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JII.."II Gli.ioric, <*·----1 
[)anijc/(I Milorac/o.ie, {
Alcks(lIIr/ar Dunkie, 9} 
Rlljko Rllllcmjic. ,/ 

DEVELOPMENT OF A SOFr\VARE FOR MODELING OF VEIIICLE 
EXCITATION DUE TO THE ROAD ROUGHNESS 

UDK: 683.3.06:629.114.6 

INTRODUCTION 

TIle rond roughness induces oscillatory processes of a motor vehicle. TIle intensity of os
cillations depends on statistic..'11 characteristics of the road, design parameters of the vehicle 
and vehicle speed. Investigation of dynnmic response of the vehicle to the influence of rond 
roughness hlts speciul importance during the solving of the problems of dynamic endurance 
of elements and stJUctures, oscillatory comfort, steering control iJnd stability of 1II0tion, 
loads an{1 durability of the road. It is for these reasons'that recording of road roughness, 
and mathematical interpretation of its excitation effects aod interllction with motor vehicles, 
were the subjects of a great number of specialist in the past. Accordingly, we underline 
four papers /1/ - /4/ from previous period, which results had impol1ant influence on h,ter., 
theoretical·experimental investigations in this field. 

\ 
Investigations of vehicle excitations due to road roughness were initiated at Laboratory for 
motor vehicles of the Faculty of Mechanical Engineering in Kragujevac with cooperntion 
of Automobile 1I1stitute "Zastavu", in 1972., within the framework of scientific-investigative 
project "Investigation and classificati9D of the road according to the roughness of the lon
gitudinlll road profile". In previous period, a continuation of investigntions in tbis field was 
kept through continulltion of cooperation between the Faculty of Mechanici,1 Engineering 
and Automobile Institute and the same can be concluded from the short review of references 
which follows. Our own methodology for identification of basic statistical characteristics of 
the road and forming of equivalent excitations of 1\ two axle vehicle is given in paper /S/. 
TIle behavior relations of a passenger automobile during the simultaneous influence of the 
rOlld l"Oughness lind the driver through the st~riDg wheel are presented in paper /6/. 

TIle problem of modeling of the vehicle excitation form due to the road roughness and 
investigation of their coupling is considered in paper (7/. In paper /9/, additional criteria 
for checking the homogeneity and isotropy of road surface random field of the roughness 
were formed anel some muturd foundations in ideDtification of excitation forces of road
and rail- vehicks were pointed out. Possibilities of simulation of the excitations due to the 
ro"d roughness for laboTlltory investigations of vehicles and structures are presented in 
paper /10/. 

Some cmrent problems in this field should be pointed out. TIle qll~dity of the road and its 
excitation effects on the vehicle are the subject of activities of working groups lind tuhnic<1i 
comity for inteJ"ll"tional stanclnrds ISOrreIO~/SC2. This means the engagement of greater 
number of experts, investigation-development institutions and associations /11/. In the area 
of scientific-investigative ilnd devtlopmellt work, hypothesis of homogeneity of a random 
fkid of the road roughness. presented in paper /4/, is acceptable with some modifications 
of statistical c1Hlrllcteristics of ex~itation 112/ and the use of modern llIeasuring systems /13/. 
/14/. 
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discussions, we tried 10 
len! vehicle excitatiolls on Ihe basis of starting dala of recording 
standard char<lcterislics of individual road categories. A shorl 
given following clHlplers. 

TO POINT OUT THE PROBLEM 
E;L<eel 011 excitulion model of the two axle vehicle /7/, 1, a spectrum corre
sponding 10 Ihe obselVed point of the system call be 

SH (f) (f) (f) S ij 

",I j=1 


where II i and (f) are characteristics of the Inlnsfer structure of the vehicle and 
S ij (f) are the speclra due 10 the road roughness. According to 1, in genernl 
case of Ihe two axle vehicle excitatioll, 16 individual components of excitation, S ij 
shoUld be known. In order to the the demands which should be ta 
inlo accoulli definition, and the use of the basic statistical characteristics 
of the road will pointed OUI. 

