hange in damper for
e was mu
h greater than it a
tually is,this MiniMax-strategy ought to be re
onsidered. But for the given system it is suitable.Another advantage is that the MiniMax-
ontroller is independent of the a
tual 
har-a
teristi
 lines of the sho
k absorber. Furthermore, it is only the sign of the dampervelo
ity that is ne
essary as input. Those are two implementation reasons whi
h make theMiniMax-
ontroller more feasible for 
lose to reality appli
ations.The damper velo
ity vD, or better, the sign of the damper velo
ity sign(vD) provides withinformation about the dire
tion into whi
h the sho
k absorber is moving|
ompression orrebound. The request of wheel load Fz;req has values of either one (in
rease wheel load)or minus one (de
rease wheel load). This request 
an 
ome from any top-level 
ontrollerwhi
h might be in servi
e. It 
an either be a global-
hassis-management 
ontroller or, likein this 
ontext, a more spe
i�
 
ontroller, namely the one whose �nal purpose is to redu
ethe braking distan
e. This top-level 
ontroller whi
h delivers the request of wheel load isdes
ribed in se
tion 5.3. For now it is not of any interest where the request of wheel load
omes from. It is just either one or minus one.In Figure 4.11 the prin
iple fun
tion of the MiniMax-
ontroller is shown. Depending onthe inputs vD and Fz;req the damper 
urrent ID is swit
hed to either 0 or 1.6A (hard or softsho
k absorbers). This means if either the request of wheel load or the damper velo
ity
hanges its sign, the a
tive sho
k absorber will be swit
hed from hard to soft or vi
e versa.The 
hange in the 
ourse of wheel load is not 
aused by the fa
t that either hard or softdamping is present itself. It is 
aused by the fa
t that the sho
k absorber is swit
hed.Without swit
hing, the 
ourse of wheel load might be good or bad in the sense of smallos
illations, but the transient 
hange whi
h is used as a tool by the MiniMax-
ontrolleronly o

urs when swit
hing the sho
k absorber.Furthermore, sin
e the damping fa
tor 
hanges its value from hard to soft or vi
e versaevery time vD passes zero, it is possible to establish arti�
ial 
hara
teristi
 lines for thea
tive sho
k absorbers by means of the MiniMax-
ontroller. As it is des
ribed in se
tion 3.1,sho
k absorbers in general have a stronger rebound than 
ompression stage, the damperfor
es in rebound are greater than in 
ompression for the same absolute value of damper2Rei
hel (2003): Untersu
hungen zum Ein
uss stufenlos verstellbarer S
hwingungsd�ampfer auf das insta-tion�are Bremsen von Personenwagen. 75
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Figure 4.11: MiniMax-
ontroller.velo
ity. With the a
tive sho
k absorber for both rebound and 
ompression the damping
an be set to either soft or hard. If the request of wheel load stays 
onstant at `in
reasewheel load' (`de
rease wheel load') during time, this leads to a soft (hard) sho
k absorberin rebound and to a hard (soft) sho
k absorber in 
ompression. Thus, those arti�
ial
hara
teristi
 lines lead to a smaller rebound/
ompression ratio3 sRC (refer to equation 3.1on page 37) of the sho
k absorber 
hara
teristi
 for `in
rease wheel load' and to a greaterspreading for `de
rease wheel load'.4.4.1 Arti�
ial Chara
teristi
 LinesBy means of the MiniMax-
ontroller the a
tive sho
k absorber 
an be operated in 
har-a
teristi
 lines whi
h it does not really posses by 
onstru
tion. Figure 4.12 shows thosearti�
ial 
hara
teristi
 lines for the sho
k absorber of the testing vehi
le at the front leftwheel. If the request of wheel load Fz;req is kept 
onstant at e. g. +1, the sho
k absorberwill be swit
hed from hard to soft or vi
e versa every time the damper velo
ity passes thevalue zero. Thus, for this example the arti�
ial 
hara
teristi
 line in Figure 4.12 whi
his marked with 
ir
les will establish. The rebound/
ompression ratio sRC is mu
h smallerthan it is for the standard 
hara
teristi
 lines `hard' or `soft'. In fa
t, for the given sho
kabsorber sRCjFz;req=+1 � 1. If the request of wheel load is kept 
onstant at �1, this ratiofor the then establishing 
hara
teristi
 line sRCjFz;req=�1 � 3:::5, depending on the dampervelo
ity's magnitude.The wheel load whi
h 
an be gained at the i-th wheel by swit
hing the a
tive sho
kabsorber from one setting to another (hard to soft or Fz;req = �1 to Fz;req = +1, this doesnot matter in the short run, it is basi
ally the same in the short run) equals the di�eren
eof the damper for
e �FD;i between hard and soft damping for a given damper velo
ity3Ratio between the average damping 
oeÆ
ient in rebound and the average damping 
oeÆ
ient in 
om-pression.76



4.4 Wheel Load-Controller|MiniMax-Controller
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4 Verti
al Dynami
sv�D;i . Thus, the greater the spreading shs between the hard and the soft 
hara
teristi
 line,the greater the possible e�e
t on wheel load. But it must be kept in mind that the wheelload e�e
t whi
h goes into the desired dire
tion is always followed by a wheel load e�e
t inthe opposite dire
tion. This is be
ause wheel load 
an neither be in
reased nor de
reasedin the long run. The mean value of dynami
 wheel load is always zero in the long run.4.4.2 Lowering and Lifting of the Vehi
le's BodyThe di�eren
e between damping 
oeÆ
ient in rebound and 
ompression leads to a self-leveling e�e
t. This means that the vehi
le's body is lowered if the average damper for
eis smaller in 
ompression than in rebound. In a quarter-
ar model the only for
es whi
ha
t on the vehi
le's body are the body damper and the body spring for
e. Thus, duringone os
illation 
y
le in stationary 
ondition these for
es must sum up to zero. Figure 4.13shows the prin
iple of the e�e
t whi
h leads to a lowering and lifting of the vehi
le's body.a) In the stati
 
ase where no os
illations are present, the spring's displa
ementsS = zB � zW is equal to sS;stati
.b) The a
tive sho
k absorber is operated su
h that the arti�
ial 
hara
teristi
 line ismaximum hard in rebound (ID = 0A for vD = 0) and minimum soft in 
ompression(ID = 1:6A for vD < 0). This is equivalent to the 
ase where the request of wheelload Fz;req = �1. For a ratio sRC > 1 this leads to a lowered body and the meanspring displa
ement with respe
t to time is equal to sS;1 < sS;stati
.
) The sho
k absorber is now operated su
h that the arti�
ial 
hara
teristi
 line is min-imum soft in rebound (ID = 1:6A for vD = 0) and maximum hard in 
ompression(ID = 0A for vD < 0). This is equivalent to the 
ase where the request of wheel loadFz;req = +1. Now due to the in
reased damper for
e in 
ompression and the lowereddamper for
e in rebound the wheel load will in
rease and 
ause the body to a

eler-ate upwards as long as due to the in
reasing spring for
e the vehi
le's body will at apoint be a

elerated downwards again. This is the point in time when the wheel loadis not in
reased anymore but the Delta Wheel Load is equal to zero. Afterwards thewheel load is de
reased as long as it takes for the body to rea
h its new stationaryposition.d) The a
tive sho
k absorber is now still operated su
h that the request of wheel loadFz;req = �1. The vehi
le's body is now in stationary position again. For a ratiosRC < 1 this leads to a lifted body and the mean spring displa
ement with respe
tto time is equal to sS;2 > sS;stati
.The amount of lifting and lowering of the vehi
le's body 
an also be 
al
ulated in ananalyti
al way. The spring and the damper for
e are 
al
ulated by multiplying the bodyspring sti�ness respe
tively the body damping 
oeÆ
ient with the spring displa
ementrespe
tively the damper velo
ity (equations 4.26 and 4.27).F
B(t) = 
B [zB(t)� zW(t)℄ = 
B sS(t) (4.26)FkB(t) = kB [ _zB(t)� _zW(t)℄ = kB _sS(t) = kB vD(t) (4.27)78
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0̂z 0̂zFigure 4.13: A quarter-
ar model des
ribes the verti
al movement of the vehi
les body when aseismi
 ex
itation 
auses it to os
illate. The amplitudes of the os
illations of body zB, wheel zWand seismi
 ex
itation z0 are referred to as ẑB, ẑW and ẑ0. The upwards and downwards pointingarrow right of the model demonstrates the os
illation of the respe
tive degree of freedom.If the quarter-
ar is in a stationary, periodi
 mode due to a seismi
, periodi
 ex
itation,the spring and the damper for
e must sum up to zero over one time period. This is be
ausethose are the two for
es whi
h move the vehi
le's body either up or down. If the os
illationis stationary, there is no long-term movement of the body. If it is additionally periodi
,the for
es|whi
h 
ause an a

eleration of the body|must some up to zero over a timeperiod. I F
B(t) + FkB(t) dt = 0 (4.28)For the following thoughts the damping 
oeÆ
ient kB is assumed to be 
onstant inrebound and 
ompression but di�ers with the sign of damper velo
ity.kB = � kB;R for _sS = vD � 0kB;C for _sS = vD < 0 ; (4.29)where kB;R stands for the damping 
oeÆ
ient in rebound and kB;C for the one in 
om-pression. The ratio of damping 
oeÆ
ient in rebound and the one in 
ompression is 
alledsRC (refer to se
tion 3.1). For the testing vehi
le, sRC 
an have values between approxi-mately 1 and 3...5 for the front and the rear axle, depending on the damper velo
ity andthe damper setting|hard and soft, or Fz;req = �1 and Fz;req = +1.kB;RkB;C = sRC (4.30)Now the os
illation of the spring displa
ement 
aused by a seismi
 ex
itation is as-sumed to be not only periodi
 but harmoni
 plus a 
onstant displa
ement sS;mean. Thisdispla
ement in stationary mode, whi
h des
ribes a lowering or lifting of the body, is tobe determined in the following steps.sS(t) = sS;mean + ŝS 
os(!t) (4.31)
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4 Verti
al Dynami
sThis assumption also leads to a harmoni
 os
illation of the damper velo
ity vD(t) = _sS(t):_sS(t) = �! ŝS sin(!t) (4.32)Applying equations 4.26, 4.27, 4.31, and 4.32 to equation 4.28 and integrating over onetime period of the assumed periodi
 os
illation leads to:2�!Z0 
B(sS;mean + ŝS 
os(!t))� kB ! ŝS sin(!t) dt = 0 (4.33)
B sS;mean 2�! � 264 �!Z0 kB;C ! ŝS sin(!t) dt+ 2�!Z�! kB;R ! ŝS sin(!t) dt375 = 0 (4.34)
B sS;mean 2�! + [kB;C ŝS 
os(!t)℄ �!0 + [kB;R ŝS 
os(!t)℄ 2�!�! = 0 (4.35)
B sS;mean 2�! = 2 kB;C ŝS � 2 kB;R ŝS (4.36)sS;mean = ! ŝS� 
B (kB;C � kB;R) (4.37)Applying equation 4.30 and substituting !ŝS with v̂D �nally leads to:sS;mean = �kB;C (sRC � 1) v̂D� 
B (4.38)From equation 4.37 derives that the self-leveling e�e
t is proportional to the di�eren
eof linearized damping 
oeÆ
ients for rebound and 
ompression, kB;R � kB;C, and to theamplitude of the damper velo
ity v̂D of a given harmoni
 os
illation. From equation 4.38derives that the self-leveling e�e
t is proportional to (sRC � 1), to the linearized damping
oeÆ
ient in 
ompression kB;C, and again to the amplitude of the damper velo
ity v̂D ofa given harmoni
 os
illation. It is re
ipro
al to the body spring sti�ness. It 
an also beseen that for a spreading greater than one (damping 
oeÆ
ient in rebound is greater thanin 
ompression) an os
illation leads to a negative value for sS;mean, whi
h means that thebody is lowered. If the spreading is equal to one (equal damping 
oeÆ
ient for reboundand 
ompression), no self-leveling e�e
t will o

ur at all.As 
an be seen in equation 4.13 on page 65, the dynami
 wheel load 
an be measuredin terms of the sum of verti
al body and verti
al wheel a

eleration. If the damper isswit
hed in su
h a way that the 
hanging damping for
e leads to an upwards a

elerationof the vehi
le's body, this therefore means that the wheel load is in
reasing, otherwise thebody would not be a

elerated upwards. Of 
ourse, at the same time the wheel will bea

elerated downwards, whi
h would indi
ate a de
reasing wheel load. But sin
e the massof the wheel is by fa
tor 8...13 smaller than the mass of the body (22...47 kg 
ompared to290...380 kg), this downwards pointing a

eleration is 8...13 times greater than the upwardsa

eleration of the body. This in 
ombination with the fa
t that the maximum de
e
tionof the tire spring is by fa
tor 10 smaller than the one of the body spring (
an be measured80



4.5 Test Drives on a Typi
al German Autobahnin terms of sti�ness: 288 kN/m 
ompared to 28.6...29 kN/m) leads to the 
on
lusion thatthe downwards a

eleration of the wheel will last 80...130 times shorter than the upwardsa

eleration of the body does. Thus, the part of the e�e
t whi
h leads to an a

eleration ofthe wheel will disappear very qui
kly, whereas the a

eleration of the body will last longerand 
ontribute to the main part of the e�e
t.Delta Spring Displa
ement �sSAs has been shown in the previous se
tions, swit
hing from one arti�
ial 
hara
teristi
 lineto another not only in
reases or de
reases the wheel load, but it also leads to a loweringor lifting of the vehi
le's body. The amount of this 
hange in spring displa
ement 
an be
al
ulated analyti
ally if the 
ourse of damper velo
ity is harmoni
 and if it is assumedthat the damping 
oeÆ
ients for rebound and 
ompression are 
onstant. To measurethe self-leveling e�e
t in reality, where those assumptions do not hold true, a measurandis introdu
ed. The spring displa
ement at the i-th wheel sS;i is de�ned as the di�eren
ebetween body and wheel displa
ement zB;i�zW;i , whereas Delta Spring Displa
ement is thedi�eren
e between the mean values (with respe
t to time) of the sS;i of the two stationarystates for di�erent damping 
hara
teristi
s kD;1(vD) and kD;2(vD). Sin
e for a given seismi
ex
itation not equal to zero the spring displa
ement varies with the 
hara
teristi
 of thea
tive sho
k absorber, there is always a lifting respe
tively lowering of the vehi
le's bodyif the a
tive sho
k absorber is swit
hed from one arti�
ial 
hara
teristi
 line to another.This lifting or lowering is measured with the Delta Spring Displa
ement quantity.�sS;i;1!2 = 1t2 � ts t2Zts sS;i dt� 1ts � t1 tsZt1 sS;i dt (4.39)for t1 � ts and t2 � ts, Fz;req = req1 for t 2 [t1; ts℄ and Fz;req = req2 for t 2 [ts; t2℄.The sho
k absorber is swit
hed from 
hara
teristi
 line 1 to 
hara
teristi
 line 2 and thequantity measures the di�eren
e in spring displa
ement for the long-run average beforeand after swit
hing the sho
k absorber.4.5 Test Drives on a Typi
al German AutobahnIn test drives two details of the verti
al dynami
s are investigated whi
h 
annot be inves-tigated in test rig trials. Firstly, the e�e
t of swit
hing the sho
k absorber on the 
ourse ofwheel load is identi�ed in real test drives. The di�eren
e to test rig trials is the spinningwheel, the type of os
illation of wheel load, and the in
oherent ex
itation at left and rightwheel. For reprodu
ibility reasons those test drives are exe
uted on the `De�ned Obsta
les'test tra
k (refer to se
tion 3.4.1). Sin
e it is not only the verti
al but also the longitudinaldynami
s whi
h are investigated in this kind of test drives, those test drives are 
overedin se
tion 5.2.2.Se
ondly, the amount of lowering and lifting of the vehi
le's body is determined in testdrives on German highways. The question whi
h needs to be answered is if the amountof lowering and lifting is similar to the one that 
an be found on the test tra
k `StandardRoad', whi
h is used for exe
uting the full-braking test drives. Besides that those highway81



4 Verti
al Dynami
stest drives should deliver the time 
onstant of the verti
al movement of the vehi
le's body.How long does it take for the body to be lowered or lifted?To determine how big the self-leveling e�e
t is on an ordinary road, test drives on400 km of southwestern German Autobahn are exe
uted. Besides the purpose to determinethe strength of the self-leveling e�e
t there is yet another obje
tive whi
h ought to bea
hieved by those Autobahn test drives: All braking pro
edures exe
uted in 
hapter 5are exe
uted on the test tra
k `Standard Road', whi
h is the pavement of an old air�eldthat belongs to Te
hnis
he Universit�at Darmstadt (refer to se
tion 3.4.2). To determineif this pavement is representative for a typi
al German Autobahn the �sS measured atthe air�eld is 
ompared to the one measured on the Autobahn tra
k. This 
omparisonalready was made in se
tion 3.4.2. Here the method to a
tually determine the DeltaSpring Displa
ement is explained.The test drives to determine the Delta Spring Displa
ement whi
h o

urs when drivingon an ordinary road were exe
uted on the route shown in Figure 4.14.
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Figure 4.14: Routing of the tra
k that is measured with respe
t to its unevenness by makinguse of the self-leveling e�e
t4. The numbers give the number of the road se
tion that starts atthe given position. The overall length of the testing tra
k is approximately 400 km.The vehi
le's velo
ity is kept 
onstant at 85 km/h during the test drives. On all highwaysit is the very right lane whi
h is driven on. There it is possible to drive in between thetru
ks, whi
h are lining up on the right lane in Germany, and therefore adopt to their4N.N. (2006b): Website { map 2482



4.5 Test Drives on a Typi
al German Autobahn
onstant velo
ity. Parts of the test drive in whi
h the velo
ity 
ould not be kept 
onstantdue to traÆ
 or other reasons are not analyzed. The testing pro
edure is as follows: Thestrategy to de
rease (in
rease) the wheel load is pursued in ea
h 
ase for �fteen se
onds.This leads to a lowering (lifting) of the vehi
le's body. After swit
hing the strategy to`in
rease' (`de
rease'), the vehi
le's body is lifted (lowered). The mean value of the springdispla
ement of the front right wheel for the time after swit
hing the strategy minus themean value of spring displa
ement before swit
hing the strategy gives the Delta SpringDispla
ement of the a
tual swit
hing pro
ess. The prin
iple of this pro
edure is explainedin Figure 4.15.
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 = -1 F
z,req

 = +1 Figure 4.15: Method that is used to determine the Delta Spring Displa
ement due to swit
hingthe 
ontrol of the a
tive sho
k absorbers from Fz;req = �1 to Fz;req = +1 on an ordinary road.Sin
e the body needs time to establish its new position after swit
hing the strategy, inea
h 
ase the �rst �ve se
onds after tS are not 
ounted to determine the mean value ofspring displa
ement. The Delta Spring Displa
ement �sS provides information about thepower whi
h is put into the os
illation system `vehi
le' by passing the pavement. It isthe bigger the faster the vehi
le drives. In the given 
ontext, �sS furthermore providesinformation about how strong the swit
hing e�e
t of the sho
k absorbers will be and forhow long it will last.It is not only the Delta Spring Displa
ement �sS whi
h is determined in the Autobahntest drives, but also the time the vehi
le's body needs to establish its new stationaryelevation after a swit
hing of the strategy (`in
rease wheel load' to `de
rease wheel load' orvi
e versa). This time t90% is de�ned as the time at whi
h 90% of the total Delta Spring83



