STROJNISKI VESTNK — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (41) 1995/5-6

179

UDK 629.1—453:629.114.53

Overitev in izboljsava dinami¢nih modelov avtobusa

Verification and Improvement of Dynamic Bus Models

FRANCI PADEZNIK

Dinamié¢ni model avtobusa smo preverili z meritvijo avtospektrov pospeskov pri voZnji
po razliénih cestiséih. Pri izboljsavi modela avtobusa na podlagi izmerjenih avtospektrov smo
iskali vzroke za napake v modelu. Naredili smo analizo obéutljivosti posameznih parametrov
modela. Na koncu smo model avtobusa izboljsali in uporabili za preradun in optimiranje

udobnosti in dinamié¢nih sil na kolesih.

Dynamic model of a bus was verified with measured acceleration autospectra when
driving on different roads. Possible errors in dynamic bus model were verified when the bus
model was updated. Also the sensitivity analysis for all model parameters was done. In the
end the model of the bus was updated and used for prediction of passenger comfort and

dynamic forces on tyres.
0 UVOD

Naredili smo dinamiéni model avtobusa s pe-
timi prostostnimi stopnjami. Izratunali smo lastne
frekvence in oblike nihanja avtobusa ter dinami&ne
odzive pri voZnji po razliénih cestigéih [1]. Izvedli
smo tudi optimizacijo na najboljdo udobnost in na
minimalne dinamié¢ne sile. Ni pa nam uspelo dina-
mi¢nega modela avtobusa preveriti z meritvami —
zato so ti rezultati nekoliko vprasljivi. Mogoce je
bilo opazovati usmeritve, kaj se dogaja pri spre-
membi dolo¢enega parametra modela. Same vred-
nosti pospeskov, dejavnikov udobnosti in dinami&-
nih sil niso bile najbolj zanesljive. Zato smo se od-
lo¢ili izvesti meritve pospeskov med voZnjo po
razliénih cestid¢ih. Namen meritev je bil:

— preveriti lastne frekvence vzmetenja avto-

busa,
— preveriti rezultate za udobnost v avtobusu,

— preveriti in izboljgati sedanji dinamiéni
model avtobusa,

— dolotiti potrebno najmanjse Stevilo meritev
in najboljSo lego odjemnikov,

— optimirati udobnost in dinami¢ne sile na
izbolj$anem modelu.

1 DINAMICNI MODEL AVTOBUSA B3 090 T

Dinami¢ni model avtobusa je prikazan na sli-
ki 1. Model je dvedimenzionalen, sestavljen iz &ti-
rih togih teles (sprednja in zadnja prema, nad-
gradnja avtobusa in sedeZ s Zoferjem) ter petih
vzmetnih in dusilnih elementov. Postopek reseva-
nja je modalni na¢in v frekventnem obmoéju. Zato
smo upostevali linearizirane vrednosti za karakte-
ristike vzmeti in blaZilnikov. Najprej smo izra-
¢unali lastne frekvence in oblike (zaradi pre-
cejdnjega lokaliziranega dusenja so kompleksne).

0 INTRODUCTION

We developed a dynamic bus model with five
degrees of freedom. Eigenvalues and mode shapes
of bus vibrations, as well as the dynamic respon-
se when driving on different road surfaces were
calculated [1]. Optimization with respect to dri-
ving comfort and dynamic forces was also car-
ried out. However, we did not manage to check
the dynamic bus model with measurements, so
these results were not quite reliable. It was pos-
sible to follow the trends after changing a spe-
cific model parameter, but the values of accele-
ration, factors of riding comfort and dynamic
forces, were not reliable. We therefore decided
to carry out measurements of accelerations du-
ring driving on different road surfaces. The pur-
pose of measurements was:

— to check eigenfrequencies of bus suspension.

— to check the results of riding bus comfort,

— to check and improve the existing dynamic
model of the bus,

— to determine the necessary minimum
number of measurements and the optimum po-
sition of transducers,

— to carry out the optimization of comfort
and dynamic forces on the improved model.

