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ABSTRACT

The V70.7 release of MSC.Nastran and the upcoming 2001 release have added significantly to
the Design Sengtivity and Optimization cgpability that is contained in SOL 200. Many of the
added features were prompted by requests from automotive clients so tha it is deemed
appropriate that we take the opportunity of the MSC Automotive User's Conference to both
review the new capabilities of the V70.7 reease and to preview the upcoming 2001 rdease. A
brief overview is given of dl the mgor new optimization features. It is shown how the capability
to desgnate maerid propeties as desgn vaiables endbles some innovative topology
optimization techniques. The paper concludes by highlighting how the new features in dynamic
response can be applied and provides results of aoplying these features to a particularly difficult
design task.



INTRODUCTION

The generd multidisciplinary optimization capability (SOL 200) was firg introduced in Verson
66 of MSC.Nastran and has been widdly used in various industry applications (Ref.[1] — Ref.[9]).
The latest released verson V70.7 and the coming verson, MSC.Nastran 2001 have added a
number of new features to this powerful capability. For V70.7, the mgor new features are;

(@ Allow materid variables and dement connectivity variables to be designed.
(b) Support optimization with Beam Library usng the PBEAML bulk data entry
(c) Extend the capability of the DRESP2

(d) Morereaultsinthe .pch file

(e) Additiond DRESP1 responses

(f) Additiona results display

Each of these items is described in brief detall in a paragraph below. In addition, an innovative
topology optimization design task is performed using the new materid design variables.

The upcoming MSC.Nastran 2001 release has added yet more optimization features with the
primary ones being:

(a) Discrete variable optimization

(b) Fully Stressed Design

(¢) Random response optimization

(d) Complex eigenvaue optimization

(e) Support of FREQ3/4/5 entries

(f) A seriesof “ease of use” features primarily directed toward dynamic response optimization.

The Discrete Variable Optimization capability is being addressed at the conference with its own
presentation (Ref.[10]) and won't be discussed further here. The Fully Stressed Design festure is
regarded as primarily an aerospace prompted enhancement and aso won't be discussed further
here. The remaining topics are reviewed briefly and then the bulk of the remaning pat of the
paper is devoted to demondrating a number of ways to gpproach an optimization task that
involves the design of a dructure being loaded across a range of frequencies. Although the
example chosen is deceptivdly smple, it serves to expose a number of issues that arise when
addressing this type of problem. MSC is aware that the automotive indudry is very interested in
this type of design task, particularly in the design of car bodies for NVH type gpplications. The
dternative approaches that are presented are intended primarily to demonstrate the new festures,
but it is dso possble to draw certain conclusons and to provide guiddines in the use of the
techniques. Where there are dternative methods, the strengths and weeknesses of each is
discussed.



M SC.Nastran V70.7

The MSC.Nadgtran V70.7 Reease Guide (Ref.[11]) contains a complete description of the
optimization enhancements for that verson and that volume should be consulted to learn enough
about these features to actualy apply them. This paper serves to acquaint users with the
capability, but does not atempt to be comprehensive.

Material and Connectivity Variables

Prior to V70.7, the desgn variables for the design optimization capability drove ether shape
(grid locations) or property (eg., shdl thickness or rod aress) variables. V70.7 has added
ggnificantly to this so that the desgn variables can ds0 be referred to by materid properties
(eg., maeriad densty or Young's modulus) and by connectivity properties (i.e, red numbers
gppearing on a bulk data entry that begins with ‘C,’” such as concentrated mass vaues and beam
offset locations). Our users have begun to goply these new variables and severd examples in
this paper make use of them. An innovation that was made in the user interface is that the
designed property is now referred to by name rather than the fidd location on the associated
property entry. Also, MSC.Patran supports the selection of these new variable types.