4 Verti
al Dynami
sDispla
ement is rea
hed after a strategy 
hange. Sin
e the pure spring displa
ement signalis noisy, it is not the spring displa
ement itself whi
h is observed to �nd t90%, but the
oating mean value of the spring displa
ement. For the 
al
ulation of the 
oating meanvalue of sS at a given time, b = 2:5 s of the signal are averaged (1.25 s ba
kwards and 1.25 sforwards). Those 2.5 s were determined as the best suitable value by analyzing how manyse
onds during a stationary period need to be averaged su
h that this mean value is equalto the long run mean value for every window b. Figure 4.16 shows the des
ribed quantitiesexemplarily for two strategy swit
hings at the front right wheel on part of the Autobahn.
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Figure 4.16: Result from a swit
hing the 
ontrol of the a
tive sho
k absorbers from Fz;req = �1to Fz;req = +1 and vi
e versa on an ordinary road.For the front right wheel the time t90% has mean values for 200 swit
hings ea
h of:Fz;req = �1 to Fz;req = +1: t90% = 1:1 sFz;req = +1 to Fz;req = �1: t90% = 0:85 sThose values give a rough impression of how long it takes for the vehi
le's body toestablish the new stationary 
ondition after swit
hing the strategy. They strongly dependon the value for b and 
an therefore not deliver information of how long the vehi
le's bodyis a

elerated upwards or downwards after swit
hing the strategy. But still, the valuesdetermined for t90% help to determine the time it takes for a strategy 
hange to have itsfull e�e
t on the lifting or lowering of the body.In Figure 4.17 the results of determining the front right Delta Spring Displa
ement �sS;frfor the 
hosen highways are shown. The averaged values of �sS;fr for every road se
tion84



4.5 Test Drives on a Typi
al German Autobahnare plotted versus the number of the respe
tive road se
tion (for the numbering refer toFigure 4.14). For ea
h road se
tion there are approximately 10{12 swit
hing pro
esses,5{6 in ea
h dire
tion (`in
rease' to `de
rease' and vi
e versa). It 
an be seen that the DeltaSpring Displa
ement varies in a range from 2{4mm in both dire
tions|either swit
hingfrom `in
rease' to `de
rease' or vi
e versa. Figure 4.17 shows that there are some se
tionswhi
h are worse than other se
tions in the sense that the pavement is rougher. Numbers6, 7, 20, 22, and 28, 29 have a higher mean value of Delta Spring Displa
ement than theother se
tions. Those are road se
tions whi
h follow 
lose behind the 
ity of Stuttgarton the Autobahn no. 8 and se
tions 
lose behind the Kreuz Walldorf on Autobahn no. 5.Those parts of the highway system are known to be in a poor 
ondition. Several bumpsand short waves follow ea
h other there. Beside those se
tions the results of the other partsof all Autobahn se
tions overdriven lie in a band of �sS;fr � 2{3mm. Sin
e the result forthe Delta Spring Displa
ement of the 
hosen test tra
k `Standard Road' also lies withinthis band, this test tra
k is assumed to be representative for those southwestern Germanhighways (refer to se
tion 3.4.2).
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Figure 4.17: Mean values of the Delta Verti
al Displa
ement �sS;fr of the front right wheelwhi
h o

urs when swit
hing from one request of wheel load (e. g. `de
rease wheel load') toanother (e. g. `in
rease wheel load').
85



4 Verti
al Dynami
s4.6 Test Rig ExperimentsTest rig trials are exe
uted to validate the Wheel Load In
uen
e Matrix (refer to Table 4.1on page 64) and the assumptions of the quarter-
ar model des
ribed in se
tion 4.3. Thehypothesis is formed that the wheel load 
an be in
uen
ed purposefully in a desired di-re
tion. But it is not only this question of the dire
tion of the e�e
t whi
h needs to beanswered. In fa
t, the time behavior and the absolute values by whi
h the wheel load 
anbe in
uen
ed must be determined in order to be able to de
ide if the a
tive sho
k absorberand its swit
hing 
an a�e
t the verti
al dynami
s heavily enough to �nally in
rease thebraking performan
e. In se
tion 4.3 it 
ould be shown that the damping velo
ity is highestat low frequen
ies when driving on a road with a typi
al unevenness. The next questionwhi
h needs to be answered is: How is the damper velo
ity 
onne
ted to the e�e
t whi
hthe a
tive sho
k absorber 
an have on the 
ourse of wheel load?4.6.1 MethodTo answer these questions a testing pro
edure was developed whi
h allows to measure thein
uen
e of swit
hing the sho
k absorber from one 
onstant 
hara
teristi
 line to another,e. g. from hard to soft damping or vi
e versa. During this pro
edure the testing vehi
leis put on a 4-post test rig (for a detailed des
ription of this test rig refer to se
tion 3.3)and stimulated by seismi
 ex
itations on either all wheels, only one wheel, one axle, or oneside. No matter where the seismi
 ex
itation is applied, it always is applied as a sinusoidalos
illation at one 
onstant frequen
y during one trial. The frequen
ies applied range from0.5Hz up to 30Hz, in order to 
over the whole spe
trum of relevant verti
al os
illationsof the vehi
le. The amplitude ŝP with whi
h the testing vehi
le is ex
ited depends onthe given frequen
y. It is the re
ipro
al of the ex
itation frequen
y fe times a 
onstantŝP;1Hz = 50mm. ŝP(fe) = 1fe ŝP;1Hz (4.40)or on velo
ity level: _̂sP = 2� 50mm=s � 0:314m=s = 
onst: (4.41)The periodi
 seismi
 ex
itation eventually leads to a periodi
 response of the wholesystem. This means that on
e the whole system os
illates in a stationary 
ondition, the
ourse of every single quantity is periodi
. Thus, it is possible to measure the e�e
t ofswit
hing the a
tive sho
k absorber at a wheel. Changing any parameter of the os
illatingsystem leads to a transient rea
tion of the system and �nally to a new stationary situation.Now that it is known what would have happened if the sho
k absorber had not beenswit
hed (be
ause the 
ourses of all measurands are periodi
), the di�eren
e between thea
tual 
ourse of any measurand after swit
hing the sho
k absorber and the proposed 
oursewhi
h would have established if the sho
k absorber had not been swit
hed gives informationabout how the swit
hing pro
ess a�e
ts the system. For all tests whose results are shownhere the standard in
ation pressure of pT = 2:3 bar is used.Before the detailed des
ription of the developed testing method starts, some de�nitionsshall be introdu
ed. The quantities whi
h are essential for the measuring pro
ess are thefollowing ones.86



4.6 Test Rig ExperimentsSwit
hing Time tsThe swit
hing time ts is the time at whi
h the damper is swit
hed from one 
onstantdamper setting to another. For all following de�nitions the time s
ale is set su
h thatts = 0 s. I. e. the time starts to 
ount at the time of swit
hing the sho
k absorber.Delta Wheel Load �FzThe di�eren
e of the dynami
 wheel load after swit
hing the sho
k absorber and thedynami
 wheel load whi
h would have established if the sho
k absorber had not beenswit
hed is 
alled Delta Wheel Load �Fz.�Fz(t) = Fwz;dyn � Fw=oz;dyn (4.42)For a time period t 2 [ ts; ts + tsear
h ℄ it is de�ned as:�Fz(t) = 8>><>>: Fz;dyn(t)� Fz;dyn(t� T ) for t 2 [ts; ts + T )Fz;dyn(t)� Fz;dyn(t� 2T ) for t 2 [ts; ts + 2T ): : : : : :Fz;dyn(t)� Fz;dyn(t� nT ) for t 2 [ts; ts + tsear
h) ; (4.43)where T is the time period T = 1fe of the respe
tive seismi
 os
illation. The time periodfor whi
h an e�e
t is sear
hed after swit
hing the sho
k absorber is tsear
h = 200ms. It is
hosen su
h that every e�e
t lies within this time period. The Delta Wheel Load alwaysrefers to the 
ourse of wheel load one period before the swit
hing takes pla
e, no matterhow many periods after the swit
hing are sear
hed for an e�e
t. That means it alwaysrefers to what would have happened if the sho
k absorber had not been swit
hed.Delta Wheel Load Integral �FIThe integral of the di�eren
e of the wheel load values with swit
hing and without swit
hing,�FI, is de�ned for the same time period t 2 [ ts; ts + tsear
h ℄ as:�FI(t) = tZts �Fz(�) d� (4.44)E�e
t Time teThe E�e
t Time te is de�ned as the time at whi
h the absolute value of Delta WheelLoad Integral 
rosses a given boundary FIbound for the �rst time after swit
hing the sho
kabsorber. te = min � t 2 [ ts; ts + tsear
h ℄ j j�FI(t)j > FIbound� (4.45)
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4 Verti
al Dynami
sTotal E�e
t Time te;totThe Total E�e
t Time te;tot is the time at whi
h the e�e
t 
aused by swit
hing the sho
kabsorber vanishes, meaning that �Fz 
rosses zero for the �rst time after te.te;tot = min ( t 2 [ te; ts + tsear
h ℄ j j�Fz(t)j = 0) (4.46)E�e
t Magnitude AeThe E�e
t Magnitude Ae is de�ned as the Delta Wheel Load Integral �FI, 
ounted fromts to ts + �te. In this thesis and for the given testing vehi
le �te = 50ms. The value ofthis time period mainly depends on the dynami
s of the a
tive sho
k absorber and on theverti
al dynami
s of the vehi
le. It is 
hosen in su
h a way that for the given experimentalsetup the mean value of the Total E�e
t Time te;tot is greater or equal to �te for everyex
itation frequen
y. Ae = �FI(ts +�te) (4.47)Total E�e
t Magnitude Ae;totThe Total E�e
t Magnitude Ae;tot is de�ned as the Delta Wheel Load Integral �FI 
ountedfrom ts to te;tot. After t > te;tot the Delta Wheel Load �Fz 
hanges its sign and therefore theDelta Wheel Load Integral's absolute value de
reases. Thus, by the Total E�e
t Magnitudethe maximum positive e�e
t of a swit
hing of the a
tive sho
k absorber from hard to softor vi
e versa is measured. The Total E�e
t Magnitude is not the maximum e�e
t that
an be a
hieved by swit
hing the sho
k absorber from `de
rease' to `in
rease' or vi
e versa.But it still gives an impression of how mu
h e�e
t 
an be gained by only swit
hing thesho
k absorber from one 
onstant 
hara
teristi
 line to another.Ae;tot = �FI(te;tot) (4.48)In Figure 4.18 the method whi
h is used on the test rig is des
ribed. It shows the 
ourse ofdynami
 wheel load vs. time for one wheel whi
h stands exemplary for all wheels. At timets the a
tive sho
k absorber at the respe
tive wheel is swit
hed from one 
onstant setting toanother. Sele
table settings are soft (ID = ID;max = 1:6A), middle (ID = ID;middle = 0:8A)and hard (ID = ID;min = 0A).Long before the swit
hing of the sho
k absorber (approximately �ve time periods) thewhole system has rea
hed its stationary mode. On
e the sho
k absorber is swit
hed, the
ourse of dynami
 wheel load 
hanges with respe
t to the 
ourse one time period before.The integral of the di�eren
e between the dashed line and the solid line between ts � Tand ts measures this 
hange. There is a dead time between swit
hing the sho
k absorberand its �rst measurable e�e
t on dynami
 wheel load in whi
h the 
ourse of dynami
 wheelload remains similar to the one a period before. Until te it is not possible to noti
e thatthe sho
k absorber has been swit
hed at all, only by looking at the wheel load.To investigate the swit
hing pro
ess means to investigate the transient behavior of thesystem, shifting from one stationary state to another. The swit
hing of the sho
k absorber
hanges the governing equations of the system. It 
an be interpreted in su
h a way that88
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Figure 4.18: Prin
iple of the test rig experiment that has been developed to measure the e�e
tof a swit
hing of the a
tive sho
k absorber on the dynami
 wheel load in both the time andthe magnitude frame. The integral of the di�eren
e of dynami
 wheel load after the swit
hingand a time period before gives information about the strength of the swit
hing e�e
t and thetime that it needs for the e�e
t to take pla
e.
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4 Verti
al Dynami
stwo systems (hard and soft) are started at the same initial 
onditions. It is then the twodi�erent 
ourses of wheel load whi
h are 
ompared.Besides determining the e�e
t of swit
hing the sho
k absorber, the test rig trials arealso valid to verify the use of the quarter-
ar model. Figure 4.19 shows the strategy toverify the usage of a quarter-
ar model in order to model the transient behavior after aswit
hing pro
ess. The vehi
le is put on the test rig and ex
ited in the previously des
ribedmanner. It is not only an ex
itation at every four wheels (a) whi
h is applied, but also anex
itation at only the front axle (b), only the front left wheel (
), and only one tra
k (d).The assumption is that the kind of ex
itation (a{d) does not in
uen
e the swit
hing e�e
tdramati
ally in both magnitude and time frame.
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d)Figure 4.19: Validation strategy to prove the 
orre
tness of use of a quarter-
ar model.To assure that this assumption holds true, the null hypothesis H0 and its alternativehypothesis H1 are formed:H0: The results of the swit
hing pro
edure with respe
t to E�e
t Time and E�e
t Magni-tude for a wheel vary with the type of seismi
 ex
itation|whether it is only appliedat this wheel or at other wheels at the same time as well.H1: The results of the swit
hing pro
edure with respe
t to E�e
t Time and E�e
t Mag-nitude for a wheel are the same, no matter if the seismi
 ex
itation is applied onlyat the swit
hed wheel or at other wheels at the same time as well.It must be tested if by applying a `worst 
ase' s
enario (ex
itation b{d), whi
h is validfor falsifying the hypothesis H0, it 
an a
tually be falsi�ed. If this is the 
ase, the oppositeof the hypothesis (the results are independent of the existen
e of seismi
 ex
itation at otherthan the inspe
ted wheel) is assumed to be true. If this again is the 
ase, if the measuredresults of a swit
hing pro
ess depend only on the measurands of this wheel, a quarter-
armodel is suitable to model the swit
hing pro
ess.Even if it 
an be shown that the e�e
t of swit
hing the sho
k absorber at a wheel isindependent of the pla
es of ex
itation, it does not ne
essarily mean that swit
hing thesho
k absorber at a wheel does not in
uen
e the 
ourse of wheel load at other wheels.But this is another aspe
t, and even if there is this e�e
t on other wheels, modeling theswit
hing at a wheel by a quarter-
ar model is still valid. The e�e
t that swit
hing the sho
kabsorber on one wheel has on another wheel 
annot be implemented in a 
ontroller, be
ause90



4.6 Test Rig Experimentsthe e�e
t on other wheels depends on the a
tual damper velo
ity of those. Depending onthe damper velo
ity at the non-swit
hed sho
k absorber, it 
an either be a positive or anegative e�e
t whi
h is 
aused by the swit
hed sho
k absorber at the non-swit
hed wheel.But sin
e the e�e
t of swit
hing is greater at the swit
hed wheel than at the non-swit
hedwheel, it is always better to swit
h the sho
k absorber if this is the output of the wheel-load
ontroller at the wheel whi
h ought to be swit
hed than to retain the swit
hing due to thedamper velo
ity situation of the non-swit
hed wheel.Summarizing, if the e�e
t at a wheel mainly depends only on the os
illations at thiswheel, this means that for the wheel-load 
ontroller it is admissible to use an individual
ontroller for every wheel.
4.6.2 ResultsThe experiments previously des
ribed are undertaken for ex
itation frequen
ies between0.5 and 30Hz. The lo
ation of ex
itation varies from ex
itation at all four wheels toex
itation at only one wheel over only one tra
k, and one axle. At those wheels where noex
itation takes pla
e the sho
k absorbers are set to their hardest damping.In Figure 4.20 the measured e�e
t is exemplarily shown for an all-wheel ex
itation ata frequen
y of fe = 2Hz for the front left wheel. The dynami
 wheel load with andwithout swit
hing, the damper velo
ity, and the damper 
urrent are shown. At time tsthe sho
k absorber is swit
hed from hard to soft. The damper velo
ity vD(ts) at time ofswit
hing is negative, whi
h means that the sho
k absorber is in 
ompression. Thereforewhat is expe
ted (referred to the wheel load in
uen
e matrix in Table 4.1 on page 64) isthe lowering of wheel load. And this is in fa
t what happens: At te � 20ms after swit
hingthe sho
k absorber the 
ourse of wheel load Fwz;dyn(t) is signi�
antly below the 
ourse ofwheel load Fw=oz;dyn(t). The wheel load with swit
hing is at the maximum approximately800N lower than for the 
ourse without swit
hing the sho
k absorber.Furthermore, Figure 4.20 shows that the e�e
t is reversed after the Total E�e
t Timete;tot is rea
hed. It is starting from there that the until then negative wheel load integralbe
omes more positive, be
ause the Delta Wheel Load is also positive from te;tot on. Itis approximately at the time when the damper velo
ity 
hanges its sign that the e�e
tbe
omes negative. This makes sense in the way that it is due to the damper velo
ity thata damper for
e is present at all. The 
hange of this damper for
e is the 
hange in wheelload whi
h 
an be measured and used for 
ontroller purposes.If now the damper velo
ity 
hanges its dire
tion, the e�e
t will not go into the desireddire
tion anymore. It will rather be the opposite of what was desired when swit
hingthe sho
k absorber, when the damper velo
ity had a di�erent sign. When applying theswit
hing of the sho
k absorber into a 
ontroller this fa
t needs to be remembered. The�rst e�e
t 
aused by the swit
hing is `positive' in the sense that it points in the dire
tionwhi
h was requested when swit
hing the sho
k absorber. But between 30 and 200ms laterthe desired e�e
t is over and from then on it is `negative' in the sense that the Delta WheelLoad now points in the undesired dire
tion. It depends mainly on the ex
itation frequen
ywhen this point of return will be rea
hed, but it will be rea
hed eventually in every 
ase.91
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Figure 4.20: Test rig experiment: E�e
t of swit
hing the sho
k absorber at the front leftwheel at an ex
itation frequen
y of fe = 2Hz. Ex
itation on all four wheels.Time FrameThe plot in Figure 4.20 shows the results of only one swit
hing pro
ess exemplarily. Tomake a swit
hing pro
ess 
omparable to one another, the previously des
ribed quantitiesE�e
t Time and E�e
t Magnitude were introdu
ed. In this se
tion the e�e
t of swit
hingthe sho
k absorber in the time frame is analyzed. In Figure 4.21 the Total E�e
t Timeand the E�e
t Time are plotted vs. the ex
itation frequen
y for the front left wheel. Thesame is shown in Figure 4.22 for the rear right wheel.In both 
ases it 
an be seen that the average E�e
t Time is approximately 
onstant forevery ex
itation frequen
y. At the rear axle it takes slightly longer for the e�e
t to get tothe tire 
onta
t zone. This is probably be
ause the sho
k absorbers at the rear axle arenot mantled dire
tly to the axle. There the damper for
e a
ts via a lever arm on the axle,and this lever arm is suspended in a rubber mounting, whi
h 
ould lead to a time delayin the transmission path of damper for
e to wheel load. The Total E�e
t Time de
reaseswith an in
reasing ex
itation frequen
y. This is due to the fa
t that swit
hing the sho
kabsorber has an positive e�e
t on the 
ourse of the wheel load only as long as the dampervelo
ity has the same sign as it had at the time of swit
hing.Furthermore, it 
an be seen that the dire
tion in whi
h the sho
k absorber is swit
hed(hard to soft or soft to hard) e�e
ts neither the E�e
t Time nor the Total E�e
t Timestrongly.This means: First of all, assuming that superposition 
an be done, the average timethat it takes for the swit
hing of the sho
k absorber to have an e�e
t on the wheel load isindependent of the type of ex
itation, may it be a noise, a periodi
 or any other transient92
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Figure 4.21: Total E�e
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itation frequen
y for front left wheeland seismi
 ex
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4.6 Test Rig Experimentstype of seismi
 ex
itation. It only depends on the velo
ity of the sho
k absorber at timeof swit
hing vD;s = vD(ts) and on the swit
hing dire
tion (refer to Figure 4.23).One main part of this time delay 
omes from the fa
t that the ele
tromagneti
 valvewithin the sho
k absorber has to 
hange its opening 
ondition and that the hydrauli
pressure within the sho
k absorber has to 
hange. The se
ond main part 
omes from thefa
t that the tire �rst has to be deformed in order to transfer the damper for
e into wheelload. Yi has also shown this e�e
t by applying a sudden 
hange of sho
k absorber setting(soft to hard) to an a
tive sho
k absorber at 
onstant damper velo
ity5.The se
ond 
on
lusion from Figure 4.21 is that the duration of the e�e
t and with thisits positiveness is longer the lower the ex
itation frequen
y. Hen
e, superposition 
annotbe done in this 
ase. The duration of the e�e
t of swit
hing the sho
k absorber stronglydepends on the frequen
ies with whi
h the vehi
le is ex
ited.In Figure 4.21 it 
an furthermore be seen that it takes approximately an average time of26ms for the e�e
t to take pla
e at the front left wheel and 32ms for the rear right wheel.Due to symmetry the same holds true for the front right and the rear left wheel, so that inthis sense the front left wheel stands exemplary for the front axle and the rear right wheelfor the rear axle. Just above the body eigenfrequen
y, at 3Hz, the e�e
t takes pla
e at anaverage time of 18ms respe
tively 12ms. This has two reasons:Firstly, be
ause here the body and the wheel movement are out of phase, the amplitudesare rather large, and the pit
hing and the verti
al eigenfrequen
y of the vehi
le's bodyinterfere. Those fa
ts are the reason that the reprodu
ibility of the 
ourse of wheel loadfrom one time period to another is slightly smaller here than at other frequen
ies. Thisis why the band of 1Ns for the Delta Wheel Load Integral 
an be 
rossed earlier for theos
illations at this frequen
y.Se
ondly, between 3 and 4Hz the di�eren
e for hard and soft damping of the magni�
a-tion of the transfer fun
tion from seismi
 ex
itation to dynami
 wheel load is greatest (referto Figure 4.5 on page 69). This means that|dynami
ally seen|a swit
hing from hard tosoft 
auses a greater di�eren
e in wheel load here than at other frequen
ies. Therefore, thetransient transmission from the stationary 
ondition for hard (soft) to soft (hard) dampingis stronger than at other frequen
ies and the threshold FIbound of 1Ns is rea
hed faster.Furthermore, it 
an be seen that the duration of the e�e
t varies between mean valuesof approximately 150 and 50ms. The longest e�e
t duration is a
hieved at low frequen
iesof 1Hz. Above 10Hz there is almost no di�eren
e in the e�e
t duration anymore for thedi�erent frequen
ies. This shows that at higher frequen
ies the e�e
t is not very useful, ithas its highest e�e
tiveness at frequen
ies below 5Hz. This 
orresponds very well with thefa
t that the frequen
y spe
trum of damper velo
ity for driving on an ordinary road hasits maximum at the exa
t same frequen
ies (refer to Figure 4.9 on page 73 for simulationresults on this topi
 and to Figure 5.9 on page 132 for experimental results). So the supplyand demand �ts together: The maximum e�e
t is supplied by the system at frequen
iesbelow 5Hz and the maximum e�e
t is demanded at the same frequen
ies.In Figure 4.23 the E�e
t Time is plotted vs. the damper velo
ity at the time of swit
hingof the sho
k absorber for the most relevant frequen
ies between 0.5 and 5Hz. It 
an beseen that there is a tenden
y for the E�e
t Time to be smaller the greater the dampervelo
ity at time of swit
hing. It 
an also be seen that in most of the 
ases the E�e
tTime lies at approximately 25ms. This means it takes 25ms for the swit
hing of the sho
k5Yi/Wargelin/Hedri
k (1992): Dynami
 Tire For
e Control by Semi-A
tive Suspensions. 95
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Figure 4.23: E�e
t Time vs. damper velo
ity at time of swit
hing the sho
k absorber for frontleft and front right wheel and seismi
 ex
itation at di�erent wheels. Results are gained fromtest rig experiments.absorber to have an e�e
t on the 
ourse of wheel load. In some 
ases this time is shorter,in some it is mu
h longer. The 
ases in whi
h it takes very long for the e�e
t to take pla
e(from 50 up to 100ms) are those in whi
h the damper velo
ity at the time of swit
hing islow (jvDj < 0:1m=s). At those low velo
ities the sho
k absorber is either at the upper orat the lower turning point, and it takes time before the full damper for
e|and with it thefull measurable e�e
t|has established from there on.Another thing that Figure 4.23 shows are the results for the E�e
t Time for di�erenttypes of ex
itation. The vehi
le is either ex
ited at only the front left wheel, the frontaxle, the right tra
k, or at all four wheels. It 
an be seen that the prin
iple behavior ofthe E�e
t Time does not vary, no matter what type of ex
itation is used. There is alwaysthe tenden
y for the E�e
t Time to de
rease with in
reasing damper velo
ity at time ofswit
hing. It is also always that the mean value of te for most swit
hing pro
esses lies ataround 25ms. The shorter E�e
t Times for ex
itation at all wheels whi
h o

