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ABSTRACT

The optimization problem of theride dharacteristics of atravelli ngtruck is considered. Its dynamic
behaviour is approximated by linea FE models (bath 2-D and 3-D). Theroad surfaceprofileis pre-
sented as a random function with known power spedral density. The design variables comprise ge-
ometry aswell as spring and damper properties. Limitations areimposed on maximum values of the
relative displacements of suspensions, dynamic wheel load to axles, accderation o the cargo.

The aove problem is olved using a multi point approximation method. To reduce the ampu-
tationa cost atwo-level optimization procedure for the truck optimization problem is proposed.

It is demonstrated that the method used is efficient for optimizing the dynamic behaviour of
complex structures and it is also promising for geometricaly non-linear dynamic problems. More-
over it can easily be mupled with a genera -purpose finite-element software padage.

1. Introduction

Approximation concepts are now very popular in pradicd optimization[1]. In most cases
the optimization process involves many cdculations of objedive and constraint functions
and/or their derivatives, this often implies use of some numerical response analysis tech-
nique. Considering the design of alarge engineaing system such asaground vehicle, the
response analysis can be time cnsuming. The mmputational effort is considerably
reduced by introducing approximation concepts, the original functions are then replaced
by ssimplified and explicit ones.

Sometimes, optimization is difficult even if one of the gproximation methodsis em-
ployed because of alarge number of design variables and constraints. A most common
solutionisto bregk the problem into several small er subproblemsanda wordination prob-
lem. Several procedures for decomposing the large structural optimizaion problem into
subproblems have been proposed in the literature (e.g. [2]).
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Figure 1. Suspension system of a truck (I.Besselink and F.van Asperen, [3])

For a problem which combines sizing (stiffness and damping properties of elements)
and geometry (nodal coordinates) optimization, atypical decompositionisto consider the
geometricd variables as the upper-level (global) variables and the sizing variables as the
lower-level (locd) ones[7]. Thisis motivated by the fad that the geometricd and sizing
design variables are of fundamentally different nature which can lead to numericd diffi-
cultiesif they are treaed together in asingle-level optimization [8].

In the present paper a problem of optimizaion o ride charaderistics of atruck iscon-
sidered. Theride dharaderistics are related to the vibration of the vehicle due to road ir-
regularities and its effeds on a driver and goods. The dynamic behaviour of the truck is
described by alinea finite dement model and aroad surfaceprofileis presented asaran-
dom function with known power spedral density. The comfort of the driver is estimated
by means of aride index cdculated as a weighted mean square accéeration at the point
of thedriver's d. To minimizethe ride index, stiffness and damping coefficients of sus-
pension elements and coordinates of several nodes are varied with limitationsimposed on
the RM S value of the responses such asthe relative displacements of the suspensions, dy-
namic whed load of the axles, acceeration of the cago. This problem is ®lved using a
multi point approximation (MPA) technique [11].

To reduce mmputational efforts a two-level procedure was developed. Threesizing
sub-optimizaion problems related to the ales, cabin and engine subsystems are consid-
ered at the lower level, and the optimizaion d the geometry at the top level. The results
of the optimization d the 2-D and 3-D finite dement model of the truck are presented and
discussed.

2. Design Problem
2.1. CALCULATION OF DYNAMIC RESPONSE

A truck moving on the road represents a complex vibratory system. It contains the truck
and trail er masses, conneded to a chassis by suspensions, and resting on axles and tires,
whil e the road represents the excitation input applied to the tires (Figure 1). The dynamic
response of such a system depends on the dharaderistics of the vehicle dements as well
as on the road quality.

Assuming only relatively small displacaments, the dynamic behaviour of avehicle can
be described by a linea model. The simplified 2-D finite dement model of the truck is
shown in Figure 2. The cdin and engine ae modelled asrigid bodies, beam elements are
used for the dhassis, whereas linea spring and damping elements describe the cabin and
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axle suspensions and the engine mountings.

Inasimple cae, the excitation inputs caused by the road roughness can be described
by periodic functions. But, in order to obtain more redi stic results the road surfaceprofile
should be regarded as arandom function with known power spedral density (PSD) which
isdifferent for the varioustypes of roads ranging from an unprepared terrain to ahighway.
In the present study the dynamic response of the truck was eval uated for a “standard” road
profile with PSD approximated by the function S (f) = 100 v/t [m /HZz] , whereV
is the spedl of the truck [mVg], f is the frequency [HZ].