1 DYNAMIC MODEL OF BUS B3 090T

The dynamic bus model is shown in fig. 1.
The model is two-dimensional and consists of
four rigid bodies (front and rear axle, bus body
and seat with driver) as well as five suspension
and dumping elements. For the solution, a model
approach in the frequency domain was applied. We
therefore considered linearized values for spring
and shock absorber characteristics. First, eigen-
values and mode shapes were calculated (due to
considerable localized damping they are complex).
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Sl. 1. Dinamiéni model avtobusa s petimi prostostnimi stopnjami
Fig. 1. Dynamic bus model with five degrees of freedom

Nato se z upostevanjem primernega vzbujanja
zaradi neravnin cestidfa izratunajo avtospektri
odzivov v razliénih tot¢kah na avtobusu — tako
na obeh premah, nadgradnji in sedeZu 3oferja.
Avtospektre pospegkov lahko neposredno primer-
jamo z izmerjenimi avtospektri pospeskov, iz
avtospektrov pospeskov lahko izratunamo dusene
frekvence avtobusa ali dejavnike udobnosti.

2 MERITVE NA AVTOBUSU

Pri preverjanju in izboljsavi dinami¢nih mo-
delov vozil je treba izvesti precej obdirne me-
ritve dinami¢nega obnasanja avtobusa. Tako smo
izvedli naslednje meritve [2] :

— meritve mase, tezid¢a in vztrajnostnih mo-
mentov avtobusa, prenosne funkcije sedeZa, me-
ritve znaéilnosti vzmeti in blaZilnikov;

— meritve ¢asovnih potekov pospeskov v veé
totkah pri voZnji po razliénih cestiséih.

Vozili smo po dobrem asfaltu, slabem asfaltu
in makadamu. Pospeske smo merili na 16 mestih
avtobusa. Vse meritve smo izvedli za prazen in
obremenjen avtobus. Merilna mesta pri merjenju
pospeskov so prikazana na sliki 2.

Prav tako smo izmerili profile neravnin ce-
stis¢a. Te potrebujemo kot vzbujanje pri simulira-
nju dinami¢nih odzivov.

Iz posnetih ¢asovnih potekov pospeskov smo
na CAT sistem GENRAD 2515 naredili avto-
spektre pospeskov. Iz avtospektrov pospedkov smo
dolo¢ili dejanske vrednosti pospeikov, dejavnike
udobnosti (faktor K) po standardu VDI 2057 [3].

By taking into consideration appropriate excitation
due to the unevenness of the road surface, the
autospectra of responses at different points on the
bus were then calculated - on both axles, on the
body and on the driver's seat. The acceleration
autospectra can be directly compared with mea-
sured acceleration autospectra and from accele-
ration autospectra, the damped eigenfrequencies
of the bus or the factors of riding comfort can be
calculated.

2 MEASUREMENTS ON BUS

When checking and improving dynamic ve-
hicle models, it is necessary to carry out exten-
sive measurements of dynamic bus behaviour.
The folloving measurements were carried out:

— measurements of mass, centre of gravity
and moments of inertia of the bus, transfer func-
tion of seat, measurements of characteristics of
springs and shock absorbers,

— measurements of accelerations at several
points when driving on different road surfaces.

We drove on good asphalt roads, on rough
asphalt roads and on macadam road surfaces. The
accelerations were measured at 16 points on the
bus. All measurements were carried out for a
loaded and an unloaded bus. The measuring points
of acceleration are shown in figure 2.

We also measured the profiles of road surface
unevenness. They are needed for excitation in a
simulation of the dynamic response.