SoH 
, 

FIGURE I.: MODEL OF EXCITATION OFTWO AXLE DUE TO ROAD 

ROUGHNESSm 


MATHEMATICAL BASICS FOR DESCRIPTION OF ROAD SURFACE 

The road sillface is considered to be a random function of two variables, of 
and of width, x, y. to the of homogeneity, correlation function 

of the rOMI surface roughness does not on coordinates x, y, but only on correlation 
stc:ps. Ox = x i~k -x i • Ii,; :::: X i+k -x i : 

MVM - Volume 23. Number 3 .. KRAGUJEVAC, September 1997. 

2t)1)"Vd(l/lJl"!J11 of (l sOf/ware for IllO,iding of"chide 
due Ie> (h~ rOtul rollghness 

R(o""Sy ~E! z(x,y)Z(X+Or,Y+OI)\ 

two·dillllmsioll<tl power spectrum de.nsity is d"·iermined as a Fourier Ir,m.<fonn 

""" 
S ( Q¥ • JJR ( Ox , 0., ) el i 2. (0. 0. + n, Ii,. II d Ox d 0., (3) 

-"'''' 

value 
Based on this m:'~'l11ml,on 

of the individual 
is established: 

S({,h) JS(O .. , )<1 

Assumption on homogenous and random road surface means the 

of iWo-dimensionHI power S ( 0 I , ) in relation to the 

correspol1ds to the 


">1 

S(O~) J.llIl R(o.O)el-iZn(05)lcos(O .),10<13 

--0 

where 0.4> and Ii. (;) are polar coordinates of lhe power 

fUllction, respectively. Expression (5) c.1n be reduced to 


" 
S (0 +) - S' (0) '" 2 ~ J3 R' (0 )1" (21t 0 3) d 3 

where symbol 1(1 ( 2lt 0 1\) denotes the first kind, zero order Bessel function, and S' (0) 

and R' ( Ii ) are the 

from 


for the relations 
<- measured, thaI available char-

dell

roughness, 


by direct, 3, lwd inverse, 4, Fourier transform. 

profile of homogenous and isotropic 


road surface, R ( Ii ), a cross-correlation fUIlClioll Rk ( 1\.. ,2.< ) , 5, of 
with track, 25, and cross-specIIUIll, Sk (n) , 6, are determined. Al

ternative procedures are marked with numbers 7 and 8 in Fig. 2. 

MVM - Volume 23, Number 3· KRAGUJEVAC. September 1997. 



30 1. GliIovic, D. Milorrulo\'ii, A. DlIllkiC, R Radolljic 

.~ 

7 L,j ~(m 

8 

I---------~ 

§: 
........ 


~ 
.) 

RGURE 2.: THE COUPLINGS BElWEEN STATISTICAL CHARACTERISTICS OF 
LONGITUDINAL SECTION ROUGHNESS AND ROAD SURFACE ROUGHNESS 

In first case, 7, power cross-spectrum, Sk (n) , of parallel' tracks on distance 2s is determined 
dire.ctly: 

""J -~[dSO I }Sk ( 0 ) = ~,,( 4 1t S vO I - 0- ) d Ol (7) 
I 01. I 

In second case, 8, a two-dimensional power spectrum densilY. of the road surface, 
S (0 , ~ ) is determined: 

K "" 
d J O[dOIf ( 0 ) =JS ( 0 , ~) I I 0 Ii 0 = - dO S ( OJ) ~ (8) 

. " 0 ; I 
In each of tree cases (4, 7, 8), the available power speellum of longitudinal profile of the 
ro~d roughness, S (0) is ttie input characteristic and rOrmaliZed power cross- spectrum 
Snk (0) = 1 k (0) , that is, coherence function, 1 Ii (0) , is the output characteristic. With 
nvailable characteristic S (0) and characteristic ,1 k CO)! determined by S (0) , equivalent 
excitations of the motor vehicle due to road roughne.~s :can be determined. 

a) Vertical oscillation excitation: 

Su( ~) =~ S (0 )[1 +Yk (0 )J[1 + cos (I 0)] (!J) 

b) Excitation of angular oscillations about vehicle lateral axis: 