For alinea medhanica system, adirect linea relationship between inputs and output
exists[10]. If asystem hasR a(citgiog inputsit reals

S, = 3 I H, OH, (DS, () ©)
r=1s=1
whereS - response PD; H - complex frequency response function; H - complex con-

jugate of H; Sp b = Sp - PD of input p, (1) ; Sp - power crossspedral density of
inputs p, (t) and ps(t) Thefrequency responsefunctlon Hp iscdculated asaresponse
of a system to the excitation input p, assumed to be aunit harmonic excitation, i.e.
p (1) = ™" The harmonic response analyses were fulfilled using the ANSY S finite
element padkage [12]. When the response PD has been determined, the mean square
response can be cdculated dredly from o

Elq] = [S,(f)df @

0
The mean square of the velocity and accéeration can be eaily expressed through the PSD
of the displacement.

The 2-D model of thetruck isaffeded by two excitation inputs appli ed at the road con-
tad points of the front and rea wheds with the same P Sp = = S . Moreover,
sincetherea whedsencounter the sameroad irregulariti esasthefronta ones (efter atime
delay T),i.e. p, (1) = p,(t+T) ,the crresponding inputs can be cnsidered as perfed-

—21ufT

ly correlated so that their power cross-spedral densities are =Se and
=S¢ . Thetimedelay T = L/V depends on the Iength o the whedbase L
and the speed V of thetruck.

To assssthedriver’s comfort, aspedfic kind of mean square response - rideindex F
- iscdculated. It is defined as aweighted mean square accéeration and can be written as
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Figure 2. The 2-D FE model of the truck and the design variables
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0 0 0
where §q., , S;., and S, are the PSD of the accéeration in the longitudinal, verticd and
lateral diredion respedively. The weight functions (\N', W', V\/“) refleding the human
sensitivity to vibrationsin a particular diredion are taken from 1SO standard 2631 [5].
In the problem under consideration al the responses were restricted to the frequency
range from O to 20 Hz whil e the spedd of thetruck V = 22.2m/s (80km/h).

2.2. FORMULATION OF OPTIMIZATION PROBLEM

Asit is mentioned above, the road surfaceirregularities result in vibrations which affect
thedriver and gaods. They can significantly deterioratethe comfort of the former and sim-
ply damage the latter. That is why reduction of the undesirable vibrations is of grea
importancein the design d such avehicle. The optimizaion problem was dated as:

Minimizetherideindex F, (x) ata wmfort measurement point (Figure 2) for agiven
road profile.

The stiffness and damping of the suspension elements (Figure 1) and the wordinates
of several nodes were chosen as components of the vedor of design variables x . The de-
signvariables x = [y, z] shownin Figure 2 can be dassified asfollows:

y = [y* ¥5 y°] isthe subvedor of sizing design variables;

z isthe subvedor of geometricd design variables.

The subvedors y*, y* and y° are related to the ale, cabin and engine subsystems respec-
tively. The lower and upper bounds of the design variables are wlleded in Table 1.
Written in the dimensionless form the mnstraints can be dassified as foll ows:

FoSz Yoyl <1, j=12 (4a)
F Sz Iyhy1) <1, j=345 (4b)
FoSzIy,y1) <1, =678 (4c)
Fioy,z [y5y1) <1, j=910 (4d)

Fiu(z [y Y5 y1) <1 (4e)

Here (4a)-(4c) are the limitations on the RM S value of the relative displacements of the
axles and cé&bin suspensions and the engine mountings respedively, (4d) constraint the
maximum value of the dynamic whed load o the akles and (4¢€) refersto the RMS accé-
eration of the cago. The displacements due to static loads were dso taken into acount.
A more detail ed information on the mnstraintsis givenin[3, 9].

It should be noted, that the constraint functions depend ony weekly onthe subvedors
of the design variables in bradets. The geometricd design variables affed al the mn-
straints though not so strong as the sizing relevant ones. These factswill be used later for
the decompositi on.