From the recorded variation in time of
accelerations, we made autospectra of accelera-
tions on the CAT system GENRAD 2515. From the
autospectra of accelerations, the effective values
of accelerations, factors of comfort (K factor)
acc. to standard VDI 2057 [3] were determined.
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Sl.2. Merilna mesta in smeri merjenja pospeskov
Fig. 2. Measuring points and direction of measuring accelerations

Prav tako smo dolo¢ili lastne frekvence avtobusa
— predvsem frekvenco sprednje in zadnje pre-
me in pa frekvenco nihanja nadgradnje avtobusa.
Po opravljeni analizi dobljenih  avtospektrov
pospeskov smo dolo¢ili &tiri avtospektre za
overitev in izboljSavo dinami&nega modela avto-
busa — na sprednji in zadnji premi ter na tleh
avtobusa nad sprednjo in zadnjo premo. Stirje

znatilni avtospektri pospedkov so prikazani
na sliki 3.
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We also determined the eigenfrequencies of the
bus — particularly the eigenfrequencies of front
and rear axles and the frequency of vibration of
the body. After the analysis of obtained accelera-
tion autospectra, we determined four autospectra
for verification and improvement of a dynamic
bus model — on front and rear axles as well as on
the bus floor above the front and rear axles. Four
typical autospectra of accelerations are shown in
figure 3.
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S1.3. Stirje izmerjeni avtospektri pospeskov na slabem asfaltu pri 60 km/h
Fig. 3. Four measured autospectra of accelerations on rough asphalt at 60 km/h
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3 OVERITEV DINAMICNEGA MODELA
AVTOBUSA

Zanesljive in uporabne rezultate pri simu-
liranjih dinami¢nega obna3anja sistemov lahko
dobimo le, ée imamo preverjene dobre dinamitne
modele. Kakovost zadetnih modelov je odvisna
predvsem od izkuSenj in znanja izdelovalca mo-
dela. V resniéni konstrukciji so lahko opazne
nelinearnosti, ve&krat so vpra$ljive materialne
lastnosti, problemati¢ni so spoji med vet kom-
ponentami — posebno dusenje v blaZilnikih in
spojih. Zaradi vsega tega so zaéetni modeli vedno
vprasljivi. Preveriti jih je treba z meritvami
in po potrebi tudi izbolj3ati.

Za dinami¢ni model lahko reéemo, da je dober,
&e se odzivi na tem modelu dovolj dobro ujemajo z
odzivi dejanskega sistema [3]. Seveda mora biti v
obeh primerih enako vzbujanje. Posebno vprasanje
je seveda, kaj razumemo pod dovolj dobro ujema-
nje. Pri preverjanju dinami¢nih modelov je treba
upostevati dvoje :

— meritev karakteristik komponent modela
mora biti izvedena lo¢eno od meritev, potrebnih za
overitev dinami¢nega modela;

— pri overitvi dinami¢nega modela ne smemo
spreminjati parametrov modela (da bi dobili boljse
ujemanje modela z meritvami).

Pri overitvi dinami&nega modela ugotavljamo,
kako dober zacetni model imamo. Na podlagi tega
se nato odlo¢imo, alije treba izvesti izboljdavo
oziroma optimizacijo modela.

Overitev dinamiénih modelov lahko naredimo
na ve¢ naéinov, in sicer:

— z modalno metodo — po tej se najprej iz-
ratunajo lastne frekvence in oblike modela. Nato
se opravi eksperimentalna modalna analiza na
dejanski konstrukciji. Kakovost dinami¢nega
modela tukaj ugotavljamo po primerjavi lastnih
frekvenc in oblik;

— s primerjavo odzivov dinamiénega sistema
lahko primerjamo &asovne ali frekvenéne odzive
dinamitnega sistema. Ta metoda ima v na%em
primeru dolotene prednosti, saj lahko primerja-
mo avtospektre pospedkov (prav to, kar nas za-
nima), avtobusa ni treba vzbujati z velikimi hi-
dravli¢nimi vibratorji. Pomanjkljivost te metode
pa je, da je med neznanimi veli¢inami tudi vzbu-
Janje. :

Izbrali smo torej primerjavo avtospektrov po-
spedkov in veli¢in, ki jih lahko preprosto odbe-
remo iz avtospektrov pospeskov.