Sa a ( 0 ) =p.1 
S ( 0 ) [1 +1 k ( 0 )][I - cos (I 0 ) ] (10) 
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c) Excitiition of angu'lar oscillations about vehicle longitudinal axis: 

i ' . 
Sn ( 0 ) ~ 4 s2 S ( 0 ) [1 - 1* ( 0)] [I + cos (I 0 )] (II) 

d) Excitation of torsional oscillations of vehicle suspended mass: 

(12). S~ ~ ( 0 ) =4~2 S ( 0 ) [1 - 1* ( 0 ) J[I - cos (I 0 ) J. 
ror determination of coherence function of paraliel roi,d roughness sections, we used, in 
this p,'per, a procedure fro(;) rig. 2 marked by number~ 2-4-5-6. . 

SELECfION OF A MODEL FOR DESCRIPTION OF 
THE ROAD ROUGHNESS 
Tlying that suggested procedure has a practical use, we paid special attention to the selection 
of mathenHlticlll model for description of power SpectlUUJ density of longitudinlll roughness 
section. ror different kinds of the roads lind tendns, a model for auto-correlation function 
of longitudinal roughness section in general form, can be used: 

1/1 

R (Il) =2: A i e- a; I s I + LA k e-a. I s I cos Pk Il (13) 

i= 1 k= t 

Direct rourier transform of the expression (13) gives the power spectrum density of ap

propriate roughness section in' the form of rational-fractioned function: . 


2 
. ['" I' , 0 + a l + p ~ 1 ( 14)S ( 0 ) = Q L A i a i 2--7 + L A k a. k (02 + a.l + Pf ) _ Hi rd 
1t i=1 . . (l +0., .1:=1 

Exponential model of the power spectrum density has often used for modeling roughness 

in low frequency area /1/: . 


S ( 0 ) ={s (Q, )( 0/00) -"'I , 0 ~ 00 (15)
S ( 00 ) ( WOo ) -M', , 0 ~ 0 0 

where S (00 ) is a measure of road roughness, WI , W2 lire waviness coefficient of the road 
roughness, For a greater number of contemporalY rOllds, good approximation of tlie power- . ~ 
spectn..lm density of longitudinal rOllghn= section is :Ichieved by using the model : . 

S ( 0 ) =S ( n" ) O-w =c cr . _ (16) 

Exponential form (16) was more acceptable than rational function form (\4) in regard to 

given demand for compatibility of results with the base of normalized data according to 

ISO standards /11/. In expression (9), S ( 0 ) is appropriate one-sided power spectlUm density 

lind C and W, are parameters of the rOlld chllracteristics. 
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According to algoritllnl in rig. 2. for known spectral charllcteristic of one longitudinal section, 
S ({). alita-correlation fUllclion, R (0,); determined by inverse Fourier trausform, in ac
cordance willi expression (17): 

R(b)=f S(O)./hClo dO (J 7) 

V) 

/\ ( (, ) =f s ( 0 ) cos 2 It nod 0 (18) 

, 
Cr6~s~correlalioll function of par:lllel tracks is calculated by interpolation of independent 
variable: 

, 
'" t 

Ric ( 0 z , 2s ) = f 5 ( 0) cos ( 2 It 0 ~: ) d 9 (19) 

• 0 . I 
· I . . Iall(,I In t l~ next programming step, appropriate cross-spectrum, too: 

I ., I 
Sk(D)=4f Rk(Oz,2s)cos2ltOo do ! (20) , 

In the following, a descrete form of expression (20) is used: 

",-1 . ' 1kO I' 1trk . Ic 
S kC 0 ) = S k (~J = - Rk( 0 ) + 2 I RJc( r) cos - + ( - 1) Rill (21) 

III Og m[ 
r= 1 , 

k =0, I, 2, ... ,111 

where S k ( 0) is an ~tilllate of the spectral density v'!'ue of the k-th harmonic with ap
. kO g

propnate fre'luency 0 = . 
111 

rin,d estimate of the power spectrum density is determined with further frequency equalizing 
according to following algorithm: . 