ur in some
ases 
an be explained again by the fa
t that those appear at 3Hz ex
itation frequen
ywhere the 
ourse of wheel load is not as reprodu
ible as at other frequen
ies.The important 
on
lusion for falsifying hypothesis H0 on page 90 is that the varian
e ofE�e
t Time for the same type of ex
itation and all other parameters being 
onstant is inthe same dimension as the varian
e of E�e
t Time for a di�ering type of ex
itation 
eterisparibus6. This means that when swit
hing the sho
k absorber at a given damper velo
ity,6\Ceteris paribus is a Latin phrase, literally translated as `with other things being the same,' and usually96



4.6 Test Rig Experimentsthe output in terms of E�e
t Time 
annot be predi
ted more pre
isely, no matter if thetype of ex
itation is only at one wheel, one axle, one tra
k, or all wheels. Thus, the e�e
tthat the type of ex
itation has on the E�e
t Time|if present at all|is smaller than otherrandom e�e
ts. The hypothesis H0 on page 90 is therefore falsi�ed in the time domain andhypothesis H1 is presumed to be true.Another essential thing to mention is the following: Even though the e�e
t of swit
hingthe a
tive sho
k absorbers in most 
ases points into the expe
ted dire
tion, that is, ifswit
hing from hard to soft in 
ompression, the wheel load will de
rease for example, thee�e
t always be
omes negative after a while. This means that it is only for a restri
tedamount of time that a positive e�e
t, meaning in the desired dire
tion, 
an be obtained.After this time, whi
h is measured by te;tot, the wheel load will take a 
ourse whi
h isthe opposite of what was desired when swit
hing the sho
k absorber. The wheel load willbe smaller than without swit
hing, even though the request of wheel load was to in
reaseand vi
e versa. This is be
ause wheel load 
an never be in
reased or de
reased as a whole.The times of positiveness and negativeness of dynami
 wheel load 
an only be shifted froma bad distribution to a better distribution.Sin
e the relevant frequen
y band is the one from 1 to 5Hz, the E�e
t Time in generalis short enough for the given purpose to in
uen
e the wheel load goal-oriented. Even atthe highest relevant frequen
y of 5Hz the E�e
t Time 
orresponds only to a phase shift ofapproximately 25ms �5Hz �2� = 1=8 �2� = �4 , whi
h means that for every fourth swit
hing
ase the damper velo
ity has 
hanged its sign before the e�e
t appears in the wheel load.I. e. the majority of 75% of all swit
hing pro
esses will lead to a 
hange in wheel load inthe desired dire
tion, even for an ex
itation frequen
y of 5Hz. At lower frequen
ies thisper
entage is even higher. At 1Hz it lies at roughly 95% (25ms � 1Hz � 2� = �20).For any ex
itation frequen
y the fra
tion of swit
hing pro
esses whi
h will lead to a
hange of wheel load in the desired dire
tion gswit
h 
an be 
al
ulated by equation 4.49.gswit
h = 1� 2 tefe (4.49)The fa
t that the values of gswit
h for low frequen
ies|whi
h are the relevant ones inthe given 
ontext|lie between 75 and 95% implies that with respe
t to the time framethe a
tive sho
k absorbers 
an be used to purposefully in
uen
e the wheel load. But thisonly answers the question if the e�e
t of swit
hing the sho
k absorber will point into thedesired dire
tion. Another question is if the e�e
t will take pla
e fast enough for thegiven 
ontrol purpose. Sin
e to answer this question the longitudinal dynami
s (whi
his dis
ussed in 
hapter 5) needs to be taken into a

ount, it is 
overed in se
tion 5.3.1on page 126. Nevertheless, the answer shall be anti
ipated: The swit
hing of the sho
kabsorber is admissible to in
uen
e the lateral dynami
s of a passenger 
ar purposefullywith respe
t to the time frame.Magnitude FrameIn the previous se
tion the swit
hing e�e
t was investigated in the time frame and it wasshown that with respe
t to time the e�e
t is feasible for a goal-oriented in
uen
e on the
ourse of wheel load.rendered in English as `all other things being equal.' " Sour
e: Wikipedia 97



4 Verti
al Dynami
sIn Figure 4.24 the total e�e
t magnitude and the E�e
t Magnitude are plotted vs. theex
itation frequen
y for the front left wheel. Here it 
an be seen that both the averagetotal e�e
t and the average e�e
t are stronger the lower the ex
itation frequen
y. This hastwo reasons: First, it is due to the longer Total E�e
t Time for lower frequen
ies whi
hleads to a greater Delta Wheel Load Integral. Se
ond, it is due to the greater amplitudeof the Delta Wheel Load.
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Figure 4.24: Total E�e
t Magnitude and E�e
t Magnitude vs. ex
itation frequen
y for frontleft wheel and seismi
 ex
itation at all four wheels equally. Results are gained from test rigexperiments.Again, a superposition is not allowed to do, be
ause the e�e
t is not independent ofthe ex
itation frequen
y at whi
h it is measured. But it 
an be seen that for frequen
iesbetween 1 and 5Hz the total e�e
t is greatest. Again, those are the frequen
ies at whi
hboth the supply and the demand side have the highest amplitudes.The same holds true for the rear axle. The only di�eren
e is that there the E�e
tMagnitude is by fa
tor two smaller than it is at the front axle. This is be
ause thespreading at the front axle is by approximately fa
tor two greater than the spreading atthe rear axle (refer to Figures 4.3 and 4.4 on page 66). The Delta Damper For
es aretherefore also by fa
tor two greater. Thus, the swit
hing e�e
t is twi
e as strong at thefront as it is at the rear axle.Sin
e the relevant frequen
ies are low ones, in Figure 4.25 both the Total E�e
t Mag-nitude Ae;tot and the E�e
t Magnitude Ae are plotted vs. the damper velo
ity at time ofswit
hing for ex
itation frequen
ies between 1 and 5Hz only. This �gure shows that Aein the given frequen
y band strongly depends on the absolute value of damper velo
ity at98
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Figure 4.25: Total E�e
t Magnitude and E�e
t Magnitude vs. damper velo
ity at time ofswit
hing the sho
k absorber for front left wheel and seismi
 ex
itation at all four wheelsequally. Results are gained from test rig experiments.

99



4 Verti
al Dynami
stime of swit
hing. The greater this velo
ity, the greater the e�e
t magnitude.It 
an also be seen that the e�e
t leads to the requested 
hange of wheel load in mostof the 
ases. It is only in rare 
ases at low damper velo
ities that the E�e
t Magnitudehas an other than the expe
ted sign. In general it holds true that the E�e
t Magnitude ispositive for swit
hing the sho
k absorber from soft to hard in 
ompression and from hardto soft in rebound, and vi
e versa. As for the Total E�e
t Magnitude Ae;tot, the values aremore stret
hed than they are in the 
ase of Ae. How strong Ae;tot will be depends on thesystem's states at time of swit
hing.In the same manner as it was done in the time frame, it is now 
he
ked if the hypothesisH0 formed on page 90 
an be falsi�ed in the magnitude frame as well. If this was the 
ase,a quarter-
ar model 
ould be used to predi
t the measurand E�e
t Time.Figure 4.26 shows the e�e
t magnitude for the wheel's of the front axle for di�erenttypes of seismi
 ex
itation vs. the damper velo
ity at time of swit
hing. It is either allwheels whi
h are ex
ited, only the front axle, the right tra
k, or the front left wheel. It
an be seen that the e�e
t magnitude is almost not a�e
ted by the type of ex
itation. Thevarian
e of E�e
t Magnitude for a given damper velo
ity lies in the same dimension as thevarian
e between the di�erent types of ex
itations.For all types of ex
itations it holds true that most of the swit
hing pro
esses lead toa 
hange in wheel load in the desired dire
tion (results in the I. and III. quadrant forswit
hing from hard to soft and in the II. and IV. quadrant for swit
hing from soft tohard).Thus, from Figure 4.26 the 
on
lusion 
an be drawn that the strength of the e�e
t andits sign are independent of the type of ex
itation|at least, the dependen
y is smallerthan the system-inherent varian
e. Hypothesis H0 is therefore falsi�ed, the alternativehypothesis H1 is assumed to be true. It is furthermore assumed that the swit
hing e�e
t
an be modeled by means of a quarter-
ar model in the magnitude frame, too. Thus, theuse of the quarter-
ar model is validated for modeling the swit
hing e�e
t on the wheelload.The given values of Total E�e
t Magnitude and e�e
t magnitude 
an dire
tly be trans-lated into 
hange of braking slip. For doing this please refer to equation 5.23, where the
onne
tion between verti
al for
es (wheel load) and braking slip is drawn.The averaged E�e
t Magnitudes shown in Figure 4.24 lead to 
hanges in braking slip ata wheel of the front axle of approximately j��Bj = 0:8{4%, assumed that the gear box isin se
ond gear, the vehi
le speed vx = 70 km=h, and the a
tual fri
tion fa
tor � = 1.In third or higher gears or in neutral position the 
hange in braking slip is even greater(
eteris paribus) due to the redu
ed e�e
tive mass moment of inertia of the front axle'swheels. There it is approximately j��Bj = 1:5{7:5% (third gear) and j��Bj = 1:9{9:5%(neutral position) whi
h 
an be a
hieved by a 
hange in wheel load of the dimension givenin Figure 4.24. The detailed des
ription how to 
al
ulate those values 
an be found inequation 5.23 on page 117. Another numeri
al example is given on page 121. Here thesevalues shall only be mentioned without 
al
ulation to show how strongly a simple swit
hingof the a
tive sho
k absorbers from hard to soft or vi
e versa 
an in
uen
e the braking slip.
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4.6 Test Rig Experiments
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Figure 4.26: E�e
t Magnitude vs. ex
itation frequen
y for the front left respe
tively the frontright wheel and seismi
 ex
itation at all four wheels, front axle, right tra
k, and front left wheelonly. Ex
itation frequen
ies lie between 1 and 5Hz.
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4 Verti
al Dynami
s4.6.3 Comparison of Simulation and ExperimentThe simulation model introdu
ed in se
tion 4.3 is used to make the results gained from thetest rig experiments independent of the spe
i�
 testing vehi
le investigated in this thesis.In the former se
tion it was shown that using a quarter-
ar model is suitable for modelingthe swit
hing e�e
t of the sho
k absorbers, be
ause the e�e
t has a negligible amount ofdependen
y on the form of ex
itation. Now it needs to be determined how well the modelmaps the values gained from real experiments into the simulation world. In Figure 4.27the E�e
t Time for applying the same seismi
 ex
itation to the quarter-
ar model as wasapplied to the real 
ar at the front left wheel is shown. It 
an be seen that the E�e
tTime is reprodu
ed by the quarter-
ar model very well. It is only at higher frequen
iesabove 20Hz that there is a relevant deviation from the E�e
t Times measured in the testrig experiments. Sin
e the relevant frequen
ies lie below 5Hz, this deviation does notnegatively in
uen
e the use of the model.
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Figure 4.27: Total E�e
t Time and E�e
t Time vs. ex
itation frequen
y. Results are gainedfor the front left wheel from test rig experiments and from the quarter-
ar simulation modeldes
ribed in se
tion 4.3.In Figure 4.28 the result from the same simulation is shown. Now the Total E�e
tMagnitude is plotted vs. the ex
itation frequen
y. It 
an be seen that the quarter-
armodel maps the Total E�e
t Magnitude whi
h 
an be found in reality in a good mannerinto the simulation world. Not only the prin
iple behavior|a de
reasing Total E�e
tMagnitude with in
reasing ex
itation frequen
y|but also the numeri
al values of TotalE�e
t Magnitude in simulation and experiment mat
h.102
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Figure 4.28: Total E�e
t Magnitude vs. ex
itation frequen
y. Results are gained for the frontleft wheel from test rig experiments and from the quarter-
ar simulation model des
ribed inse
tion 4.3.Parameter VariationFirst of all, a parameter variation in the real 
ar shall be undertaken: As it was explainedin se
tion 4.2, the di�eren
e in damper for
e between soft and hard at a given dampervelo
ity leads to a 
hange in wheel load if the sho
k absorber is swit
hed. Thus, the
hange in wheel load should depend on this di�eren
e in damper for
e|it should dependlinearly on the spreading shs.In Figure 4.29 the mean values of the Total E�e
t Magnitude and the E�e
t Magnitudeare shown for swit
hing the sho
k absorber at the front left wheel from soft to hard or vi
eversa, and in addition both for swit
hing from medium damping (ID = 0:8A) to hard orto soft damping. In 
ase of medium damping the values for both spreadings shm or sms areapproximately half of the original hard/soft spreading shs. As 
an be seen in Figure 4.29,this leads to half the values in both Total E�e
t Magnitude and e�e
t magnitude, 
omparedto the original values.Thus, interpolation with respe
t to the spreading of the sho
k absorber is admissible.This also lets expe
t extrapolation to be feasible at least in small ranges. What happensto the swit
hing pro
ess if the spreading of the sho
k absorber is in
reased? This question
annot be answered with the a
tual real sho
k absorbers, for their spreading 
annot bein
reased any further than shs. But here the simulation model 
an help. Using the model,parameter variations 
an be undertaken to 
he
k on the dependen
y of the results on thoseparameters.
103



4 Verti
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Figure 4.29: Total E�e
t Magnitude and E�e
t Magnitude for di�ering swit
hing pro
eduresvs. ex
itation frequen
y. Results are gained for the front left wheel from test rig experiments.
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4.6 Test Rig ExperimentsFigures 4.30 and 4.31 show the e�e
t of a variation of the parameters by whi
h the systembehavior of the quarter-
ar model is determined. The data in both �gures are gainedfrom a simulation experiment where the quarter-
ar model is ex
ited with a pseudo-noiseseismi
 ex
itation. Within the simulation it is possible to determine the e�e
t of swit
hingthe sho
k absorber even for su
h a seismi
 ex
itation where the 
ourse of wheel load isunpredi
table. If the experiment was exe
uted in the real world, the 
ourse of wheel loadfor a noise-type seismi
 ex
itation would not be reprodu
ible. For the simulation modelthis is di�erent, be
ause for given initial 
onditions a simulation experiment always leadsto the same output.
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Figure 4.30: Parameter variations and their e�e
t on the E�e
t Time te. Data gained fromsimulation with the quarter-
ar model of se
tion 4.3 for the front left wheel and a pseudo-noiseseismi
 ex
itation.Thus, the 
ourse of wheel load after swit
hing the sho
k absorber is 
ompared with the
ourse of wheel load without swit
hing. For ea
h �xed set of parameters 200 swit
hing pro-
esses from hard to soft and 200 for soft to hard are investigated. The pseudo-noise seismi
ex
itation starts with a randomly 
hosen seed. The values 
al
ulated for the parametervariation are the mean values for those 400 swit
hing pro
esses per set of parameters.In both Figure 4.30 and Figure 4.31 on the abs
issa the relative variation of the respe
tiveparameter from its original value|whi
h is listed in Table 4.2 on page 67|is shown. Avalue of one means that there is no variation at all, whereas a value of 3/2 means thatthe original value is in
reased by 50%. On the ordinate the relative 
hange in E�e
t Timerespe
tively Total E�e
t Magnitude with respe
t to those values whi
h establish whenusing the original set of parameters is shown. 105