3 VERIFICATION OF DYNAMIC BUS MODEL

Reliable and applicable results in simulations
of dynamic behavior of the systems can be obtai-
ned only using good dynamic models. The quality
of the initial models depends above all on the
experience and knowledge of the model designer.
A real stucture may feature non-linearities,
material properties are often questionable, the
joints between several components may be ina-
dequate - especially damping in the shock absor-
bers and joints. For these reasons, the initial
models are always unreliable. They have to be
checked by measurements and improved if
necessary.

A dynamic model is good if the responses
on this model are in satisfactory correlation with
the responses of the actual system [3]. Of course,
the excitation must be the same in both cases.

The question, however, remains of what is under-
stood by satisfactory correlations. When checking

the dynamic models, two items have to be con-

sidered:
— the measurement of characteristics of

model components has to be carried out separately
from the measurements required for the verifica-
tion of the dynamic model,

— when verifying the dynamic model, the
model parameters must not be changed (in order
to achieve better correlation of the model with
the measurements).

When verifying the dynamic model, the
quality of the initial model can be established. On
the basis of this, we can decide on the need for
improvement or optimization of the model.

The verification of dynamic models can be
carried out in several ways, i.e.:

— by the model method, where first the
eigenfrequencies and mode shapes are calculated.
An experimental modal analysis on a real structu-
re is then performed. The quality of the dynamic
model is established on the basis of comparison
of eigenfrequencies and mode shapes of vibra-
tions;

— by comparison of the results of responses
of a dynamic system - time or frequency res-
ponses of the dynamic system can be compared. In
our case, this method has certain advantages,
since the autospectra of accelerations can be com-
pared (the very subject we are interested in) and
the bus need not be excited with large hydraulic
vibrators. A disadvantage of this method is that
the unknown quantities include also excitation.

We thus decided on the comparison of auto-
spectra of accelerations and quantities that can be
determined simply from the autospectra of acce-

. lerations.
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Preglednica 1: Zadetne, konéne in izmerjene frekvence avtobusa
Table 1: Initial, final and measured bus frequencies

Zatetni model konéni model meritev

Initial model final model measurement
nadgradnja — bus body 0,9 Hz 1,2 Hz 'l Hz
sprednja prema — front axle 10,6 Hz 114 Hz 11,3 Hz
zadnja prema — rear axle 12,1 Hz 10,0 Hz 10,4 Hz

4 [ZBOLJSAVA DINAMICNEGA MODELA
AVTOBUSA

Pri izboljsavi dinami¢nega modela avtobusa
smo najprej izvedli analizo ob&utljivosti za vseh
15 parametrov modela avtobusa in za oba paramet-
ra vzbujanja (A, w). Izradunali smo matriko ob-
¢utljivosti za lastne frekvence, za visine vrhov v
spektrih in za dejanske vrednosti avtospektrov.

Tako smo ugotavljali, kako posamezni parametri

vplivajo na dinamiéne odzive oziroma, kateri pa-
rametri so bolj pomembni in kateri manj. Nato
smo izratunali linearno odvisnost vektorjev ob-
¢utjivosti (matriko MAC). Na koncu smo se lotili
izboljsave dinamitnega modela avtobusa. Najprej
smo preizkusili izboljSave z analizo obéutljivosti
— t.im. kriterij SENS [5]. Rezultati niso bili naj-
bolj8i, zato smo na koncu naredili izbolj$avo mode-
la kar »ro¢no« — s postopnim spreminjanjem posa-
meznih parametrov modela. Najprej smo dologili
priblizne vrednosti duSenja blaZilnikov (pri pri-
merjavi avtospektrov na obeh premah), nato smo
izbolj3ali ujemanje lastnih frekvenc (s spreminja-
njem vztrajnostnega momenta avtobusa in obeh
nevzmetenih mas). Zanimivo je morda, da nismo
mogli dobiti zadovoljivega ujemanja, dokler nismo
dopustili spreminjanja parametrov vzbujanja. Tako
smo nazadnje spremenili pet parametrov modela
in oba parametra vzbujanja. V preglednici 2 so
prikazane zatetne in kon¢ne vrednosti parametrov
modela avtobusa pri voZnji po slabem cestigéu s
hitrostjo 60 km/h.