Sa =0.5 So + 0.5 51 

Sk + 0.25 Sk - I + 0,5 Sic + 0.2.'i Sic + 1 (22)
i 
S", '" 0.5 5", _ 1 + 0.5 .'I", ,k = I, 2, ... ,111 -1 i 

I 
which is in accordance to the use of Hanning lag weigl\ting function D(r): 

. I 
i 7tr ! 

D ( r ) = "2 ( 1 +cos~) ,r = 0, 1,2, ... ,111 
(23) 

D(r)= 0 ,1'>111 
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and the forming of appropriate model for determination of power cross-spectrum of two 
longitudinal se.ctions of road roughness: 

k 0 I '" - 1 : 1trk 1S k( 0 ) = S Ic (~) = - Ric ( 0 ) + 2 L Ric (r ) D ( r ) cos - (24) 
11/ Og [ r= 1 1/1 

. . 

k = 0, I,~, ... ,III 

rinally. normalizecl cross,spectrllm. that is, coherence ~unction is caICuHlted 'according to - . 
the model: i 

kif. = III (25)s·(~}r~k~1
/II .. s(~)

III 

In nccordance with the algorithm in Fig. 2 and formed mathematical model in relations 
(16) ~o. (25), we (!eve!oped appropriate software for iclintific<ltion of cross-coupling char
acte.nSllcs of longlludlllal parallel tracks of road surface roughness, based on known char
acteristics of individual tracks (section). During this! process, it has been shown that 
malhematical 1I10del given by expression (16) according to normalization /11/ is not suilable 
ill its form for performing of dire.ct operations in accor,lance with the algorithm in rig. 2
In this sense, it was necessalY to previously introduce bOundary conditions ill the domains 
of low lind high wave fre.quencies of road roughness, 0'. Besides, the form of model (16) 
denHlllds the in troduction of numerical procedure of calculation already in progrnnulling 
step (4), which has an influence on stability of calculation results of entire cycle 4-5-6. 

ANALYSIS OF THE RESULTS 

As an example to illustrate the possibilities of the use of suggested procedure, nlOdel (16) 
is used with concrete parameters_ As parameter C does not have an influence on values of 
normalized characteristics, in all calculations, only the influence of parameters of road wavi
ness , w. is observed. 

In rig. 3, CIlIVes of normalized allto-correlation functions calculated for longitlldinal tmcks 
of road roughness with values of waviness w:::2. 2.2.\ 2.5. Corresponding curves of nonnal
ized cross-correlation function for two parallel 10r.gitudiiHII tracks at the distance 2s= L3m 
a nd given values of waviness, are shown in rig. 4, "equiyalent power cross- spectra' in rig, 
S lind normalized power cross-spectra, thnt is, coherence functions. in rig. 6. 

With the ddinition of "e'luivale.nt power cross-spe.ctra",!we nonnalized the absolute levels 
of cross-spectra with parameter C. and , by thaI. we eliminated its influence in analysis of 
reitvant relations of individual roa<! categorie.<. In the! case of "normalized power cross
spe.ctra", the normalization is conducted with the power nuto-spe.ctnltn of inclividunl track 
and, hence, a data base for coherence function of pamlle( tracks has been formed. Ac.cording 
to COUl'ses of the curves in Figs. 3 and 4, auto· and doss- correlation functions are mo
notonous decreasing function as the step Ox increases. ' In both cases, the increase of the 
values of waviness codficient of t he road roughn= has an impact on the increlL5e of the 
correlation functions' leve·ls. In that case. the frequency domain of charactelistics, the road 
quality and the in tensity of vehicle excitation can be interpreted on the basis of chnracteristic 
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of correlation functions, therefore in lime do ilia in. Observed ill 
the increase of the road roughness waviness by lower incre.1ses the 

levels of parallel trllcks 5, and il1C1'e~lses the h.:tween their 
exdwtion, are nlsa formed for ttl the tli5t~llce 
of 25= l.3m. coupling is lteHinl! weaker with Ihe increase of 
the distance b,,\weell tracks and vice versa. 

CONCLUSIONS 

III section characteristics ill 
of the model and form

3 and 4) and fre
and 6) in 

roughness. Busic data are 

measurement of the road roughness in one Imck, as 

ftnlClIIl't: of ISO-standards /1 
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