3. Multipoint approximation technique

The MPA method used in this gudy is described in detail in [11] and therefore it is only
briefly presented here.
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According to ageneral approximationconcept the original optimization problemisre-
placel by a succession of the simpler ones, namely in ead iteration step k the foll owing
problem isto be solved:

~k
Findx{ suchthat  Fo(x,a) — min,  xOR" (5)

~k T
Fix,a)<1,a, = [arlnarzn...a[n] ., jJ=1..,M, m=20,..,M (6)
Alsx<Bf, A:A, B'sB, i=1..,N 7

Each functions F(x, a) (theindicesj and k are suppressed to simplify the notations) is an
explicit approximation of the original function F(x) . A vedor of tuning parameters a is
determined on the basis of the information about the original function (and possibly its
derivatives [11]) at severa points of the design space The evaluation d the components
of the vedor aisformulated as aweighted |east-squares optimizaion problem:

Find the vedor a that minimjizes

6@ = 3 (W Fx)-F(x, @)1 ®

. . .p=1 . . A .
wherew'? is aweight coefficient that charaderizesthe relative contribution of theinfor-
mationabout F at the point Xp [11]. In[4] itis $hown that a most acairate goproximation
can be atained using a multiplicativefunction

Fx,a) = a [T % 9)

The minimum number of the points P neeljedlto determine the wefficients a isequal
to N+ 1. They are obtained by taking steps from the starting point (optimum from the
previousiteration) in ead coordinate diredion of the design space The quality of the g-
proximation can beimproved without additional effort by taking the points from the pre-
vious steps (belonging to the aurrent subregion and its neighbourhood) into account.

The strategy of changing of the move limits can besummarlzed asfollows After eah
iteration step k the search subregion defined by the move limits A and B* isreduced if
in the obtained point X< 1) the goproximation is not adequate & least for one adive mn-
straint or 2) none of the move limitsis adive (the obtained point isinternal). If the above
conditions are both satisfied the same move limits are used in the next iteration step [11].

The optimization processis terminated when

- the gproximations are alequate for all adive cnstraint in the obtained point

- the obtained point isinternal B -A
- the subregion hasreaded aprescribed small size max B-A <0.01,i=1,..,N.

4. Two-level solution

The considered optimizaion problem can dredly be solved using the multipoint ap-
proximation method. However, the computational cost considerably increases if a more
complex 3-D finite dement model is used in the response analysis. Therefore an attempt
was made to apply the two-level optimization technique to the same problem decompos-
ing the original one into a number of smaller subproblems.

The sizing design variables y are then optimized for the fixed geometry at the lower
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level. Theredter the geometry optimization with all the mnstraints are fulfill ed at the top
level coordinating the optimization process. Because of coupling, this procedure must be
iteratively repeaed until the optimum is readed (Figure 3).

(Assumean initial solutiJ(-J‘n ya, yc, ye, z

e === l
|F|nd y, forthegiven y'y,z tominimize F,(y,2), F;,<1, Fgp <1 I

Il Level Find yf for the given yf,ye,z tominimize  Fy(y,2), Fj_g<

6-8

| Find yf for the given yf,yf,z tominimize  Fy(y,2), F

| Level

Figure 3. Flowchart for two-level optimization d the truck

Wefoundit was essential that all the constraints should be satisfied (at least not strong-
ly violated) before the geometry optimization, otherwise there might be no feasible solu-
tion of the mordination problem. That means that a proper choice of the cnstraints for
the low-level optimization is very important.

5. Results
5.1. THE 2-D MODEL OF THE TRUCK

First the MPA optimizer along with the two-level procedure proposed were tested on a
simplified problem with the 2-D model of the truck. All 20 design parameters (Table 1)
were varied whereas the number of constraints were reduced to 8 (only li mitations onthe
suspensionstravels (6a)-(6¢) were taken into acaunt). To estimate the dfediveness of the
two-level procedure the straightforward optimization was fulfilled too. The derivatives of
the functions with resped to design parameters were not used during the optimization
since we had found that taking them into account does not improve the convergence dhar-
aderistics of the optimization process whereas the eval uation of one partial derivative and
one response quantity are goproximately of the same mwmputational cost.