Beam Library

The PBEAML dimensons can now be designed, greatly smplifying the data preparation when
designing beams.
Extended DRESP2

The DRESP2 entry creastes a synthetic response.  The entry was extended in V70.7 to alow
reference to the new materid and connectivity variables. It dso now dlows the user to reference
another DRESP2. This latter feature should be of mgor benefit to users who despar of
condructing lengthy, repetitious DEQATN inpt.

New Punch Options

The mgor addition here is tha it is now possble to punch out bulk data entries with the new
property vaues after a redesgn. This grealy facilitates moving the desgn optimization results
to another solution sequence, such as nonlinear andysis.

Additional DRESP1 Response Types

Element Strain Energy and static SPC forces are additiona response type on the DRESPL entry.
Additional Results Display

Dedgn results can be written to a specia purpose file in a CSV (comma separated values)
format. This is ided for reading into Spreadsheet software (such as Microsoft Excel) for data

manipulaion and display. The ability to scde and view senstivity information is fdt to be of
particular utility.



Topology Optimization with Material Variables

The introduction of materid desgn variables in V70.7 makes it possble to peform specid
topology optimization tasks in SOL 200 using the density approach (Refs[12,13,14]). Topology
optimization is to find the ‘optimd’ materid didribution of a dructure by optimizing a design
objective within the condrant limits by vaying materid dendties Its formulation is given
below:

Optimize f(X) @
Subjectto  gj(X) <=0, j=1,m 2
0<=X<=1 ©)

where f is the objective function such as compliance, natura frequency or a function of dynamic
responses across the exciting frequency range. g is the jth design condraint. A condraint can be
displacement or naturd frequency. In general, any response available in SOL 200 can be used as
an objective or condraint for an topology optimization task. Desgn variable vector X congsts of
ndv desgn variadles, Xi, i=1,ndv. The problem defined in Egs(l) to (3) are solved using the
mathematica programming techniques available in SOL 200.

The dendty desgn variables have the specid meaning in a topology optimization task. Consder
asngle design variable case. The design variable, X is defined as the normaized dengty,

X =Rho/Rho 0 or Rho=Rho 0* X 4
where rho and rho 0 ae intermediate and physcad densties. Further, Young's modulus, E is
related to design variable through the following experimentd relation:

E=E O* X**n (5)
where E and E O are intermediate and physca Young's modulus. The exponent n is a pendty
number. The role of n is to drive X to ether O or 1. When X varies between its lower and upper
limits (0 and 1), E ds0 varies between zero and E 0. One can imagine that the associated
element is removed from the dructure when X=0 while the dement is retaned when X=1
Therefore, the different vaues (or didribution) of densty variables can be used to represent the
Sructure configuration. A common way to show the dengty didribution is to plot a contour
picture of the Structure based on the vaues of design varidbles. Since the find design variables
take values between 0 and 1, the resulting distribution plot may not show the clear layout. In
practice, athreshold vaueisjudicioudy selected to produce better configurations.

As a gened guiddine the initid values of X should be set corresponding to the limit date of a
weight budget rather than be st to 1. For example, if the weight is condrained within the 30% of
the origind desgn domain, the vaues of the initid desgn vaiables are chosen as 0.3. This is
equivdent to the case in which the dedgn task darts from the budgeted state and the ‘optimd’
materid didribution is sought to minimize or maximize the objective while keeping the
congraint on target.

In this paper, a multidisciplinary topology optimization task is solved with the new capability. A
cantilever beam modd is shown in Fg.1l. Both the daic anadyss and the norma modes andysis
are performed smultaneoudy. A datic transverse load is applied a the free end. The design task



is to dmultaneoudy minimize the compliance for the datic case and maximize the firg
eigenvaue while the totd meass is limited as 25% of the initid desgn domain. In addition, the
second eigenvaue is condrained to be grester than a specified number. Each dement dendity in
the modd varies independently. Notice the y-displacement a grid 683 is defined as the
compliance response since the gpplied force is invariant.