4 Verti
al Dynami
sFigure 4.30 shows that the E�e
t Time is almost not in
uen
ed by the sti�ness of thebody spring 
B. Re
alling that the swit
hing e�e
t is 
aused by the 
hange in damper for
eand is therefore independent of the parallelly a
ting spring for
e, this result is plausible.The E�e
t Time is slightly in
uen
ed by the body mass mB. The greater this parameter,the shorter the E�e
t Time.But the most interesting part to see is the e�e
t that a 
hange of one of the wheelparameters or of the hardest 
hara
teristi
 line of the sho
k absorber has on te, be
ausethere the e�e
t is most intense. An in
rease in wheel spring sti�ness or a de
rease inwheel mass both lead to a shortening of the E�e
t Time. This is be
ause the 
hangein wheel load only establishes if the tire is either additionally 
ompressed or additionallyreleased. In 
ase of a redu
ed wheel mass, 
ompressing or releasing the tire happens fasterbe
ause of the redu
ed mass moment of inertia. In 
ase of a raised tire spring sti�ness thesame amount of tire de
e
tion leads to higher 
hanges in wheel load|whi
h again lets tede
rease.
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Figure 4.31: Parameter variations and their e�e
t on the Total E�e
t Magnitude Ae;tot. Datagained from simulation with the quarter-
ar model of se
tion 4.3 for the front left wheel and apseudo-noise seismi
 ex
itation.The spreading shs of the sho
k absorber, whi
h is varied by multiplying the damperfor
es of the hardest 
hara
teristi
 line of the sho
k absorber with a fa
tor, also has astrong in
uen
e on the E�e
t Time. The greater the spreading, the shorter the E�e
tTime. This is simply be
ause the 
hange in damper for
e is the greater, the greater thespreading. And the greater the 
hange in damper for
e, the faster the measurable e�e
ton the wheel load o

urs, be
ause the speed of tire de
e
tion depends on the for
e that106



4.7 Con
lusionsis applied to the wheel/tire. Nevertheless, for all those parameter variations the 
hangein E�e
t Time is rather small 
ompared to the 
hange in the respe
tive parameter. Thismeans that with respe
t to the E�e
t Time the results are not sensitive to failures in thedetermination of parameters or to a 
hange of the testing vehi
le.Figure 4.31 shows that the Total E�e
t Magnitude mainly depends on the spreading shsand on the mass of the body. For both parameters an in
rease leads to an in
reasing TotalE�e
t Magnitude. For the parameter `body mass' it is an almost one to one dependen
y.This means that for a heavier 
ar the Total E�e
t Magnitude is bigger by almost the samefa
tor as the vehi
le's mass is bigger.Thus, the E�e
t Magnitude per mass almost remains 
onstant, no matter how great thevalue of the body mass will be (in the given dimensions from 0.2 to 5 times the originalvalue). Taking into a

ount that the heavier a 
ar, the more braking for
e is needed tode
elerate it, it does not improve the overall performan
e of the swit
hing e�e
t to in
reasethe body mass.For the spreading this looks slightly di�erent. The spreading 
an be 
hanged without
hanging the mass of the vehi
le. In
reasing the spreading alone therefore leads to animprovement in the sense that the magnitude on the supply side 
an be in
reased without
hanging any other parameters that might lead to an in
rease in magnitude on the demandside.4.7 Con
lusionsIn this 
hapter the relevant frequen
y band for a sho
k absorber 
ontroller was determinedby means of a linearized quarter-
ar model. The wheel load integral as well as the dampervelo
ity have the maximum amplitudes at frequen
ies below 5Hz for a seismi
 ex
itationwhi
h de
reases with f�1, whi
h is typi
al for a road with a typi
al unevenness. The wheelload integral here represents the demand side of the problem and the damper velo
ity thesupply side. Both sides mat
h with respe
t to the frequen
y spe
trum.It was shown that the swit
hing of the a
tive sho
k absorber 
an be used to in
uen
ethe 
ourse of wheel load in a dire
ted way. The wheel load in
uen
e matrix was intro-du
ed, whi
h des
ribes the dire
tion of the swit
hing e�e
t. Derived from this matrix, a
ontroller, the so 
alled MiniMax-
ontroller, was introdu
ed. With this 
ontroller arti�
ial
hara
teristi
 lines for the a
tive sho
k absorbers 
an be established.These arti�
ial lines 
an be used to lift and lower the body of the vehi
le, given thata seismi
 ex
itation is present. Swit
hing from one arti�
ial line to another 
hanges thegoverning equations whi
h des
ribe the vehi
le's verti
al motions. This again leads to anin
rease or de
rease in wheel load|depending on the dire
tion of swit
hing and the signof damper velo
ity at time of swit
hing.It was shown that the in
rease or de
rease of wheel load always leads to a lifting orlowering of the vehi
le's body. The part of Delta Wheel Load whi
h a
ts on the verti
alwheel motion is not as relevant for the swit
hing e�e
t as the body motion, be
ause dueto the limited tire de
e
tion and the low wheel mass the a

eleration of the wheel will endup to 100 times faster than the one of the body. Thus, the e�e
t of swit
hing is longer andstronger the larger the maximal spring de
e
tion of the body spring.A testing pro
edure was developed to measure the e�e
t of swit
hing the sho
k absorberin both the time and the magnitude domain. In test rig experiments the E�e
t Time107



4 Verti
al Dynami
sand the E�e
t Magnitude for the given testing vehi
le were determined. The E�e
t Timeand the E�e
t Magnitude at a wheel are independent of the pla
es at whi
h the seismi
ex
itation is applied. Ex
iting only the front axle, only one tra
k, or all four wheels at atime leads to the same dimension of E�e
t Time and E�e
t Magnitude. Thus, with respe
tto those two quantities, the 
oupling between the wheels 
an be negle
ted and a quarter-
ar model is suÆ
ient for modeling them. The simulation model was validated, su
h thatthe results with respe
t to the verti
al dynami
s are transferable to every passenger 
arwhi
h is 
hara
terized by the properties whi
h a quarter-
ar model represents.The wheel load in
uen
e matrix as well as the MiniMax-
ontroller are parameter-independent and therefore hold true for every passenger 
ar whi
h is equipped with ana
tive sho
k absorber. In fa
t, the 
on
lusion a
tually holds true for every land-basedvehi
le whi
h has an adjustable suspension parameter. The parameter whi
h is swit
heddoes not ne
essarily have to be the damping 
oeÆ
ient. It 
an also be the spring sti�nessor|very unusual, but theoreti
ally possible|the mass of the wheel or the body. Parame-ter variations undertaken with a quarter-
ar showed that the Total E�e
t Magnitude 
anbe in
reased by in
reasing the spreading of the sho
k absorber.The MiniMax-
ontroller developed was furthermore implemented in a real 
ar and usedto determine the roughness of some 400 km of southwestern German highways in order to
ompare those results with the test tra
k `Standard Road'. Those test drives have alsoshown that lifting and lowering of the vehi
le's body are not only a theoreti
al 
onstru
t,but 
an also be measured with a real 
ar on a real road, no extreme or spe
ial kind ofex
itation needed.With the results from this 
hapter a tool is provided whi
h allows to in
rease or de
reasethe 
ourse wheel load purposefully. It is now also known for how long a 
hange of wheelload in the desired dire
tion is a
hievable by swit
hing the sho
k absorber and how strongit is. The Total E�e
t Magnitude 
an be even higher if the sho
k absorber is not onlyswit
hed from one 
onstant to another 
onstant 
hara
teristi
 line but from the arti�
ial
hara
teristi
 line `in
rease wheel load' to `de
rease wheel load' or vi
e versa. Up to thepoint in time when the damper velo
ity 
hanges its sign after swit
hing the sho
k absorber,there is no di�eren
e between swit
hing from one 
onstant passive line to the other andswit
hing from one arti�
ial line to the other.There are two reasons why swit
hing the a
tive sho
k absorber 
auses an in
rease orde
rease in wheel load. At �rst, due to the di�eren
e in damper for
e at a given dampervelo
ity for hard and soft damping the swit
hing of the damper 
auses a Delta DamperFor
e whi
h 
an dire
tly be translated into a Delta Wheel Load. This means, if the damperfor
e is de
reased by swit
hing the damper this will lead to an in
reasing/de
reasing inwheel load, depending on the damper stage at the time of swit
hing. Se
ondly, due to thedi�eren
e of damping 
oeÆ
ient for rebound and 
ompression|whi
h 
an purposefully bein
reased by 
ontrolling the dampers|the body is lowering or lifting, depending on thedire
tion of 
ontrol. While the body is a

elerated upwards, the wheel load is in
reasingand vi
e versa. Thus, the greater the di�eren
e of spring displa
ement for the lower andthe upper state of the body, the longer the swit
hing e�e
t will 
ontinue.
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5 Longitudinal Dynami
sIn this 
hapter the MiniMax-
ontroller developed in se
tion 4.4 is applied to the longitudi-nal dynami
s of the vehi
le. The MiniMax-
ontroller is used as the 
ore for a slip 
ontrollerwhi
h is meant to lead to an enhan
ed braking performan
e. The 
ontroller is investigatedin real test drives.After preliminary de�nitions in se
tion 5.1, in se
tion 5.2 the 
onne
tion between verti
aldynami
s and longitudinal dynami
s is established. It is shown that it is not the wheelload itself but rather the integral of this quantity whi
h a�e
ts the longitudinal dynami
s,namely the braking slip.With this knowledge, in se
tion 5.3 a slip 
ontroller is developed. The braking slipis meant to be the 
ontrol variable. But it 
annot be 
ontrolled dire
tly, be
ause if thebraking slip is in
reasing by a high amount, the ABS-
ontroller will a
t on this and it istherefore too late for an intervention in the verti
al dynami
s to redu
e the braking slip.It is thus that the wheel load integral is used as the substitute 
ontrol variable.In se
tion 5.4 the slip 
ontroller developed is implemented in a real 
ar and test drivesare exe
uted with it. The obje
tive is to redu
e the braking distan
e. For this purpose�rst of all a testing pro
edure is de�ned whi
h allows to make braking pro
edures su
h re-produ
ible that a possible enhan
ement of braking performan
e due to the sho
k-absorber
ontroller|if present|
an be measured.5.1 De�nitionsThe following de�nitions make one braking pro
ess 
omparable to another. Sin
e a brakingpro
ess is in
uen
ed by many variables (refer to se
tion 2.2), to be able to gain reliableinformation about the e�e
t of the sho
k-absorber 
ontroller, it is an important fa
tor tokeep as many in
uen
ing fa
tors under 
ontrol as possible. As will be seen in later se
tions,even though all those 
ontrollable parameters are kept 
onstant, the varian
e of brakingdistan
e is still su
h large that it needs to be analyzed statisti
ally. But if the parameterswhi
h are 
ontrollable were not kept 
onstant, the varian
e would be su
h large that thenumber of test drives to be undertaken would be too large to realize.In real test drives a light barrier|whi
h is atta
hed to the rear bumper of the vehi
le|is used for several purposes. Passing the light barrier re
e
tors|whi
h are �xed in thepavement 
oordinate system|beside other purposes initiates both measuring an braking.Initiation of Braking tBIThe time of initiation of the braking pro
ess tBI is de�ned as the time at whi
h the brakingma
hine used is triggered to pull the braking pedal. This signal depends on passing a lightbarrier re
e
tor. 109



5 Longitudinal Dynami
sInitial Velo
ity vx;0The initial velo
ity vx;0 of the vehi
le is de�ned as the average longitudinal velo
ity vxwhi
h the vehi
le o

upies between passing the �rst and the se
ond light barrier re
e
tor,L0 and L1. vx;0 = 1tL1 � tL0 tL1ZtL0 vx(t) dt (5.1)Begin of Braking Pro
ess tBBEspe
ially the beginning of the braking pro
ess highly in
uen
es the measured result.Sin
e the vehi
le holds its highest velo
ity at the beginning of the braking pro
ess, everymeasuring error at the beginning of the braking pro
edure will lead to a higher total errorthan an error at the end of the braking pro
edure. This is why a braking ma
hine is usedto map out the initial part of the braking pro
edure as reprodu
ible as possible. But still,a starting point for the braking needs to be de�ned. The braking pressure of the frontleft wheel's braking 
ylinder pB;fl(t) is used as measurand. On
e it 
rosses a prede�nedthreshold pB;BB, the full-braking pro
edure is de�ned as started.tBB = min (t j pB;fl(t) > pB;BB) (5.2)The threshold is de�ned su
h that it lies 
lose to the maximum braking pressure, butnot too 
lose su
h that the small gradient in braking pressure shortly before the maximumbraking pressure is rea
hed would 
ause strongly di�ering results from one braking pro-
edure to the other. For braking on the test tra
k `Standard Road' the threshold lies atpB;BB = 60 bar.End of Braking Pro
ess tBEThe end of the braking pro
ess is de�ned via a threshold of the longitudinal velo
ity vx.For measuring reasons it should not be waited until the vehi
le 
ompletely stands still forthe braking pro
ess to be de�ned as �nished. The end of the braking pro
ess is assumedto be at the time when the longitudinal velo
ity passes a given threshold from above forthe �rst time. tBE = min (t 2 [tBB;1) j vx(t) < vx;BE) (5.3)Sin
e it is diÆ
ult to determine exa
tly the longitudinal velo
ity being equal to zero, itis better to assume the braking pro
ess to have ended at a time still driving with a smallvelo
ity than to have to deal with wide spreadings due to measuring failures. This wouldbe the 
ase if the exa
t time of standing still was measured. The threshold for the velo
ityto be passed is set to vx;BE = 3km=h. At this speed the remaining braking distan
e ona typi
al road with �max � 1 is only 3.5 
m. Assuming that the braking distan
e 
ouldbe shortened by 10% (a very optimisti
 assumption) by the sho
k absorber 
ontroller,the failure in 
omparing damper-
ontrolled and damper-un
ontrolled test drives due toassuming the braking pro
edure has �nished at 3 km/h is a maximum of 0.35 
m. This isway below the measuring a

ura
y and 
an therefore be negle
ted.110



5.1 De�nitionsBraking Distan
e dBThe braking distan
e for a given braking pro
edure is measured by means of the integralof longitudinal velo
ity of the vehi
le. Integrating this measurand from the time at whi
hthe braking pro
edure has started to the time at whi
h the braking pro
edure has endedgives the distan
e whi
h has been traveled between those two points in time.dB = tBEZtBB vx(t) dt (5.4)The longitudinal velo
ity of the vehi
le vx is measured by an opti
al sensor in highpre
ision. The 
orre
tness of the determination of the braking distan
e is double 
he
kedwith the signals from light barrier re
e
tors. The reprodu
ibility of the results is even moreimportant than the absolute 
orre
tness, sin
e the braking distan
es for di�erent dampersettings are to be 
ompared. The absolute value is of less interest than the ranking ofbraking distan
es for di�erent damper settings to ea
h other.The random error of the determination of the braking distan
e is 0.25%. It 
orrespondsto an absolute random error of approximately 5 
m for a braking pro
edure with an initialvelo
ity of 70 km/h. This error was determined with the signals of the light barrier whi
h isatta
hed to the vehi
le. By passing light barrier re
e
tors whi
h are positioned in de�neddistan
es and 
omparing the result of integrating the signal of the longitudinal velo
itywith the a
tual traveled distan
e, measured by the light barrier signal, allows to determinethis random error (for the setting refer to Figure 5.7 on page 128).The braking distan
e is one out of two overall integrating measurands that give �nalinformation about how good the braking pro
edure was in the given 
ontext. All othermeasurands help to understand why the braking pro
edure is good or not that good, butthe braking distan
e is the one measurand that represents the main obje
tive of the whole
ontroller.Corre
ted Braking Distan
e dB;
orrThe braking distan
e measured by integrating the longitudinal velo
ity of the vehi
le givesthe 
orre
t information about the a
tual braking distan
e whi
h was obtained for the giveninitial velo
ity. The problem is that, even though the 
ruise 
ontrol is used to re
over thesame initial velo
ity for every braking pro
edure, there may be di�eren
es in the a
tualinitial velo
ities of += � 1 km=h. This might seem to be a small value, but re
allingthat the expe
ted shortening of braking distan
e is in the range of a 
ouple of per
ent, adeviation of 1 km/h for an initial velo
ity of 70 km/h is not a

eptable. This problem issolved by 
orre
ting the a
tual, measured braking distan
e dB. The 
orre
tion goes likethis: Assuming that the mean value of de
eleration of the vehi
le is the same for a giventest drive, no matter if it starts at an initial velo
ity vAx;0 or at an initial velo
ity vBx;0, giventhat �����vAx;0 � vBx;0vBx;0 ������ 1; (5.5)then the 
orre
ted braking distan
e, the braking distan
e that would have establishedif the vehi
le's speed at the starting of the braking pro
edure had been the desired value111



5 Longitudinal Dynami
svdesx;0 , 
an be 
al
ulated by: dB;
orr = dB vdesx;0vx;0!2 (5.6)This 
orre
ted braking distan
e is the one that is used for all 
omparisons of hard, soft,and 
ontrolled damping. If only `braking distan
e' is mentioned in the following se
tions,it is always referred to this 
orre
ted braking distan
e, unless otherwise noted.Integral of the Square of Vehi
le Speed With Respe
t to the Traveled Distan
e VIThe braking distan
e dB gives information about how good the braking pro
edure was inthe sense of making the vehi
le stop as early (measured in distan
e) as possible. This isa useful measurand if the vehi
le will eventually stop before a 
rash happens. Still theremight be 
ases in real life when a full-braking pro
edure is initiated by the driver anda 
rash 
annot be prevented anymore. For those 
ases the braking distan
e alone is notsuÆ
ient to value the quality of the braking pro
edure.In 
ase of a 
ollision with any kind of obsta
le, the lower the kineti
 energy of the vehi
leat the time of the 
rash, the better for 
ar and driver. The kineti
 energy is proportionalto the square of the vehi
le's speed. For a given position s�x, the obje
tive is therefore tominimize the kineti
 energy whi
h the vehi
le holds when it rea
hes this position. I. e., theintegral of the square of the vehi
le's speed with respe
t to the traveled distan
e, given byVI = sx(tBE)Zsx(tBB) v2x(sx) dsx (5.7)is a valid measurand to value the 
ourse of vehi
le speed during a braking pro
edure|something that the braking distan
e itself 
annot provide. The smaller VI, the better isthe braking pro
edure in the sense that the probability of holding a high kineti
 energy atthe time of a possible 
ollision is smallest, given that the exa
t position of the obsta
le isunknown.Cumulative Per
entage gCPThe 
umulative per
entage is a tool from the �eld of statisti
s. It is widely used espe
iallyin E
onomi
s. In the given 
ontext it is introdu
ed be
ause with its help it is possible toget a qui
k impression of how the braking distan
es of di�erent sho
k absorber settings
ompare to ea
h other. The de�nition of the 
umulative per
entage 
an be found e. g. inBleym�uller1. Treating the results of braking pro
edures due to the un
ertainties in theparameters whi
h in
uen
e the braking distan
e as random variables, the 
umulative per-
entage gives information of how many braking pro
edures in per
entage of all 
onsideredbraking pro
edures with a �xed parameter setting led to braking distan
es below a givendistan
e in meters.1Bleym�uller/Gehlert/G�uli
her (1996): Statistik f�ur Wirts
haftswissens
haftler p. 8.112



5.1 De�nitions
giCP(d) = 8<: 0 for d < diB;1gn for diB;n � d < diB;n1 for d � diB;N ; (5.8)where i 2 fh; s; 
g, n is the 
ounting index whi
h arranges the braking distan
es dB inan as
ending order, and gn is the per
entage of braking pro
edures whi
h have shorter orequal braking distan
es than diB;n . The same de�nition holds true for every quantity. Hereit is shown exemplary for the absolute braking distan
e dB.Velo
ity Di�eren
e vdi�The velo
ity di�eren
e vdi� at a wheel is the di�eren
e between the speed of the vehi
levx and the speed of the respe
tive wheel vW, where the speed of the wheel is de�ned asthe e�e
tive radius of the wheel times its angular velo
ity vW = !W(t) re� . If the wheello
ks, the velo
ity di�eren
e equals vx. If the wheel is 
ompletely free spinning, the velo
itydi�eren
e equals zero. vdi�(t) = vx(t)� vW(t) = vx(t)� !W(t) re� (5.9)The velo
ity di�eren
e 
an be interpreted as the braking slip, weighted with the a
tuallongitudinal velo
ity vx. The only di�eren
e to other measurands whi
h are weighted withvx is that it is not divided by the mean value of longitudinal velo
ity.Averaged Values for all WheelsFor every braking pro
edure the braking distan
e is a measurand whi
h gives informationabout the braking performan
e with one single value. Other measurands whi
h are 
al-
ulated for every wheel individually, but should be 
ompared with the braking distan
e,must therefore be added together to one single value as well. When braking, the wheelload at the front axle and with it the braking for
e there is in
reasing due to the weighttransfer. Assuming that the wheel load and the braking for
e are 
onne
ted via a 
onstantfa
tor �, the ratio between braking for
e/wheel load at the front and the rear axle is givenby: ef=r(�) = Fz;f(�)Fz;r(�) = FB;f(�)FB;r(�) = lr + �hCGlf � �hCG (5.10)The ratio of wheel load at the front axle per total wheel load is given by:ef(�) = Fz;f(�)Fz;tot(�) = FB;f(�)FB;tot(�) = lr + �hCGl ; (5.11)and analog for the rear axle:er(�) = Fz;r(�)Fz;tot(�) = FB;r(�)FB;tot(�) = lf � �hCGl (5.12)Thus, every deviation at the front axle weights by ef=r stronger than a deviation at therear axle. This is why for any quantity X whi
h is transferred from four individual wheel113