The optimization started from an infeasible design (maximum constraint violation of
60%). The two-level optimization was terminated after three cycles when there were no
improvementsin values of the objedive function (Figure 5). Comparing the results (Table
1) it can be noted that the decomposed problem provided amost the same optimal design
asthesingle-level optimizaion (1.270 and 1262 m/s? respedively) but did na give @n-
siderable cmputational savings though (533 and 547 response analyses). Its usage might
be justified for more wmplex 3-D problem with a large number of design variables and
constraints when a straightforward ogtimizationis difficult and even impossible.
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Figure 4. The 3-D finite element model of the truck and trailer combination
5.2. THE 3-D MODEL OF THE TRUCK AND TRAILER COMBINATION

To optimizethe 3-D mode! of the truck and trailer combination (Figure 4) we used al the
design variables and constraints (4a)-(4€).The response analysis for such a system was
more sophisticated and time consuming. The FE model affeded by 8 excitation inputs
(corresponding to 8 wheds) contained about 2000 degrees of freedom. To oktain theride
index and the other response quantities the ANSY S program was externally coupled with
Trical post-processor developed at DAF Trucks NV.

TABLE 1. Theresults of the one- and two-level optimization of the truck

2-D model 3-D model
D@£n Definition Result Definition Result  pit
variable —Tower U(g)per Tnitial  Single . Two  Lower Ué)per Tnifial_Two
bound bound value level leveds bound bound vaue levels
% 400 2000 690 690 693 0.1 800 100 114 N/mm
Vi 1 50 35 24 235 0.5 25 16.9 7.7 Ngmm
Vi 400 2000 600 1076 1079 100 500 150 100  N/mm
v2 1 50 35 50 50 0.5 25 17 49 Nsmm
¥ 50 160 90 100 14 25 80 45 455  N/mm
¥ 1 20 12.8 14.3 14.6 0.5 10 6.4 75 Ngmm
W 50 18 150 163 157 25 925 75 744  N/mm
Yy 1 20 12.8 20 20 0.5 10 6.4 10 N¥mm
W 8400 30000 8400 2957 27805 4200 20000 18000 20000 N/mm
yf 7600 9900 7600 3590 3605 500 4950 2060 617 N/mm
% 8720 9900 8720 5650 5690 2500 4950 2600 2500 N/mm
¥ 24350 25000 24350 16754 16855 5000 12500 5400 6514 N/mm
z 1000 1250 1111 1000 1007 1000 1250 1111 1250 mm
z 100 600 600 583 584 100 600 600 537 mm
Z3 475 675 575 483 490 475 675 575 675 mm
Z 700 1000 82 834 879 700 1000 82 700 mm
Z 490 690 501 643 640 490 690 501 576 mm
Z 890 915 906 893 8% 890 915 903 910 mm
z 3250 3900 3250 3250 3250 3250 3900 3500 3900 mm
Zg 1100 1300 1201 1167 1170 1100 1300 1201 1206 mm
Fo 1.455 1262 1270 214 1438 m/i&
N'iterations 26
N analyses 547 533
2.2

E "
g 17 ,
é
14

12

T
initia design

I
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Figure 5. History of two-level optimization of the truck:

T
Il cycle

— 2-D model,

1
1l cycle

- — - 3-D model
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The optimizaion started then from a feasible design (the redistic model from DAF
Trucks) for which therideindex was 2.140 m/ s (Table 1). The optimum design was ob-
tained after threecycles with areduction o the ride index to 1.438 m/ s (Figure 5). It
should be noted that 2-D and 3-D model correspond to dfferent trucks and the first one
was used to test the optimization method orly. From Figure 5 it is clea that changesin
geometry strongly influencethe objedive function, and thus changesin the geometry rep-
resent abig reserve for further improvements of the existing vehicle.

6. Conclusions

The optimization of the dynamic charaderistics of alinea medhanicd system under
stochastic load was done using a multipoint approximationtedhnique. The results demon-
strated that thistechnique auld be dficiently used for dynamic problems. Moreover it can
easily be mupled with a general-purpose finite-element software padkage.

Separating the sizing and geometricd design parameters the two-level optimization
procedurefor the &ove problem was proposed. Applied to the problem with the 2-D mod-
el of thetruck it provided almost the same optimum design asthe single-level optimization
thoughit did not give cnsiderable cmmputational savings.

The results of optimization of the 3-D model of the truck and trailer combination
showed robustness of the procedure for a mmplex systemswith alarge number of design
variables and constraints.
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