Vidimo, da je bilo najbolj potrebno spreme-
niti vztrajnostni moment vzmetene mase avto-
busa. Menimo, da je bil ta parameter slabo
izmerjen in bi bilo v prihodnje te meritve treba
ponoviti. Pa tudi meritve neravnin profilov ce-
stis¢a bi bilo treba ponoviti oziroma izmeriti
profile neravnin cest, na kateri smo merili avto-
spektre pospeskov. Konéno ujemanje modela z
meritvami je prikazano na sliki 4. Vidimo, da je
ujemanje avtospektrov odzivov dokaj dobro.

Ko imamo dober dinamiéni model avtobusa,
se lahko lotimo optimiranja udobnosti v avtobusu
in dinamiénih sil oziroma izbire primernih
vzmetnih in dusilnih elementov. Tukaj je treba
izbrati spodnjo in zgornjo mejo vseh parametrov

4 IMPROVEMENT OF DYNAMIC BUS MODEL

When improving the dynamic bus model,
we first made an analysis of sensitivity for all
15 parameters of bus model and for both para-
meters of excitation (A, w). We calculated the
sensitivity matrix for eigenfrequencies, for the
heights of peaks in spectra and for effective va-
lues of autospectra. It was thus established how
individual parameters influence the dynamic
responses or which parameters are more impor-
tant. The linear dependence of sensitivity vectors
was then calculated (MAC matrix). Finally, we
started with the improvement of a dynamic bus
model. The improvement was first made by
means of sensitivity analysis — by SENS crite-
rion [3]. Since the results were not satisfactory,
we brought about a »manual« improvement of
the model — by gradual modification of individual
model parameters. First we determined approxi-
mate values for damping of shock absorbers
(when comparing autospectra on the two axles),
we then improved the correlation of eigen-
frequencies (by changing the moment of inertia
of the bus and the two suspended masses). It
is interesting that a satisfactory correlation
could not be achieved until a modification of
excitation parameters was made. In the end, five
model parameters and both excitation para-
meters were changed. Table 2 shows the initial
and final parameter values of the bus model
when driving on a rough surface at a speed of
60 km/h.

As is evident from the table, it was first
necessary to change the moment of inertia of the
suspended bus mass. In our opinion, this parame-
ter was not measured properly and, in future,
these measurements should be repeated. The
measurements of the unevenness of the road
surface profile should likewise be repeated and
the unevenness should be determined for the
road on which the acceleration autospectra were
measured. Final correlation of the model with
the measurements is shown in figure 4. As can
be seen, the correlation of autospectra of res-
ponses is fairly good.

After obtaining a good dynamic bus model, we
can start with optimization of comfort in the bus
and dynamic forces, or rather, with the selection
of suitable suspension and damping elements. It is
necessary to choose the upper and lower limit for
all optimization parameters. The situation is best
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Preglednica 2: Zadetne in optimirane vrednosti parametrov
Table 2: Initial and optimized parameter values

zatetna vrednost

konéna vrednost

Farameter initial value final value
A 2:107° 0,35-107°
w 2,0 2,5
M, 400 kg 400 ke
M, 1000 ke 1000 ke
M, 70 ke 70 kg
M, 11 200 ke 11 200 ke
" 100 000 kgm? 46 000 kgm?
K, 1-10° 1-10°
C, 1000 Ns/m 1000 Ns/m
K, 2 MN/m 2 MN/m
Gy 2000 Ns/m 2000 Ns/m
K, 0,1 MN/m 0,1 MN/m
Ce 7000 Ns/m 9000 Ns/m
3 0,20 MN/m 0,25 MN/m
C, 11000 Ns/m 11000 Ns/m
Ky 20000 N/m 20000 N/m
G 1500 Ns/m 1500 Ns/m