5 Longitudinal Dynami
svalues into a single value, the quantities of front and rear axle are weighted as shown inthe following equation:Xtot = ef(�)2 (Xfl +Xfr) + er(�)2 (Xrl +Xrr) (5.13)For test drives exe
uted on the test tra
k `Standard Road', � � 1:04 and therefore thefa
tors ef � 0:77 and er � 0:23. Thus, the total braking for
e of the front axle is by thefa
tor 3.3 greater than the total braking for
e of the rear axle.5.2 Conne
ting Wheel Load and Braking Slip/BrakingFor
eIn se
tion 4.4 the 
ontroller for the verti
al dynami
s was introdu
ed and explained. Nowthis 
ontrol logi
 is used to be a part of a 
ontroller of the longitudinal dynami
s. Firstof all, the 
onne
tion between wheel load and braking for
e needs to be established. Howdoes the 
hange of wheel load and the 
hange of wheel load integral due to swit
hing thea
tive sho
k absorbers in
uen
e the braking for
e and the braking slip? This question willbe answered in the following se
tion.5.2.1 Theoreti
al Approa
hIn Figure 5.1 the e�e
t whi
h a 
hange in wheel load has on the braking for
e and thebraking slip is des
ribed prin
ipally. The di�erent states whi
h should be des
ribed arelabeled from A{D. The explanation for the states and what happens from the transitionfrom one state to the other goes as follows:A The wheel is in an arbitrary steady state at a given braking slip �BjA and a given brakingfor
e FBjA, 
lose to the maximum of the �-slip 
urve. Then a 
hange in wheel load�Fz = FzjB � FzjA > 0 is applied.B The 
hange in wheel load 
auses the braking for
e to in
rease immediately by �FB =FBjB � FBjA > 0, whereas the braking slip remains at its level due to the massmoment of inertia of the wheel. The braking for
e has to be integrated �rst beforeit leads to a 
hange in braking slip (refer to equation 5.22).C Assuming that the braking torque applied to the wheel remains 
onstant during thepro
ess des
ribed, the needed braking for
e for a stationary 
ondition is still at thelevel FBjC = FBjA. With the new wheel load FzjB present, the braking slip �BjCwhi
h is needed to establish the braking for
e FBjC is smaller than �BjA. Thus, thebraking slip and with it the braking for
e will de
rease until it rea
hes the level �BjC.D An in
rease in wheel load is always followed by a de
rease in wheel load whi
h will gofurther down than the initial level of wheel load was. This is be
ause the overallmean value of wheel load must remain 
onstant. If the wheel load de
reases fromFzjC by 2�Fz to the level FzjD, the braking for
e will again de
rease immediatelyby ~�FB from FBjC to FBjD. Sin
e the braking for
e needed still is FBjC = FBjA, thesudden drop in wheel load and braking for
e is followed by the braking slip, whi
h114



5.2 Conne
ting Wheel Load and Braking Slip/Braking For
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Figure 5.1: Braking for
e FB vs. braking slip �B. Change in braking for
e and braking slip dueto a 
hange in wheel load, assuming that the braking torque and the �-slip 
urve are 
onstant.A typi
al �-slip 
urve for a summer tire on a typi
al road is used. Values for wheel load are
hosen in a

ordan
e to the ones found in the testing vehi
le, but besides that they are 
hosenarbitrary.will in
rease from �BjD ba
k to �BjA, be
ause the value of braking for
e is too lowto keep the braking slip at level �BjD.A Finally, the wheel load, the braking for
e, and the braking slip will have establishedtheir initial values in point A again.The pro
ess des
ribed is one for an initially in
reasing wheel load. Now what happens ifthis time, starting from B, the wheel load de
reases? The braking for
e will also de
reaseby �FB from FBjB to FBjA. Again, assuming that the braking torque is kept 
onstant,the braking for
e desired for the wheel to be in equilibrium is at the level of FBjB. Thislevel 
annot be a
hieved on the line of low wheel load FzjA. Thus, in this 
ase the brakingslip will in
rease dramati
ally until either the wheel load is in
reasing again, the brakingtorque is lowered, or the wheel lo
ks.The question arises how the verti
al dynami
s and the longitudinal dynami
s are 
on-ne
ted with ea
h other su
h that it 
an be used for 
ontroller purposes and how the previousthoughts 
an be implemented in a more analyti
al sense. In se
tion 4.3 the quantity `wheelload integral' was already introdu
ed. By use of this quantity higher frequen
ies in theos
illation of the verti
al tire for
e are negle
ted. Why is this useful? Looking at theprin
iple of angular momentum for a wheel, it be
omes 
lear that the wheel's speed is115



5 Longitudinal Dynami
sin
uen
ed by both the braking for
e and the braking torque. Both are quantities a
tingin the longitudinal dire
tion. JW �'W = FB re� �MB (5.14)Assuming that the braking for
e and the braking torque are 
onstant, a sudden 
hangein only the braking for
e by �FB will lead to also a sudden 
hange in the wheel's rotationala

eleration ��'W: JW��'W = �FB re� (5.15)Integrating this equation leads to:� _'W = �!W = re�JW Z �FB dt (5.16)Multiplying with the e�e
tive wheel radius re� leads to the wheel's speed at the lefthand side of the equation: �vW = �!W re� = r2e�JW Z �FB dt (5.17)This means that the wheel's speed, whi
h is dire
tly 
onne
ted to the braking slip andwith this to the longitudinal dynami
s of the vehi
le, is in
uen
ed by the integral of thebraking for
e. Changing the braking for
e by �FB leads to a 
hange in wheel speed by�vW whi
h is proportional to the integral of the braking for
e. This implies that if thebraking for
e is os
illating with rather high frequen
ies, this does not a�e
t the wheelspeed.Re
alling that the braking slip is de�ned as�B = 1� !W re�vx (5.18)and assuming that the vehi
le's longitudinal velo
ity vx 
hanges mu
h slower than thewheel's velo
ity2, this leads to the following 
onne
tion between the 
hange in wheel speed�vW and the 
hange in braking slip ��B:��B = �B(t2)� �B(t1) = �1� !W(t2) re�vx(t2) �� �1� !W(t1) re�vx(t1) � (5.19)With vx(t1) � vx(t2) = vx (5.20)this leads to ��B = ��!W re�vx = ��vWvx (5.21)2The longitudinal a

eleration of a vehi
le on a normal pavement with standard tires is approximately10m=s2 max. The a

eleration of the wheel 
an be up to 10 times higher. This is due to the largebraking torque whi
h 
an be applied to brake down the wheel.116



5.2 Conne
ting Wheel Load and Braking Slip/Braking For
eApplying equation 5.17 to equation 5.21 leads to��B = � r2e�JW vx Z �FB dt (5.22)Thus, the braking slip is 
onne
ted to the braking for
e via the braking for
e's integralwith respe
t to time. If a sudden 
hange in braking for
e is applied, it will be followed bya 
hange in braking slip with a phase shift of �=2.Now yet another assumption is made: Assuming that a 
hange in wheel load �Fz willlead to a 
hange in braking for
e of the amount �FB = ��Fz, where � is the a
tual ratiobetween braking for
e and wheel load, and assuming furthermore that � does not 
hange,equation 5.22 be
omes ��B = � � r2e�JW vx Z �Fz dt (5.23)In the same manner equation 5.17 be
omes�vW = �!W re� = � r2e�JW Z �Fz dt (5.24)Thus, both the braking slip and the wheel speed, whi
h are quantities of the vehi
le'slongitudinal dynami
s, are 
onne
ted with the verti
al dynami
s via the integral of wheelload. This implies that high frequen
ies in wheel load os
illations do not e�e
t the brakingslip as mu
h as low frequen
ies do. In Figure 4.6 on page 70 it is shown that for thequarter-
ar model of the testing vehi
le the integral of wheel load is higher at frequen
iesaround the body eigenfrequen
y than at frequen
ies around the wheel eigenfrequen
y.Having this in mind and looking again at equations 5.23 and 5.24, it be
omes 
lear thatthe braking slip and the wheel speed are mainly in
uen
ed at lower frequen
ies. Thisalready holds true if driving on a road with a white noise elevation pro�le. If the elevationpro�le is a more realisti
 one and de
reases with approximately f�1, the in
uen
e of lowfrequen
ies on the braking slip and the wheel speed is even more important (refer toFigure 4.7 on page 71).In the same manner as it is done in equation 5.23, where Delta Wheel Load is 
onne
tedwith a 
hange in braking slip, Delta Braking Torque �MB 
an be 
onne
ted with the
hange in braking slip as well. Applying the same method as before, it derives that��B = re�JW vx Z �MB dt (5.25)5.2.2 Test Drives to Validate the Conne
tion Between Wheel Loadand Braking For
e/Braking SlipTest drives are exe
uted to determine to whi
h amount and in whi
h time frame the swit
h-ing of the a
tive sho
k absorber in
uen
es the wheel load and the braking for
e/brakingslip in real test drives on a real road. The test drives are 
omparable in their obje
tive tothe test rig trials, where it was also the obje
tive to determine those e�e
ts of the swit
hingin the 
ontext of the verti
al dynami
s (refer to se
tion 4.6). 117



5 Longitudinal Dynami
sIn the same manner as in the experiments on the test rig, the verti
al dynami
s areinvestigated by swit
hing the a
tive sho
k absorber and 
omparing what would have hap-pened if it had not been swit
hed with the a
tual 
ourse of wheel load after swit
hingthe sho
k absorber. The test drives are also meant to determine if equation 5.23 
an beveri�ed with numeri
al values.Method and Experimental SettingTo determine those e�e
ts it is ne
essary to produ
e 
ourses of wheel load, braking for
e,and braking slip whi
h are reprodu
ible enough to dete
t the 
hange in those measur-ands 
aused by swit
hing the sho
k absorber. That is why the 
osine-shaped obsta
lesintrodu
ed in se
tion 3.4.1 are passed, be
ause by passing these obsta
les the ex
itationis well de�ned and mu
h stronger than the unforeseeable random ex
itations from a realpavement.The dampers are not 
ontrolled by the MiniMax-
ontroller in those test drives, but ratherswit
hed at a de�ned time from soft to hard and hard to soft respe
tively, to determine towhi
h amount and in whi
h time frame the swit
hing of the damper a�e
ts the braking slipand the braking for
e. It is assumed that an in
reasing wheel load leads to an in
reasingbraking for
e and to a de
reasing braking slip, and vi
e versa.Figure 5.2 shows the experimental setting for the experiments. The initial velo
ity is setto vx;0 = 50 km=h, the gearbox is in se
ond gear. The braking pro
edure is exe
uted with arather low braking pressure of pB;MC � 24 bar. This is far below the usual 
riti
al brakingpressure at whi
h the ABS starts to 
ontrol on standard pavement of pB;fl � 80{100 bar.The braking pressure is 
hosen to be su
h low be
ause an intervention of the ABS duringthe test drives would lead to a 
ourse of braking for
e and braking slip whi
h would notbe reprodu
ible anymore, for the ABS|if it 
ontrols|does not 
ontrol at the same timefor every test drive.
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Figure 5.2: Experimental setting for test drives to investigate the swit
hing e�e
t on the wheelload, on the braking slip and on the braking for
e. Initial velo
ity vx;0 = 50 km=h.I. e., the braking for
e as well as the braking slip are at a rather low level. But still thee�e
t of swit
hing the sho
k absorber 
an be measured with the experimental setting de-s
ribed. At the light barrier re
e
tor L0 the measuring starts, at L1 the braking pro
edureis initiated, at L2 the front wheels of the vehi
le tou
h the 
osine wave for the �rst time,at L4 the front wheels are on top of the 
osine waves, and at L6 the front wheels leave the
osine waves.118



5.2 Conne
ting Wheel Load and Braking Slip/Braking For
eThe swit
hing of the sho
k absorbers of the front axle is set to a point at whi
h theyare either 
learly in 
ompression or 
learly in rebound. This is shortly after tou
hing the
osine waves for the �rst time and shortly after leaving the summit of the 
osine waves.Passing the light barrier re
e
tor L3 makes the sho
k absorbers of the front axle swit
hwhen they are in 
ompression, and passing L5 initiates a swit
hing within rebound. Thesho
k absorbers of the rear axle are set to hard for all of those test drives.Braking for
e and wheel load are measured by means of the measuring rim des
ribed inse
tion 3.2.3.ResultsFigure 5.3 shows the e�e
t of swit
hing the a
tive sho
k absorber of the front left wheel onthe braking slip, the braking for
e, and on the wheel load. The same stages as theoreti
allydes
ribed in se
tion 5.2.1 
an be seen in this time plot of real test drives.
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Figure 5.3: Course of Delta Braking Slip, Delta Braking For
e, and Delta Wheel Load due toswit
hing the sho
k absorber of the front axle in rebound from hard to soft when passing the
osine waves.In point A the wheel load starts to in
rease be
ause of the swit
hing from hard to softin rebound. The braking for
e follows at the same time. At �rst nothing happens to thebraking slip, it stays 
onstant (Delta Braking Slip ��B;fl approximately zero).It is at point B, where the Delta Braking For
e rea
hes its maximum, that the brakingslip starts to de
rease until point C is rea
hed.At point C the braking for
e �nds ba
k to its initial value, the Delta Braking For
eis zero. Re
alling the argumentation of se
tion 5.2.1 shows that this is exa
tly what is119
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sexpe
ted to happen. It is �rst the braking for
e whi
h 
hanges before the braking slipfollows. Between points C and D the braking for
e de
reases while the braking slip staysapproximately 
onstant.In point D, after passing the Total E�e
t Time te;tot, when the Delta Wheel Load isa
tually negative, the slip starts to in
rease again. This is the behavior whi
h was predi
tedby the theoreti
al 
onsiderations.The 
hange in braking slip is rather small, be
ause in the experiment given the brakingpressure is applied at a low level. At the maximum of the �-slip 
urve the same amountof 
hange in wheel load leads to greater 
hanges in braking slip, be
ause there the slope ofthe �-slip 
urve is smaller.Similar to the E�e
t Time, the Total E�e
t Time, and the Total E�e
t Magnitude,whi
h were de�ned in equations 4.45, 4.46, and 4.48 on page 87, those quantities 
an be
al
ulated for the given experimental setting as well. In Table 5.1 those quantities aregiven for all four possibilities of swit
hing, referring to the wheel load in
uen
e matrix inTable 4.1 on page 64. Beside the measurand Ae;tot whi
h values the verti
al dynami
s,the measurand Ee;tot is introdu
ed. This measurand is the integral of Delta Braking For
ewith respe
t to time from the time of swit
hing the sho
k absorber ts to the time whenDelta Braking For
e is zero again. The de�nition of Ee;tot is therefore similar to the oneof Ae;tot, but it is a measurand of the longitudinal dynami
s.Table 5.1: E�e
t Time, Total E�e
t Time, and Total E�e
t Magnitude for passing the 
osinewaves and swit
hing the sho
k absorber.Compression Reboundte te;tot Ae;tot Ee;tot te te;tot Ae;tot Ee;tothard to soft 14ms 65ms �23Ns �8Ns 12ms 85ms +40Ns +10Nssoft to hard 11ms 61ms +19Ns +6Ns 11ms 89ms �41Ns �11NsComparing Table 5.1 with the results in se
tion 4.6, it 
an be seen that the E�e
t Time teis shorter in the given experimental setting than it is in the test rig experiments des
ribed inse
tion 4.6. An explanation for this behavior 
ould be that the wheel load here is measuredby means of the 6-
omponent measuring rim, whereas in the test rig experiments the wheelload was measured dire
tly in the tire 
onta
t zone. Sin
e the damper for
e a
ts dire
tlyat the measuring rim, but needs to be transferred by the tire into a
tual wheel load, in thevery beginning of the swit
hing pro
ess it is supposably more the damper for
e than thewheel load whi
h the measuring rim measures.As was shown in se
tion 3.2.3, the time delay ��Fz between for
e measured by themeasuring rim, Fz;rim, and the a
tual wheel load Fz is approximately 5ms. Thus, part ofthe shorter E�e
t Time 
an be explained by this time delay. The other part of the shorterE�e
t Time 
an be explained by the fa
t that the damper velo
ity at the time of swit
hingis rather high. There is a tenden
y that a higher damper velo
ity at time of swit
hingleads to a shorter E�e
t Time (refer to Figure 4.23 on page 96).Comparing the results shown in Figure 5.3 to values that 
an be 
al
ulated from thetheoreti
al approa
h in se
tion 5.2.1 shows that the main assumption, that the 
hange inbraking slip is 
onne
ted to the integral of wheel load, holds true|not only qualitative butalso quantitative. Applying the parameters from Table 3.1 on page 40 to equation 5.23,taking the value for the DeltaWheel Load Integral as the Total E�e
t Magnitude Ae;tot from120



5.2 Conne
ting Wheel Load and Braking Slip/Braking For
eTable 5.1, and realizing that the fri
tion fa
tor � � 0:37 (this value 
an be approximatedbest by looking at Figure 5.5) for the test drives looked at leads to:��B � � 0:37 � (0:304m)26:3 kgm2 � 46 km=h 40Ns � �1:7% (5.26)This value of ��B � �1:7%, determined by rough 
al
ulation, re
e
ts well what a
tually
an be measured in reality. The 
ourse of Delta Braking Slip starts to de
rease at pointC and rea
hes minimum values between approximately �1% and �1:7%. Thus, thetheoreti
al thoughts whi
h have been made with respe
t to the 
onne
tion of 
hange inwheel load and following 
hange in braking slip 
an be justi�ed.Doing the same 
al
ulus using dire
tly the E�e
t Magnitude of the Delta Braking For
eEe;tot (refer to Table 5.1) by making use of equation 5.22 on page 117 leads to:��B � � (0:304m)26:3 kgm2 � 46 km=h 10Ns � �1:1%; (5.27)whi
h is a good approximation of the quasi-stationary value for the braking slip aroundtime te;tot in Figure 5.3.In Figure 5.4 the 
ourses of Delta Braking Slip, Delta Braking For
e, and Delta WheelLoad are shown whi
h establish after swit
hing the sho
k absorber of the front left inrebound from soft to hard. Swit
hing the sho
k absorber from soft to hard in reboundleads to a de
rease in wheel load.
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5 Longitudinal Dynami
sThus, the 
hronology of events starts at point C shown in Figure 5.1. When the wheelload starts to de
rease in point C, the braking for
e also de
reases with almost no timedelay, the braking slip remains un
hanged. In point D the braking for
e is at its minimumand starts to in
rease again. In point A it rea
hes its old value again. This is what 
ouldbe seen by theoreti
al 
onsiderations as well. Between points D and A the braking slipin
reases be
ause the same amount of braking for
e is needed as it was before the swit
hingo

urred, but with less wheel load provided. The then following in
rease in wheel loadalso lets the braking for
e in
rease until point B is rea
hed. Between points A and B thebraking slip remains approximately 
onstant|as predi
ted by theoreti
al thoughts.Again, 
omparing the numeri
al values of this swit
hing pro
ess|whi
h are basi
ally thesame as in the previously des
ribed swit
hing pro
ess shown in Figure 5.3|shows that the
hange in braking slip 
an be predi
ted by numeri
al analysis (numeri
al ��B � +1:7%for wheel load integral analysis and ��B � +1:3% for braking for
e analysis, measuringbetween +1% and +1:7%).Both Figure 5.3 and Figure 5.4 show that the swit
hing of the sho
k absorber not onlyin
uen
es the wheel load in a way whi
h 
an be used for a 
ontroller, but also in
uen
esthe braking slip and the braking for
e su
h that it 
an be made use of, be
ause the 
ourseof those quantities 
an be predi
ted.Furthermore, the assumption that the 
hange in braking slip is 
onne
ted to the integralof the 
hange in wheel load 
an be veri�ed. Applying numeri
al values shows that thevalues for the 
al
ulated and the measured braking slip lie in the same dimension.Figure 5.5 shows the 
hange in braking for
e �FB vs. the 
hange in wheel load �Fz forall four se
tions of the Wheel Load In
uen
e Matrix. It 
an be seen that in
reasing thewheel load leads to an in
reasing braking for
e and vi
e versa. It 
an furthermore be seenthat the braking for
e follows the wheel load with almost no time delay. Furthermore, theratio between �FB and �Fz, whi
h is de�ned as the fri
tion 
oeÆ
ient �, is approximately
onstant in the �rst 
ouple of millise
onds after swit
hing the sho
k absorber. The value forthe fri
tion 
oeÆ
ient 
an be estimated from the given �gure. E. g., for swit
hing from hardto soft in rebound, the Delta Braking For
e after 30ms is approximately 300N, whereasthe Delta Wheel Load at this time has a value of 800N. Thus, the fri
tion 
oeÆ
ient inthis situation is � � 300=800 = 0:375.
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5.3 Slip Controller
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Figure 5.5: Delta Braking For
e vs. Delta Wheel Load at the front left wheel, swit
hing thesho
k absorbers when passing the 
osine waves. Measuring exe
uted with the 6-
omponentmeasuring rim.5.3 Slip ControllerDesigning the 
ontrol me
hanism for the a
tive sho
k absorbers to redu
e the brakingdistan
e, three questions need to be answered: Due to the fa
t that the braking distan
edB in its dependen
y on the verti
al dynami
s of a vehi
le 
annot be written down in a
losed form and therefore 
annot be determined analyti
ally, the quantity whi
h ought tobe in
uen
ed by the 
ontrol of the a
tive sho
k absorbers needs to be de�ned. It must bea quantity of whi
h one knows that in
uen
ing it will also in
uen
e the braking distan
ein the wished manner. So the question is: Whi
h quantity should be 
ontrolled in orderto redu
e the braking distan
e? The se
ond question deals with measuring the 
ontrolvariable. Assuming that it 
annot be measured dire
tly, whi
h quantity should then betaken to a
t as measurand? The third and last question deals with the means that shouldbe used to in
uen
e the quantity previously des
ribed. In this thesis the means are theverti
al dynami
s of the 
ar, more pre
isely a
tive sho
k absorbers. Are a
tive sho
kabsorbers 
apable of ful�lling the 
ontrol obje
tive in terms of time behavior and in termsof magnitude of the in
uen
e they have on the 
ontrol variable?The �rst question was already answered impli
itly in se
tion 2.2 when braking at theoptimal braking slip was dete
ted as one 
ru
ial aspe
t in order to redu
e the brakingdistan
e. Thus, the braking slip is the variable whi
h serves as 
ontrol variable. Keepingit at its optimal value throughout the braking pro
edure will shorten the braking distan
e.123



5 Longitudinal Dynami
sThe problem with the braking slip is the following: On
e it rea
hes values whi
h should be
ontrolled, i. e. if the braking slip ex
eeds a given threshold, it is usually already too lateto 
ontrol the braking slip, be
ause the ABS-
ontroller will have rea
ted on the high slipvalue by then. But on
e the ABS-
ontroller de
reases the braking pressure, it does notmake mu
h sense to in
rease the wheel load in order to redu
e the braking slip anymore.The wheel-load 
ontroller should in
rease wheel load if and only if braking slip in
reasesindu
ed by values of wheel load that are too small. If braking slip in
reases indu
ed by abraking torque whi
h is too large, the wheel-load 
ontroller should not a
t, be
ause su
hshoots in braking slip 
annot be prevented by the verti
al dynami
s anyway.This is why a substitute 
ontrol variable is needed. The 
onne
tion between wheel loadintegral and braking slip has already been established in se
tion 5.2. There it is shownthat a 
hange in wheel load integral will eventually lead to a 
hange in braking slip. Thiswas also veri�ed in test drives on the 
osine waves in se
tion 5.2.2. Thus, the wheel loadintegral is used as measurand and as substitute 
ontrol variable. It serves as input for the
ontroller. If it is too negative, the braking slip is assumed to in
rease soon. In this 
asethe request of wheel load would be to in
rease wheel load.This leads to the answer of the third question: The means by whi
h the 
ontrol variable|or better, the substitute 
ontrol variable|shall be in
uen
ed is the MiniMax-
ontrollerwith whi
h wheel load 
an be in
reased or de
reased purposefully.The 
ontroller works independently for ea
h wheel. A 
onne
tion between the os
illationsof two wheels at an axle or between front and rear axle is not implemented in the 
ontroller.For the axles this is be
ause a swit
hing pro
ess at the rear axle has a very low in
uen
eon the wheel load at the front axle and vi
e versa. This has been investigated in test rigexperiments. Thus, it is not ne
essary to use os
illation information of one axle to 
ontrolthe other.Now even though swit
hing the sho
k absorbers at one tra
k 
hanges the 
ourse of wheelload at the other tra
k, still there is no 
onne
tion implemented in the 
ontroller. Why not?The problem with this intera
tion of one side and the other is, that it is quite arbitrary. Onenever knows what will happen at for example the left side if a sho
k absorber of the rightside is swit
hed. It 
an either 
ause an in
rease or a de
rease in wheel load, depending onthe 
urrent damper velo
ity of the non-swit
hed side and on the 
ourse whi
h the followingdamper velo
ity will take. This again depends strongly on the pavement whi
h 
annot beforeseen. This holds true for the swit
hed side as well, but there the de
ision to swit
h ornot to swit
h is based on the damper velo
ity and on a threshold for the damper velo
ity.So one 
an be quite sure that the wheel load a
tually will do what it is supposed to do:either in
rease or de
rease, depending on Fz;req.Figure 5.6 shows the prin
iple of the 
ontroller whi
h is implemented in the testingvehi
le. The dynami
 wheel load is integrated, and divided by the longitudinal velo
ity vxit delivers the de
ision basis for the request of wheel load. By dividing with vx the wheelload integral is brought from the level of braking slip �B to the level of velo
ity di�eren
evdi� .For the reasoning of the previous se
tions a negative wheel load is assumed to 
ause anin
rease in braking slip respe
tively in velo
ity di�eren
e. This in
rease again should beprevented by in
reasing wheel load (Fz;req = +1).Thus, a threshold a is introdu
ed su
h that the request of wheel load Fz;req = �1 ifthe wheel load integral divided by the longitudinal velo
ity FI=vx � a, and Fz;req = +1if FI=vx < a. This threshold is 
hosen to be negative, be
ause a strongly negative wheel124



5.3 Slip Controller
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Figure 5.6: Prin
iple of the 
ontroller used to redu
e the braking distan
e.load integral leads to a strong in
rease in braking slip. On the 
ontrary, if the wheel loadintegral is strongly positiv, it does not 
ause a de
rease in braking slip by the same amount,sin
e the lower limit for the braking slip lies at value zero and the optimal braking slip is
loser to zero than to one. Starting from e. g. 10%, the braking slip 
an be in
reased bye. g. 30%, but it 
annot be de
reased by this amount. Caused by this fa
t the fun
tionfrom whi
h the request of wheel load derives looks asymmetri
al (a 6= 0).Furthermore, by 
hoosing a < 0 it is prevented that the 
ontroller's output 
hangesbetween Fz;req = �1 and Fz;req = +1 rapidly if the wheel load integral os
illates aroundzero. Only if the wheel load integral is strongly negative an intervention should follow. Forall other values of FI, where FI=vx � a, the request of wheel load is Fz;req = �1, sin
e byusing this arti�
ial 
hara
teristi
 line, potential to in
rease wheel load is established. Dueto the lowering of the vehi
le's body if Fz;req = �1, the e�e
t on the 
ourse of wheel loadwhen swit
hing to Fz;req = +1 will be greater if there is a harsh transition from Fz;req = �1to Fz;req = +1 and if it is swit
hed only if really needed, i. e. if the wheel load integral isstrongly negative.The analyti
al representation of a is the following:a = �JW��B� r2e� (5.28)The best value for a was determined empiri
ally in preliminary tests. In se
ond gear and125



5 Longitudinal Dynami
sfor a wheel of the front axle it has a numeri
al value of af = �1:9 kg. For a wheel of therear axle ar = �0:3 kg. Both values 
orrespond to a Delta Braking Slip of approximately3%.5.3.1 Demands on the A
tuator in the Time FrameThere are two aspe
ts in whi
h demands on the 
ontroller derive from the previously de-s
ribed aspe
ts: The e�e
t on wheel load needs to establish fast enough and its magnitudeneeds to be high enough to be able to in
uen
e the rotational dynami
s of the wheel no-ti
eably. To determine the a
tual values for both the demand on time and on magnitudelevel, 
al
ulations for a worst-
ase s
enario shall be exe
uted.Assuming that the vehi
le drives at a given speed vx and is braked su
h that the brakingtorque MB and braking for
e times the e�e
tive radius FBre� at a wheel are in balan
e(a situation whi
h 
annot o

ur stationary, but nevertheless shall be used for a thoughtexperiment), whi
h means that this wheel is not de
elerated. Assuming furthermore thatthe wheel load and with it the braking for
e will drop from its given value to zero fromone time step to the other for whatever reason, the wheel will then be de
elerated withthe torque �MB = FB re� . The time it would take for the wheel to lo
k if this worst 
asehappened is de�ned as tlo
k.With _'W;0 = vxre� (5.29)and using equation 5.14 on page 116 this braking down of the wheel is governed by thefollowing equation. _'W(t) = _'W;0 � FB re�JW t (5.30)At time t = tlo
k the wheel lo
ks, the angular velo
ity _'W(t = tlo
k) is therefore zero,whi
h leads to: tlo
k = _'W;0 JWFB re� = vx JWFB r2e� (5.31)Assuming that the vehi
le is braking at vx = 70 km=h or vx = 100 km=h, that FB �Fz � 5000N for � = 1, and using the set of parameters from Table 3.1 on page 40 for thefront left wheel leads to the values for tlo
k that are shown in Table 5.2.Table 5.2: Time tlo
k that it takes for the wheel to lo
k in the worst 
ase.Gearneutral third se
ondvx = 70 km=h tlo
k = 55ms tlo
k = 130ms tlo
k = 265msvx = 100 km=h tlo
k = 78ms tlo
k = 185ms tlo
k = 380msComparing those times for the wheel to lo
k in the worst 
ase with the E�e
t Timesin Figure 4.23 on page 96 shows that the proposed approa
h to use the swit
hing e�e
tof the sho
k absorber to in
uen
e the 
ourse of wheel load is admissible in the sense that126



5.4 Redu
ing the Braking Distan
ethe e�e
t in the most 
ases 
omes at least by a fa
tor two earlier than in the worst 
aseit would take for the wheel to lo
k. The e�e
t is therefore suitable to prevent the wheelfrom lo
king.5.3.2 Demands on the A
tuator in the Magnitude FrameIt infers from the test rig experiments of se
tion 4.6 and from the test drives of se
tion 5.2.2that the MiniMax-
ontroller is 
apable of in
uen
ing the wheel load in the proper magni-tude frame. The average Total E�e
t Magnitude of approximately 40Ns at low frequen
ies(refer to Figure 4.24) applied at a wheel of the front axle at 70 km/h and in se
ond gearleads to a slip 
hange of approximately 3%. For the rear axle, where the mass moment ofinertia of the wheel and the E�e
t Magnitude are smaller, this value lies at approximately10%. The smaller the velo
ity of the 
ar, the bigger the 
hange in braking slip whi
h 
anbe 
aused by swit
hing the sho
k absorber. Both values show that the sho
k absorbers are
apable of a
ting as a
tuator in this 
ontext for the following reasoning:If the ABS-
ontroller is a
tive and pABS = �1 be
ause the braking slip is too high, thebraking pressure usually de
reases with �pB � �20 bar (refer to Figure 5.8) and is held atthe lower level between 50{200ms. This means that, applying the values from Table 3.1on page 40 to equation 5.25 on page 117, su
h an intervention by the ABS at 70 km/h inse
ond gear and for standard 
onditions leads to a 
hange in braking slip for a wheel at thefront axle of approximately 12%. For the rear axle this value is approximately 33%. Bothvalues are 
al
ulated for a persisten
e of braking pressure redu
tion of 100ms, be
ause theaverage Total E�e
t Time �te;tot at low frequen
ies lies at approximately 100ms as well.Thus, for the given states, the intervention in the verti
al dynami
s by swit
hing thea
tive sho
k absorbers 
auses a quarter to a third of the e�e
t whi
h the intervention inthe longitudinal dynami
s by the ABS has. Considering that the e�e
t of swit
hing thesho
k absorber 
an even be in
reased by swit
hing from one arti�
ial line to another, thisimplies that the sho
k absorber 
ontroller is 
apable of signi�
antly supporting the ABS.5.4 Redu
ing the Braking Distan
eIn this se
tion the experiments whi
h are exe
uted to determine if it is possible to redu
ethe braking distan
e by means of a
tive sho
k absorbers are des
ribed. The hypothesis H0ought to be falsi�ed if it was possible to redu
e the braking distan
e. This hypothesis H0and its alternative hypothesis H1 are:H0: It is not possible to redu
e the braking distan
e signi�
antly by means of 
ontrol ofa
tive sho
k absorbers 
ompared to the best passive damper setting out of hard orsoft.H1: It is possible to redu
e the braking distan
e signi�
antly by means of 
ontrol of a
tivesho
k absorbers 
ompared to the best passive damper setting out of hard or soft.
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5 Longitudinal Dynami
s5.4.1 Experimental SettingThe experimental setting for the test drives whi
h are meant to determine the redu
tionof braking distan
e by means of the a
tive sho
k absorbers is the following: There arealways at least two light barrier re
e
tors, one of whi
h initiates the measuring of thetest drive, the other one initiates the braking pro
edure. Those two re
e
tors (L0 andL1 in Figure 5.7) stand in a distan
e of �sL;0 = 5m. By having them positioned in ade�ned distan
e, it is possible to verify the signal of the Correvit-sensor (refer to Table 3.2on page 43) whi
h measures the longitudinal velo
ity. The integral of the velo
ity signalbetween L0 and L1 must be �ve meters. If it is not, the velo
ity signal is 
orre
ted by an
orre
tion fa
tor.

Driving direction

sL,0 = 5 msL

0.7 m

LoL1L2L3L4L5L6L7L8

20 Light barrier reflectors (L0 to L19)

L9

Light
barrierFigure 5.7: Test setup for determining the braking distan
e. The ABS-braking pro
ess isinitiated by passing either of the light barrier re
e
tors from L1 or higher. It takes approximately200ms for the braking ma
hine used to in
rease the braking pressure to its maximum level.Passing L0 starts the measuring system.The light barrier re
e
tors are used for three reasons: First of all, to be able to 
alibratethe Correvit-sensor o�-line.Se
ondly, to initiate the braking pro
edure by the braking ma
hine. This automatrea
hes the threshold pB;BB with a maximal deviation of += � 5ms. This ensures thatthe braking distan
e is not in
uen
ed by the di�ering appli
ation of braking pressure frombraking pro
edure to braking pro
edure by a human being.Thirdly, the re
e
tors are used to make sure the braking pro
ess will take pla
e at thesame pavement for every test drive whi
h should be 
ompared. Sin
e the elevation pro�leat whi
h the braking is exe
uted has a strong impa
t on the braking distan
e, this is animportant point to determine if and how strongly braking distan
es are reprodu
ible ifevery parameter whi
h 
an be kept 
onstant is kept 
onstant. Two test drives whi
h areexe
uted at two 
ompletely di�erent pla
es (e. g. a pothole and a bump) 
an hardly be
ompared with ea
h other.However, even braking at the very same position does not make the braking pro
eduresu
h reprodu
ible that the varian
e of braking distan
es for test drives with the sameparameters is smaller than the expe
ted braking distan
e redu
tion. The braking distan
esare distributed sto
hasti
ally, even if every parameter whi
h 
an be kept 
onstant is in fa
tkept 
onstant.Thus, to be able to gain information about the quality of the sho
k absorber 
ontroller,following method is used: Test drives whose results should be 
ompared are always the128



5.4 Redu
ing the Braking Distan
eones whi
h are exe
uted for as many 
onstant parameters as possible. Furthermore, theyare exe
uted within a short time frame of only a 
ouple of hours, su
h that the e�e
t ofslowly varying parameters (refer to se
tion 2.2.2) 
an be negle
ted.Comparable test drives are always exe
uted in a de�ned order: hard{soft{
ontrolled1{
ontrolled2{
ontrolled3. This means that it is always a test drive with hard damping,followed by one with soft damping, followed by a maximum of three test drives with di�er-ing 
ontroller settings. Within su
h a blo
k of 
omparison all long run varying parameters(refer to Table 2.1) are 
onstant, the ones that vary in the short run and the ones thatvary in the medium-term run are kept as 
onstant as possible. To illustrate how it is madeto a
tually keep the parameters 
onstant, a 
he
klist of a braking pro
edure is shown:1 Se
ond gear for vdesx;0 = 70 km=h2 Pla
ing the light barrier re
e
tors3 Adjusting the 
ruise 
ontrol to vdesx;04 Warming-up braking pro
edures with vdesx;0 until TB(tBI) is 
onstant5 Starting the real, measurable braking pro
edures6 De
oupling the 
lut
h at an engine speed of 1,000 rpm by foot7 After ea
h braking pro
edure the same route is taken to start the next pro
edure inorder to always have the same amount of 
ooling down of the tires and brakes8 Frequen
y of test drives exe
ution is 
onstant, no breaks in between the brakingpro
eduresStandard SettingThe standard setting for all test drives is the following:� `Standard Road'� Tire in
ation pressure: pT = 2:3 bar� Road 
ondition: dry� Initial velo
ity: vdesx;0 = 70 km=h5.4.2 Results for Un
ontrolled Sho
k AbsorbersIn Figure 5.8 a braking pro
edure is shown for soft sho
k absorbers exemplarily. Themeasurands whi
h are presented are the ones that are most relevant for the braking pro
e-dure, either be
ause they are inputs to the 
ontroller or be
ause they explain the brakingbehavior.The begin and the end of braking tBB and tBE are marked in every plot via 
ir
les.It 
an be seen that there are three major drops in wheel speed during the brakingpro
edure, whi
h 
orrespond to shoots in both braking slip and velo
ity di�eren
e. The129