Nad zadnjo premo Above rear axle Nad sprednjo premo Above front axle
0.5 0.5
e 1.0 Eff 1.2 {{ 30 1.0 i : 1.0
(R ]] ..l. {1873 w.! LI 12.2 La It : na N 10.6
(&} -+ (5]
Wi Eu2rn
L. ] [ ]
0.0 o L
00 ] 000 . +
(X] 5.8 1e.0 15.0 2.0 5.0 (K] 5.0 10.0 15.0 we 5.0
Frekvenca [Hz] Frequency [Hz] Frekvenca [Hz]  Frequency [Hz]

Py Zadnja prema Rear axle o Sprednja prema Front axle

§ Eff IR ] Efe 1y EFf 2 6.5 Eff = 6.2
8.0 4 i : .0 n : " 40 i Kz : ()] Kk : .
60 3.0

({1 T win
40 .0
EA | 1.0
Y] + . - 0 ; ‘ ‘
0.0 5.0 0.0 15.0 ni 6.1 0o 5.0 0.9 15.0 20.0 5.0
Frekvenca [Hz]  Frequency [Hz] Frekvenca [Hz]  Frequency [Hz]

Sl. 4. Konéno ujemanje avtospektrov pospeskov
Fig. 4. Final complience of acceleration autospectra

optimiranja. NajlaZe si stvari predstavimo s kon-
fliktnim diagramom (sl. 5), kjer je narisana udob-
nost v odvisnosti od dinami¢nih sil za razli¢ne
vrednosti parametrov vzmetenja avtobusa.

presented with a conflict diagram (Fig. 5), in
which the comfort is drawn as a function of dy-

namic forces for various parameter values of bus
suspension.
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Sl. 5. Konfliktni diagram sprednjega dela avtobusa
Fig. 5. Conflict diagram for bus front end
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5 SKLEPI

Menimo, da smo naredili dovolj dober di-
nami¢ni model avtobusa, ki se lahko uporabi
za nadaljnje analize. Zatetni model je bilo treba
izboljsati na podlagi meritev dinamiénih od-
zivov in vzbujanja. Narediti je bilo treba dva
modela avtobusa — enega za voZnjo po slab&i
cesti, drugega pa za voZnjo po gladki cesti.
V drugem primeru je treba upostevati vzbujanje
zaradi vrtenja koles — veckratnike frekvence
vrtenja koles.

Pri izbiri parametrov optimiranja je treba
izvesti analizo obéutljivosti. Pri optimiranju je
treba upostevati najznaéilnejse parametre. Spozna-
li smo, da véasih tudi izmerjeni podatki niso naj-
bolj zanesljivi.

V prihodnje je treba ponovno izmeriti vzbu-
janje zaradi neravnin cestida, vztrajnostne
momente avtobusa itn. Zanimiva bi bila pri-
merjava dobljenih rezultatov 2z nelinearnim
modelom, ki raduna v &asovni odvisnosti. Pre-
izkusiti bi bilo dobro tudi preprost tridimen-
zionalni model in prenesti program za dinami&-
ni preraéun vzmetenja vozil na osebni radu-
nalnik.

5 CONCLUSIONS

We developed a fairly good bus model that can
be used for further analyses. The initial model had
to be improved on the basis of measurements of
dynamic responses and excitations. We had to
develop two bus models - one for driving on a
rough road and the other for driving on a smooth
road. In the second case, the excitation due to the
rotation of wheels has to be considered — the
multiples of wheel rotation frequencies.

When choosing the optimization parameters,
an analysis of sensitivity has to be made. In
optimization, the most significant parameters
must be considered. We found that even the
measured data were sometimes not quite re-
liable.

In future it will be necessary to remeasure
the excitation due to road surface uneveness,
the moments of inertia of the bus, etc. It would
be interesting to compare the results obtained
with a non-linear model calculated in the time
domain. It would also be advisable to check the
simple three dimensional model and to transfer
the programme for dynamic calculation of vehicle
suspension to personal computer.
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