5 Longitudinal Dynami
sABS-
ontroller handles these shoots in braking slip with adjusting the braking pressure ofthe front left wheel to a level at whi
h the braking slip does not in
rease anymore.Espe
ially for the third shoot in braking slip it 
an be seen that there is a 
lose 
onne
tionbetween wheel load integral and braking slip. It is at t � 1 s that the braking slip startsto in
rease even though the braking pressure is de
reasing. This is 
aused by the fa
t thatthe wheel load integral is strongly negative at this point in time.The braking pressure of the main 
ylinder pB;MC is in
reasing after the braking ma
hineis triggered. The braking pressure of the front left wheel pB;fl follows and is limited by theABS if the braking slip be
omes too high. The main 
ylinder's braking pressure is keptbetween 100 and 160 bar during the whole braking pro
edure by the braking ma
hine,while the front wheels' braking pressure never ex
eeds 120 bar.Furthermore, the �gure shows that the wheel load integral strongly 
orrelates with thepit
hing movement of the vehi
le. Every time the vehi
le pit
hes forward (the springdispla
ement sS;fl of the front left wheel is negative), the wheel load integral is positive. Onthe 
ontrary, if the vehi
le pit
hes ba
kwards (sS;fl > 0), the wheel load integral is negative.This shows on
e again that the low-frequen
y body movements have the strongest in
uen
eon the wheel load integral. High-frequen
y wheel os
illations 
an be found in its signal,but they do not a�e
t its positiveness or negativeness. For a strongly positive wheel loadintegral (whi
h o

urs two times), the braking slip is de
reased down 
lose to zero.The boolean signals damper 
urrent ID, ABS-signal pABS;fl, and request of wheel loadFz;req;fl are also shown in Figure 5.8. The damper 
urrent is set to a 
onstant value ofID;i = 1:6A, for the test drive shown is exe
uted with soft damping. Thus, Fz;req;fl doesnot in
uen
e the damper 
urrent as it does in the 
ontrolled 
ase. Nevertheless, Fz;req;fl isthe same as it would be if the sho
k absorber was 
ontrolled.The 
ourse of Fz;req;fl demonstrates the prin
iple fun
tion of the 
ontroller. Shortly afterthe initiation of the braking pro
edure the wheel load integral in
reases and the request ofwheel load is set to Fz;req;fl = �1. The �rst shoot in braking slip is thus not 
aused by awheel load integral whi
h is too negative, but it is rather 
aused by the braking pressurewhi
h is above the level that 
an be supported by the braking for
e. The request of wheelload to de
rease leads to a lowering of the vehi
le's body whi
h produ
es the potential toin
rease wheel load at the right time.Around t = 1 s, the wheel load integral de
reases, mainly due to the fa
t that thevehi
le's body is pit
hing ba
kwards. It is there that the request of wheel load is swit
hedfrom `de
rease' to `in
rease' to prevent a strong shoot in braking slip 
aused by the toonegative wheel load integral. When the wheel load integral rises again, the request of wheelload is swit
hed ba
k to `de
rease' to generate the potential of a sudden in
rease in wheelload again.Summarizing, from Figure 5.8 infers that there is a strong 
orrelation between pit
hingand wheel load integral, and via this between pit
hing and braking slip. Similar to theexplanation given in 
hapter 4, this is the demand side of the problem. The wheel loadintegral and with it the braking slip are the quantities whi
h ought to be 
ontrolled, andthey are in
uen
ed mainly by low-frequen
y os
illations of the vehi
le's body.
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Figure 5.8: Braking pro
edure for soft sho
k absorbers. Initial velo
ity vdesx;0 = 70 km=h, testdrive exe
uted on the �rst part of the test tra
k `Standard Road'.
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5 Longitudinal Dynami
sFrequen
y AnalysisIn Figure 5.9 the frequen
y spe
trum of the damper velo
ity for hard and soft dampingduring full braking out of an initial velo
ity of 70 km/h is shown. It 
an be seen that thehighest amplitudes of the damper velo
ity lie at frequen
ies below approximately 5Hz.Higher frequen
ies do not play a role when the 
ar is braking, be
ause the pit
hing ofthe body dominates all other ex
itations. With respe
t to the movement of the sho
kabsorbers the ex
itations from the wheels, whi
h happen at frequen
ies above 10Hz, arenot as relevant as the low-frequen
y body movements.
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Figure 5.9: Full-braking pro
edures for initial velo
ity vdesx;0 = 70 km/h. Frequen
y spe
trum ofthe damper velo
ity for 35 test drives with hard damping and 35 test drives with soft dampingrespe
tively. Test drives exe
uted on several di�erent spots of the `Standard Road'.The dimension of amplitudes is lower for hard than for soft damping, but the 
on
lusionthat the wheel os
illations are not as relevant as the body os
illations is the same for both.Figure 5.9 shows the supply side of the problem. The sho
k absorber 
an only have astrong e�e
t on the 
ourse of wheel load if the damper velo
ity is high. Thus, it is atfrequen
ies below approximately 5Hz that the largest e�e
t 
an be gained. This is thesame frequen
y-band whi
h infers from the demand side derived from Figure 5.8. Again,the supply and the demand side �t together with respe
t to their frequen
y-bands.5.4.3 Results for Controlled Sho
k AbsorbersA total of three times 35 test drives (35 hard, 35 soft, 35 
ontrolled) were exe
uted withthe standard settings whi
h 
an be 
ompared with respe
t to the braking distan
es. The132



5.4 Redu
ing the Braking Distan
enumber of test drives was 
hosen su
h that even fa
ing a high deviation a statisti
al ensured
on
lusion 
an be drawn.To demonstrate the sto
hasti
 distribution of braking distan
es, Figure 5.10 shows theresults for three times 15 test drives. Those were exe
uted in the order shown in the �gureon the same day. For every blo
k of three braking distan
es (`hard', `soft', and `
ontrolled')the braking pro
edures were exe
uted at the very same initial braking position and on thesame pavement. It 
an be seen that even in this 
ase, where all possible parameters are kept
onstant, there is a high deviation of braking distan
es. There is no spe
i�
 order of hard,soft, and 
ontrolled damping visible. But it 
an be seen that the average braking distan
efor 
ontrolled damping is smaller than for both passive damper settings. Computing theaverage value shows that it is almost by 2% that the braking distan
e is shortened by the
ontrol of the a
tive sho
k absorbers.
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Figure 5.10: Braking distan
es for hard, soft, and 
ontrolled damping for an initial velo
ity ofvdesx;0 = 70 km=h, test drives exe
uted on a dry pavement with a standard roughness.In Figure 5.11 the results of braking tests are shown whi
h are exe
uted on randomly
hosen parts of the air�eld where the testing tra
k `Standard Road' is lo
ated. The pave-ment stru
ture and the unevenness is 
omparable to the one des
ribed in se
tion 3.4.2.The plot shows the 
umulative per
entage of braking distan
es and ought to be read ex-emplarily for 
ontrolled damping in the following manner: In 45% of all 
ontrolled brakingpro
edures the braking distan
e is 18.25m or shorter. The �gure shows that the averagebraking distan
e whi
h is obtained with the 
ontrolled damping is shorter than the onesfor hard and soft damping. The average is shorter by 0.25m. This means that on anaveraging level the braking distan
e 
an be redu
ed by the given 
ontroller by 1.3%. 133
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Figure 5.11: Braking distan
es for hard, soft, and 
ontrolled damping for an initial velo
ity ofvdesx;0 = 70 km=h, test drives exe
uted on a dry pavement with a standard roughness.Furthermore, the standard deviation of braking distan
e for the 
ontrolled test drives issmaller than for the two passive damper settings. There is no outlier in 
ase of 
ontrolleddamping as it is the 
ase for both hard and soft damping. This means that not only thebraking distan
e is shorter, but also the predi
tability of the braking distan
e is betterfor 
ontrolled sho
k absorbers. This 
ould be due to the fa
t that in 
ase of 
ontrolledsho
k absorbers those 
an adapt to 
hanging pavement 
onditions, whereas the two passivedamper settings 
annot.Figure 5.12 shows the 
umulative per
entage of VI for the three times 35 braking pro-
edures des
ribed previously. Re
alling that the lower VI, the lower a possible damage in
ase of an unpreventable 
rash, it 
an be seen that soft and 
ontrolled damping both leadto better results than hard damping. On an averaged level 
ontrolled dampers are evenslightly better than soft dampers. In addition to the results with respe
t to the brakingdistan
e this shows another positive aspe
t of the sho
k absorber 
ontroller. It does notonly de
rease the braking distan
e dB, but it also improves the quality of the brakingdistan
e in terms of a lower VI.The bene�t of the sho
k absorber 
ontroller lies in the fa
t that it 
ombines the ad-vantages of both hard and soft damping. Even though hard damping leads to a shorterbraking distan
e, soft damping is better in terms of VI. If one of the two passive settingsmust be 
hosen, it �rst has to be de
ided if a shorter braking distan
e or a lower VI isthe goal. For 
ontrolled damping, this trade-o� does not need to be handled. Here the
ontrolled damper lead to the best result with respe
t to both measurands, dB and VI.134
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5 Longitudinal Dynami
sTest on Normal Distribution of the Braking Distan
eIn order to be able to apply tools from statisti
s, most of the time it is ne
essary, orat least it makes 
onsiderations easier, if a standard distribution of the main population
an be assumed. Figure 5.13 
ontains the same results as Figure 5.11, but here they areplotted in a slightly di�erent way. They are plotted su
h that if the respe
tive quantityfollows a normal distribution, it lies on a straight line. This optimal line is also shown inthe �gure for every damper setting. Already by inspe
tion it 
an be seen that for everydamper setting the respe
tive sample seems to follow a normal distribution very well. Tomake this inspe
tion more quanti�able, a so 
alled 
hi-square test to 
he
k for normaldistribution is exe
uted3.
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Figure 5.13: Test on Gaussian distribution for hard, soft, and 
ontrolled damping.This 
hi-square test leads to the result that for all three damper settings on a level ofsigni�
an
e of �s = 0:05 the hypothesis of a normal distribution 
annot be abolished. It isthus assumed that for every braking pro
edure with the maximum number of parameterskept 
onstant a normal distribution establishes for the braking distan
es.Test on Equality of Expe
ted Values of the Braking Distan
eNow that the three braking distan
e samples `hard', `soft', and `
ontrolled' are statisti
allyveri�ed to be normal distributed, they 
an be tested on the equality of their expe
ted3S
hwarze/Fuskov�a/Kunitz (2004): Statistik { Grundkurs, Kurseinheit 12: Spezielle Testverfahren pp. 38{40.136



5.4 Redu
ing the Braking Distan
evalues4. In one form of this test the hypothesis is formed that the expe
ted value of onemain population is greater than the expe
ted value of another main population. It is thentried to falsify this hypothesis by the test pro
edure. In the given 
ase, the hypothesisis that the expe
ted value of braking distan
e for hard (soft) damping is smaller or equalthan the expe
ted value for 
ontrolled damping. This hypothesis 
an be falsi�ed on a levelof signi�
an
e of � = 0:005 for the 
omparison of hard and 
ontrolled damping. For softand 
ontrolled damping it 
an be falsi�ed on a level of signi�
an
e of even � = 0:001.These numbers mean that with a probability of 99.5% the expe
ted value of brakingdistan
e for 
ontrolled damping is smaller than the one for hard damping, and with aprobability of 99.9% it is smaller than the one for soft damping.The same test 
an be undertaken not only to 
he
k on equality of expe
ted values butto 
he
k on the di�eren
e in expe
ted values. Doing this leads to the following result:On a level of signi�
an
e of � = 0:05, this means with a probability of 95%, the brakingdistan
e for 
ontrolled damping is by at least 10 
m shorter than for hard damping, andby at least 20 
m shorter than for soft damping. Both results are statisti
ally signi�
ant.Thus, it 
ould be shown that it is indeed possible to shorten the braking by means of a
tivesho
k absorbers. The hypothesis H0 on page 127 is therefore falsi�ed and the alternativehypothesis H1 is assumed to be true. Even though the redu
tion in braking distan
e isshown for only one standard setting, it is suÆ
ient to falsify the hypothesis H0. It ispossible that by 
hoosing another kind of seismi
 ex
itation the redu
tion will not besigni�
ant anymore. It is also possible that it is even more signi�
ant on other pavements.However, the fa
t that a redu
tion of braking distan
e is possible by means of a
tive sho
kabsorbers has been proven with the method des
ribed. It is the �rst time that this hasbeen done and published on experimental level.Explanatory Approa
hIn Figure 5.14 the 
umulative per
entage is plotted for di�erent values of the longitudinalvelo
ity. Thus, the development of `lo
al braking distan
es' during the braking pro
edure
an be followed. Snapshots of traveled distan
es at given longitudinal velo
ities are taken.The �gure reads in the following manner: When the given velo
ity of e. g. 50 km/h isrea
hed, the average traveled distan
e is smallest for soft damping, followed by 
ontrolledand hard damping. This advantage of soft dampers at the beginning of the braking pro-
edure is lost from there on until at vx = 3km=h the braking pro
edure is de�ned to be�nished. Here the 
umulative per
entage is the same as the one shown in Figure 5.11.In Figure 5.15 a similar plot is shown. The di�eren
e is that here snapshots of longitu-dinal velo
ity at given traveled distan
es are taken. E. g. it infers from the �gure that at8m after the initiation of the braking pro
edure the lowest average longitudinal velo
ityis rea
hed for soft dampers. Four meters later, at 12m, the 
ontrolled setting has alreadypassed the soft one.It infers from Figures 5.14 and 5.15 that soft sho
k absorbers lead to better results duringthe beginning of the braking pro
edure, but that this advantage is over
ompensated in themiddle and at the end of the braking pro
edure, su
h that soft damping leads to the worstresults with respe
t to the braking distan
e.This also explains why the measurand VI is better for soft than for hard damping. If the4Weber (1992): Einf�uhrung in die Wahrs
heinli
hkeitsre
hnung und Statistik f�ur Ingenieure pp. 305{312.137
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5 Longitudinal Dynami
sbraking pro
edure is good in the sense of a large amount of dissipated kineti
 energy, it isalso good in the sense of a lowered VI. A de
reased velo
ity during the beginning of thebraking pro
edure is therefore valued highly when 
al
ulating VI, and thus soft dampingis better here than hard damping.But why is it that for soft damping the kineti
 energy is dissipated by a great amount atthe beginning of the braking pro
edure, but at later times this advantage of the beginningis even over
ompensated? It is 
aused by the fa
t that for soft damping the �rst pit
hing ofthe vehi
le's body is mu
h stronger than for hard damping. Thus, the wheel load integralis also more positive for soft damping in the beginning of the braking pro
edure. Andan in
reased wheel load integral again 
auses higher longitudinal for
es|namely brakingfor
es|whi
h de
elerate the vehi
le.This overshoot in wheel load integral for soft damping at the beginning of the brakingpro
edure is shown in Figure 5.16. Here the 
ourses of wheel load integral for hard, soft,and 
ontrolled damping have been averaged for 15 braking pro
edures ea
h. It 
an beseen that between 0.2 and 0.4 s after the begin of braking the wheel load integral for softdamping is mu
h larger than for hard damping. This is also the time during whi
h thedissipation of kineti
 energy works better for soft then for hard damping. The overshootin wheel load integral during the beginning of the braking has to be `paid' with a strongdrop between 0.4 and 0.8ms. This drop leads to the worsening of soft damping 
omparedto hard and 
ontrolled in Figures 5.14 and 5.15.
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5.5 Con
lusionsThe 
ontroller 
an 
ombine the advantages of hard and soft damping. During the be-ginning of the braking there is an overshoot in wheel load integral. Not as strong as forsoft damping, but stronger than for hard damping. For 
ontrolled damping this overshootdoes not have to be `paid' with a drop in wheel load integral as drasti
 as for soft damping.The 
ourse of wheel load integral is smoothed by the sho
k absorber 
ontroller.Correlation Between Braking Distan
e and Other MeasurandsTable 5.3 shows the 
orrelation 
oeÆ
ient for the RMS on dynami
 wheel load, weightedwith the vehi
le speed and the braking distan
e, as well as the 
orrelation 
oeÆ
ientfor the RMS on velo
ity di�eren
e (whi
h is in fa
t the braking slip, weighted with thevehi
le speed) and the braking distan
e|both for all three damper settings. Surprisingly,the 
orrelation di�ers for 
hanging damping by quite a lot. In 
ase of hard dampingthe 
orrelation between RMS on wheel load and braking distan
e is rather high, for softand 
ontrolled damping this does not hold true. This 
ould be be
ause in 
ase of harddamping the 
onne
tion between wheel and body is mu
h stronger than for soft dampingand therefore the dominating body os
illations 
an be found in a higher amount in thewheel and the wheel load. This is a topi
 for further inspe
tion.Table 5.3: Correlation 
oeÆ
ients and RMS on velo
ity weighted wheel load and on velo
itydi�eren
e for hard, soft, and 
ontrolled damping. `Standard road', dry, vx;0 = 70 km=h.Damper setting �F vxz;e� ;dB;
orr �vdi�;e� ;dB;
orr �F vxz;e� �vdi�;e�hard 0.54 0.63 682N 6.5 km/hsoft 0.17 0.41 776N 6.3 km/h
ontrolled 0.07 0.47 687N 5.8 km/hIt 
an also be seen that the 
orrelation between braking distan
e and RMS on velo
itydi�eren
e is higher than the one between braking distan
e and RMS on wheel load for everydamper setting. I. e., beside the RMS on wheel load the quality of the braking pro
edure
an be measured better in terms of velo
ity di�eren
e. Due to the very low 
orrelationthere, espe
ially for soft damping, the RMS on wheel load is not feasible to measure thesafety.Furthermore, a very interesting inspe
tion: The slip 
ontroller redu
es the slip os
il-lations. The mean value of RMS on velo
ity di�eren
e over all braking pro
edures issigni�
antly lower for 
ontrolled damping than it is for hard or soft damping. This showsthat it is indeed possible to purposefully in
uen
e the 
ourse of braking slip by a wheel-load
ontroller whi
h a
ts on the verti
al dynami
s.5.5 Con
lusionsIn this 
hapter the 
onne
tion between the verti
al and the longitudinal dynami
s wasestablished. In a theoreti
al approa
h the integral of wheel load was determined as the
onne
ting quantity between verti
al and longitudinal dynami
s. From this infers thathigh-frequen
y os
illations of the wheel load signal in the range of the wheel eigenfrequen
ydo not a�e
t the 
ourse of braking slip as mu
h as low-frequen
y os
illations in the rangeof the body eigenfrequen
y do. Thus, the RMS on wheel load alone, whi
h values the parts141



5 Longitudinal Dynami
sof the wheel load signal that hold high frequen
ies in the same proportion as those partsthat hold low frequen
ies, is not a suÆ
ient measurand to determine the riding safety.Extending the results from 
hapter 4, where the verti
al dynami
s and the e�e
t on the
ourse of wheel load due to 
ontrolling the sho
k absorbers were investigated, the e�e
tthat a swit
hing pro
ess of the a
tive sho
k absorber has on the braking for
e and thebraking slip was determined. It was shown that the swit
hing is 
apable of in
uen
ing thelongitudinal dynami
s in both the time and the magnitude frame good enough to a
t as aslip 
ontroller.The results of the braking pro
edures show that there is a strong 
orrelation betweenthe 
ourse of the integral of dynami
 wheel load and the spring de
e
tion. Thus, the bodymovements are supposably responsible by the biggest part for the out
ome of a brakingpro
edure. This means that on an ideally even road the quality of the 
ontroller shouldremain un
hanged 
ompared to braking pro
edures on the `Standard Road' or even on avery rough road. This needs to be investigated in future test drives.Furthermore, it is possible to redu
e the braking distan
e by means of 
ontrol of a
tivesho
k absorbers. The mean value of braking distan
es for the 
ontrolled 
ases is an averageof 1.3% smaller than for the best passive damping, whi
h is statisti
ally signi�
ant. Theintegral of the square of longitudinal velo
ity with respe
t to the traveled distan
e, VI,
an be lowered by means of a
tive sho
k absorbers 
ompared to hard damping, too. Forboth measurands dB and VI the 
ontrolled damping leads to better or equal results thanthe respe
tive best passive damping. Thus, the 
ontroller a
ts in two dimensions: It is notonly the braking distan
e whi
h 
an be de
reased, but it is also the damage probability in
ase of a 
rash whi
h is lowered by the 
ontroller.Sin
e the main assumptions of all model-thoughts and of the 
ontroller hold true forevery land-based vehi
le with adjustable suspension parameters, the results are at leasttransferable to other vehi
les whi
h have a suspension 
omparable to the one used in thetesting vehi
le.
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6 Dis
ussion and Outlook6.1 ResultsIn this thesis the in
uen
e of the verti
al dynami
s of a passenger 
ar on the longitudinaldynami
s in the spe
ial 
ase of full-braking has been investigated. The main results of thisthesis are the following:� A
tive sho
k absorbers 
an be operated in arti�
ial 
hara
teristi
 lines whi
h theydo not hold by 
onstru
tion, by swit
hing from one request of wheel load to another,rather than from hard to soft.� It 
ould be shown that it is possible to purposefully in
uen
e the 
ourse of wheel loadby means of swit
hing the a
tive sho
k absorber from one arti�
ial line to another.� The e�e
t is the longer and stronger the greater the spreading of the a
tive sho
kabsorber.� It was further shown that the relevant frequen
ies to in
uen
e the longitudinal dy-nami
s by means of a
tive sho
k absorbers on a road with a typi
al unevenness liebelow 5Hz. It is mainly the os
illations of the body whi
h are relevant in the given
ontext.� The 
onne
tion between the verti
al and the longitudinal dynami
s was establishedby introdu
ing the wheel load integral as the 
onne
ting measurand.� It was shown that the e�e
t of swit
hing the sho
k absorber is feasible to in
uen
ethe longitudinal dynami
s both in the time and in the magnitude frame.� A testing pro
edure was de�ned whi
h allows to determine deviations in brakingdistan
e of 0.25%.� In test drives on a typi
al road starting from an initial velo
ity of 70 km/h it wasshown that it is in fa
t possible to shorten the braking distan
e signi�
antly by meansof the 
ontroller developed.� It was furthermore shown that not only the braking distan
e 
an be shortened,but at the same time the quality of the braking pro
edure 
an be enhan
ed byredu
ing the kineti
 energy earlier (in the distan
e domain) than the hard dampingdoes. The suggested 
ontroller thus ex
eeds both passive damper settings in twodi�erent dis
iplines independently from ea
h other at the same time. It 
onne
ts theadvantages of both passive damper settings.The results were gained by using a testing vehi
le from the 
ompa
t 
lass. They oughtto be dis
ussed in the following se
tions. 143



6 Dis
ussion and Outlook6.2 Transferability of ResultsAs 
ould be seen in se
tion 4.6.3, swit
hing the a
tive sho
k absorber and its e�e
t on theverti
al dynami
s of a passenger 
ar 
an be modeled very well with a quarter-
ar model.The results do not depend heavily on parameter variations, whi
h shows that they 
anbe transferred to other passenger 
ars with di�erent masses, spring sti�ness, and damping
oeÆ
ients easily. The main assumptions whi
h underlie the 
on
lusions drawn from theresults of the experiments 
on
erning only the verti
al dynami
s are: A heavy body massis 
arried by a suspension of a kind su
h that it is 
apable of os
illations. During thoseos
illations, one of the system parameters is swit
hed, whi
h leads to a 
hange in wheelload.As long as a suspension system 
an be des
ribed in the above manner, the results ofswit
hing the sho
k absorber with respe
t to the verti
al dynami
s should be similar tothe ones obtained in this thesis. By parameter variations in a simulation model it 
ouldfurthermore be shown that an in
reasing spreading of the a
tive sho
k absorber also letsthe e�e
t on the wheel load in
rease.With regard to the 
onne
tion between the verti
al and the longitudinal dynami
s theprin
iple thoughts still hold true. As long as there is a wheel whi
h is 
lamped between thebraking torque and the braking for
e, it holds true that by means of the verti
al dynami
svia the wheel load and the braking for
e, the braking slip 
an be in
uen
ed. But here thelimitations on the transferability are more stri
t than when looking at only the verti
aldynami
s. The tire and the 
onta
t between tire and pavement play major roles in thetransferability, so does the mass moment of inertia of the wheels.The tire has an in
uen
e on the transferability in several ways: Firstly, be
ause with itthe verti
al sti�ness of the wheel 
an be 
hanged. However, if the results whi
h suggest thatthe part of the dynami
 wheel load 
ausing verti
al wheel os
illations is of less importan
ethan the part 
ausing verti
al body os
illations 
ould be found again in other vehi
les,the verti
al sti�ness of the tire should not in
uen
e the quality of the braking distan
e
ontroller by mu
h. Se
ondly, be
ause the form of the �-slip 
urve has an in
uen
e onhow strongly the braking slip 
hanges due to an intervention in the verti
al dynami
s.Furthermore, during braking on snow or on broken stones, the maximum of the �-slip
urve lies at �B = 1 and therefore the 
ontroller proposed would not enhan
e the brakingperforman
e, be
ause the 
ontroller obje
tive would need to be adjusted. This pointin
uen
es the whole transferability: the parameter whi
h need to be determined for another
ar newly. However, the stru
ture of the model does not 
hange.In the testing vehi
le the mass moment of inertia of a wheel at the front axle is mu
hhigher (by fa
tor 3{6) than the one of a wheel at the rear axle. This is due to the fa
tthat the mass moment of inertia of the engine has to be 
ounted at the front axle aswell, be
ause the testing vehi
le is front wheel driven. If the test drives 
on
erning the
onne
tion between verti
al and longitudinal dynami
s were exe
uted with a vehi
le withrear wheel drive, the mass moment of inertia would be mu
h smaller than it was duringthe test drives of this thesis. It is possible that for a rear wheel driven vehi
le the e�e
t of
hanging slip and braking for
e at the front axle would be even higher than in this thesis.This already holds true if the test drives had been exe
uted with the 
lut
h de
oupled,be
ause then the mass moment of inertia of the engine would have been de
oupled fromthe front axle's wheels. For experimental reasons this was not possible. Thus, it might bethat even for the given testing vehi
le the e�e
t of swit
hing the sho
k absorber on the144



6.3 Relevan
e of Results for Other Systemsbraking slip 
ould be greater than it was in the test drives as exe
uted.With regard to the braking distan
es obtained, there is the problem that within theframe of this thesis only one set of parameters has been investigated in detail. A 
ausal
onne
tion between the verti
al and the longitudinal dynami
s has been established bymeans of the wheel load integral. Applying this 
onne
tion to the testing vehi
le led to asigni�
ant redu
tion in braking distan
e. Thus, it is proved that it is in fa
t possible toredu
e the braking distan
e by means of a
tive sho
k absorbers in general. But still lots ofparameter variations need to be undertaken to try to falsify the model built in this thesis.Only if this model stands these tests with di�erent parameters, 
an it be named proven.6.3 Relevan
e of Results for Other SystemsIn this thesis the ABS- and the sho
k-absorber 
ontroller work 
ompletely independentlyfrom ea
h other. Neither does the ABS `know' of the possibility to in
uen
e wheel load,nor does it `know' of wheel load indu
ed slip os
illations. But with the wheel load integrala measurand is introdu
ed whi
h 
an support the ABS. By means of this measurand thewheel-load indu
ed shoots in braking slip 
an be dete
ted and treated separately frombraking-torque indu
ed ones. This knowledge helps to improve the 
ontrol algorithms oftoday's ABS-
ontrollers.Another industry whi
h 
ould make use of the knowledge gained in this thesis is theair
raft industry. The braking behavior of airplanes 
ould also be improved by using theresults of this thesis. Kr�uger1 suggested this already in his thesis in 2000. Looking at thebraking distan
e of passenger airplanes, there is also a potential to enhan
e the brakingperforman
e by means of semi-a
tive suspension. An airplane today lands with a speedof approximately 250 km/h and starts to break with reverse thrust. From approximately100{150 km/h, depending on the situation, down to rest, the kineti
 energy is dissipatedby the wheel brakes|similar to a passenger 
ar. The ABS, whi
h is also used in airplanes,
ould be supported by semi-a
tive suspension in the same manner as proposed in thisthesis.The methods 
an also be used for motor
y
les. There they should lead to even betterresults, be
ause no 
oupling exists between right and left tra
k, simply be
ause there is noright and left tra
k. Thus, swit
hing the sho
k absorber 
annot in
uen
e the other sidenegatively. Moreover, the spring travel for motor
y
les is greater than the one for 
ars.Thus, the E�e
t Time should be longer and the relative E�e
t Magnitude greater than for
ars.Furthermore, not only the braking performan
e but also the a

eleration of a vehi
le
ould be improved. Espe
ially for very powerfully motorized vehi
les with front wheel drive,the 
ontroller presented in this thesis 
ould help to prevent wheelspin. The 
onne
tionestablished in this 
ase would be between the TSC and the sho
k absorber 
ontroller ratherthan between the ABS and sho
k absorber 
ontroller. In
uen
ing braking or transmissionslip does not make a di�erent for the proposed 
ontroller.Leaving the longitudinal dynami
s, the results and the 
on
lusions of this thesis providethe other driving dynami
s 
ontroller, espe
ially the ESP, with a tool to purposefullyin
rease or de
rease the wheel load. This 
ould help to prevent ESP-interventions when1Kr�uger (2000): Integrated Design Pro
ess for the Development of Semi-A
tive Landing Gears for Trans-port Air
raft. 145



6 Dis
ussion and Outlookdriving in 
urves or on handling tra
ks. Basi
ally, every 
ontroller whi
h needs to havean in
uen
e on the angular velo
ity of a single wheel 
an make use of the MiniMax- andslip-
ontroller proposed.6.4 OutlookIn this thesis the 
onne
tion between the verti
al dynami
s of a passenger 
ar and itslongitudinal dynami
s has been established. It is now known how the verti
al os
illationsin
uen
e the wheel's slip, may it be the braking or the transmission slip. Furthermore, itbe
ame 
lear that it is the low frequen
y os
illations of wheel load whi
h are responsiblefor 
hanges in braking slip. This knowledge 
ould in the long run be implemented intoseries appli
ations, where right now the sho
k absorbers are swit
hed to a passive dampingduring ABS-braking.A 
ru
ial aspe
t 
on
erning one of the 
ontroller inputs is the determination of thedamper velo
ity. In this thesis this was done by means of spring de
e
tion sensors. In fa
t,it is only the sign of the damper velo
ity whi
h is needed for the proposed 
ontroller. Thus,a simpler solution to determine this 
ontroller input 
ould be to work with swit
hes withinthe sho
k absorber whi
h are 
ombined with the valves' opening 
ondition. Sin
e thereare always valves in a sho
k absorber whi
h are only opened for one dire
tion (reboundor 
ompression), by applying a swit
h to them that provides with information about theopening 
ondition it is possible to gain a digital signal about the sign of the dampervelo
ity.Another solution 
ould be to use sho
k absorbers whi
h have di�erent a
tive valves forrebound and 
ompression. In this 
ase the MiniMax-
ontroller would shrink to only two�elds and only one input: the request of wheel load Fz;req. This solution would thereforeprovide with a tool whose only input is the request how the 
ourse of wheel load should
hange in the future. This would be a tool whi
h 
ould be mantled into a suspensionsystem in a very modular way.Sin
e the results in this thesis were gained from only one set of parameters, in the �rststep it is ne
essary to 
onfront the 
ontroller with 
hanging parameters. The next stepshere should be:� Test drives on other types of roads, like{ An ideally 
at road to determine if the e�e
t of shortening the braking distan
estill o

urs there. If this was the 
ase, it would suggest that the os
illations ofwheel load due to movements of the vehi
le's body have a higher in
uen
e onthe braking distan
e than the ones due to wheel os
illations do.{ A very rough road, again to determine how the di�eren
e in ratio betweenwheel and body part of wheel load os
illations a�e
ts the 
ontroller's quality.The assumption here is that the 
ontroller works not signi�
antly worse thanon a typi
al pavement.{ Low-� 
onditions. Here the ABS-
ontroller has, 
ompared to the wheel-load
ontroller, a higher in
uen
e on the braking slip, for the wheel load has to betranslated into braking torque �rst. This works worse for low-� than for high-� 
onditions. Yet the ABS does not fa
e this problem. The braking torqueappli
able by it is independent of the tire/pavement fri
tion 
onditions.146



6.4 Outlook� An additional de�nition of the E�e
t Magnitude with respe
t to the integral of wheelload should be introdu
ed to measure the e�e
t until the wheel load integral passeszero.� Not only the swit
hing pro
ess from hard to soft and vi
e versa, but also the swit
hingpro
ess from one arti�
ial 
hara
teristi
 line to another should be investigated in moredetail.� Test drives with the 
lut
h de
oupled right from the beginning of the braking pro
e-dure in order to redu
e the mass moment of inertia of the front axle's wheels.� Test drives for varying initial velo
ities. Assuming that soft damping takes advantageof the �rst strong pit
hing right after the beginning of the braking pro
edure, thisin
uen
e should be
ome relatively smaller for higher initial velo
ities. Thus, theassumption is that soft damping should be worse 
ompared to hard damping athigher velo
ities.� Measuring of the �-slip 
urve on the test tra
k `Standard Road' in order to determinethe ben
hmark for the sho
k-absorber 
ontroller with respe
t to braking distan
e.Whi
h amount of improvement is possible at all, measured in terms of di�eren
ebetween �max and �mean?One aspe
t whi
h was not 
overed in this thesis is the mi
ros
opi
 modeling of thefor
e transmission in the tire 
onta
t zone. The wheel load integral shows the dire
tion ofhow the 
onne
tion between verti
al and longitudinal tire for
es looks like, but the modelun
ertainties are greater than the redu
tion in braking distan
e. Thus, it was not possibleto reprodu
e the results from real test drives with a simulation model of the longitudinaldynami
s. If su
h a model was at hand and was validated, it would safe lots of experimentaltest e�ort. With the experimental data gained in this thesis it is now possible to optimizenumeri
al models of the braking pro
edure.By introdu
ing the wheel load integral, the 
onne
tion between verti
al and longitudinaldynami
s has been established. It is also possible to establish the 
onne
tion betweenverti
al and lateral dynami
s. The side slip 
ould be in
uen
eable by the a
tive sho
kabsorbers as well. This ought to be investigated in more detail, be
ause in lateral dire
tionthe wheel is not spinning and therefore the transfer me
hanism is supposably di�erent andneeds to be dis
overed.On
e the 
onne
tion between the verti
al and the total horizontal dynami
s is drawnand fully understood, the next step 
an be to implement the knowledge gained into a global
hassis 
ontroller (GCC). The verti
al dynami
s would then no longer be de
oupled froma 
ons
ious 
onne
tion to the horizontal dynami
s. This is the next step on the way to aGCC.
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7 SummaryWhen it 
omes to the design of a suspension system, a 
lassi
 
on
i
t needs to be solved:One �xed set of suspension parameters may lead to the best result with respe
t to handlingperforman
e for one given driving maneuver. Changing the type of maneuver, however,
hanges the demand on the suspension and therefore leads to a di�erent solution for theoptimal set of suspension parameters. Su
h a 
hange may take pla
e even during onesingle driving maneuver. To treat this 
on
i
t in a better manner, semi-a
tive suspensionsystems 
an be used.This thesis presents a 
ontrol algorithm for a semi-a
tive suspension system with theobje
tive to redu
e the braking distan
e of passenger 
ars. A
tive sho
k absorbers are
ontrolled and used to in
uen
e the verti
al dynami
s during ABS-
ontrolled full braking.This thesis' obje
tive is to determine if it is possible to a�e
t the longitudinal dynami
sin an aimed way under 
lose to reality 
onditions by means of 
ontrolling the verti
aldynami
s. Results of previous resear
h work by Rei
hel1 already suggested that this 
ouldbe possible. He showed for a braking maneuver with 
onstant velo
ity (front axle braking,rear axle powering) and for a spe
i�
 obsta
le that the longitudinal dynami
s 
an in fa
tbe in
uen
ed positively.For a standard tire in standard 
onditions (dry or wet asphalt) the maximum brakingfor
e is applied to the ground at a braking slip level whi
h lies between zero and one. Forslip equal to zero no braking for
e is applied at all, for slip equal to one the braking for
egenerally is smaller than at its maximum. Furthermore, a today's ABS-
ontroller is notable to keep the braking slip at the optimal level during the whole braking pro
ess, be
ausethe braking slip is not only 
ontrolled by the braking torque but also by the a
tual wheelload|a quantity whi
h 
annot be in
uen
ed by the ABS-
ontroller. The ABS-
ontroller
an only rea
t on whatever happens in the wheel's verti
al dire
tion. Due to those fa
tsthere is still a gap between optimal braking distan
e and realized braking distan
e. This iswhy it is possible to in
rease the average braking for
e and to de
rease the braking distan
eat all.The approa
h presented in this thesis makes use of a swit
hing 
ontrol logi
, 
alledMiniMax-
ontroller. It is named after the fa
t that it 
hanges the a
tive sho
k absorbers'setting only from soft to hard damping and vi
e versa. The damper settings between thoseextrema are no sele
table states for the 
ontroller. In test rig trials on a 4-post test rigit is shown that by swit
hing the sho
k absorber it is possible to purposefully in
reaseor de
rease the wheel load in a time and magnitude frame whi
h is utilizable for brakingpro
edures. The same holds true for the braking for
e and the braking slip. In
reasing andde
reasing in this 
ontext always refers to the 
ourse of the respe
tive quantity whi
h wouldhave been established if the sho
k absorber had not been swit
hed. Hen
e, the a
tive sho
kabsorber 
an be treated as a quasi-a
tive element. The energy of those elements mostly1Rei
hel (2003): Untersu
hungen zum Ein
uss stufenlos verstellbarer S
hwingungsd�ampfer auf das insta-tion�are Bremsen von Personenwagen p. 102.148




omes from the potential energy of the body.The e�e
t whi
h is 
aused by swit
hing the a
tive sho
k absorber takes pla
e after a
ertain amount of time. The wheel load does not 
hange its value immediately, but itrather takes approximately 25ms for the wheel load to in
rease or de
rease. After thisperiod of time the wheel load 
hanges its former value 
ontinuously. It is shown that thewheel load's integral with respe
t to time is 
onne
ted to the braking slip. A short drop ofwheel load does not a�e
t the braking slip, be
ause it takes time for the wheel to 
hangeits angular velo
ity due to its mass moment of inertia. If the drop of wheel load holds onfor a longer time, whi
h will also lead to a drop of the integral of wheel load, the brakingslip will in
rease. At the same time a rising integral of wheel load lowers the braking slip.This is shown in braked test drives. Hen
e, a 
onne
tion between the verti
al and thelongitudinal dynami
s of a vehi
le is established.With this knowledge gained it is possible to 
ontrol the a
tive sho
k absorbers in a waythat the wheel load is in
reased|and with it the integral of wheel load|at the right time.The right time is measured in terms of a too negative integral of wheel load. By swit
hingthe sho
k absorber, this integral and with it the wheel velo
ity is in
reased. Thus, thebraking slip is lowered and kept at a level where the tire 
an transmit the maximum brakingfor
e.Applying the swit
hing logi
 to a real 
ar and de�ning a setting for test drives whi
hallows to determine the braking distan
e in a high a

ura
y, it 
ould be shown that,generally speaking, it is possible to redu
e the braking distan
e by a�e
ting on the verti
aldynami
s of a passenger 
ar. On a road with an unevenness like a typi
al German Autobahnand for an initial velo
ity of 70 km/h it is possible to redu
e the braking distan
e by anaverage of 1.3% 
ompared to the best passive damping. The redu
tion is statisti
allysigni�
ant. Furthermore, the integral of the square of the longitudinal velo
ity with respe
tto the traveled distan
e, whi
h is a measure for the probability of a high damage in 
aseof a 
rash, 
ould be redu
ed as well, and at the same time as the braking distan
e wasredu
ed.Un
ertainties in the determination of the proper swit
hing time in a real 
ar 
ause highdeviations of those results. Not for every single braking pro
ess is it possible to obtain ashorter braking distan
e by 
ontrolled sho
k absorbers than with a 
onstant setting. Butthe mean value for 
ontrolled damping is smaller and the standard deviation 
ould alsobe de
reased. The same 
ontrol algorithm as it is used in this 
ase 
ould be applied toother situations, as for example braking in 
urves or enhan
ing the performan
e of theESP-
ontroller.All the results of this thesis were gained by using the longitudinal and the verti
al
ontroller|namely the ABS- and the a
tive-sho
k-absorber 
ontroller|at the same timebut independently from ea
h other. Sin
e the positive e�e
t of the swit
hing of the a
tivesho
k absorbers is always followed by a negative e�e
t, the full e�e
tiveness of a 
ontrollerof the verti
al dynami
s in terms of shorter braking distan
e 
an only be gained if the
ontroller intera
ts with the ABS-
ontroller. It is therefore essential to 
ombine bothstrategies, to let the ABS know about what the a
tive sho
k absorber will do in the nexttime step and vi
e versa. The results of this thesis not only let expe
t an improvement ofbraking performan
e but also an improvement of any other kind of 
ontroller of horizontaltire for
es by a 
ombination of verti
al and horizontal 
ontrol strategies|whi
h is yetanother step on the way to a global 
hassis 
ontrol that in
ludes every 
hassis 
ontrolfun
tionality. 149
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