The procedure to define a desgn modd for topology optimization is Smilar to the one for a
regular d9zing or shgpe optimization task. The dendty dedgn vaiadles ae defined using
DESVAR entries. Reations shown in Egs(4) and (5) ae defined usng DVMRELY/2 entries.
The mixed min-max objective is achieved usng the beta formulation. The beta formulation is a
generd way to ded with the min-max type of problems and its forma definition and various
goplications can be found in Refs[3,15]. The beta in the formulaion is an atificdd desgn
vaigble and acts as a threshold. When the threshold is minimized (maximized) while the
distance between the beta (the response) and the response (the beta) is congtrained positive, the
response of interest is minimized (maximized). In our example, two betas are introduced, one for
the compliance and another for the eigenvalue. Notice that he compliance rl is reformulated as

-1/r1 since rl is negative. Therefore, when the sum of two betas is maximized while the disance
between —1/r1 and the first beta, and the distance between the eigenvalue and the second beta are
kept positive, the compliance and the fist eigenvaue are minimized and maximized, respectively.

The input data file (topopt.dat) can be obtained from the following web address:

http://www.mechsol utions.com/support/online_ex/Nastran/Sensitivity Optimization.html ..

The job is run with V70.7 and it converges & 30 desgn cycles. The contour plot of the find
dendty didribution of the cantilever beam is shown in Fig.2. The cutting vaue of 0.23 is used.
Notice that the find dengty distribution is plotted as the thickness didribution in MSC.Patran
with the plate thickness being replaced by the find densty values For the solid dements, the
temperature digribution may be plotted with the find dendty desgn vaiables as the new
temperature values.

To better underdand the fina configuration that Smultaneoudy minimizes the compliance and
maximizes the fig eigenvaue, we dso plot the find dengty didribution of the cantilever beam
for the case of minimum compliance only. Both Fig.2 and Fig3 show the amilar exterior edges
that are desrable to achieve the minimum compliance requirement. On the other hand, to achieve
the maximum frequency, more e ements are retained in the middle of the beam structure (Fig.2).

Although the ‘optimd’ topology solution is not unique because it can be derived from various
cutting vaues, in the engineering practice, it provides vauable desgn indght and guideines for
future designs. The final desgn as shown in Fg.2 is ether difficult or impossible to obtain by
using the conventiond dzing and/or shape optimization techniques.

If interested, the reader may consult Ref.[11] for one example of dynamic topology optimization.



M SC.Nastran 2001

MSC.Nadtran 2001 has added dgnificant new features in design optimization, reflecting an
increased emphasis that has been placed in this area.  As with the V70.7 features, a paper of this
type can only provide a brief overview of the new capabilities and the interested user should
consult the forthcoming Release Guide for MSC.Nastran 2001 for complete details. A theme of
the rdease is an emphasis on dynamic response and this is reflected in the gpplication examples
that are provided here.

Random response optimization

A feature that should be of particular interest in automotive gpplications is the new DRESP1
response types that support random response.  The avalable responses are grid point
(displacement, velocity or acceleration) RMS responses that are computed based on input power
spectra and frequency response information. The design of a suspenson system response to an
uneven pavement could benefit from this capability.

Complex eigenvalue optimization

MSC.Nastran 2001 aso alows the user to specify the components of a complex eigenvaue as a
design response quantity. An automotive gpplication is to the desgn of brake systems to prevent
brake squeal.

Support of FREQ3/4/5 entries

The FREQ3, FREQ4 and FREQ5S entries alow the user to request excitation frequencies that are
derived from the structureé's naturd frequencies. This can be used to assure tha the frequency
response andysis is carried out near the resonance conditions. The 2001 release fully supports
this capability in SOL 20 with the anticipated benefit that users can perform frequency response
optimization with a limited st of excitation frequencies compared to what would be required if
the excitation frequencies were invariant as the design evolved.

Ease of use features

The “Ease of Usg’ heading refers to a number of enhancements that have been made in the text

user interface for dedgn sendtivity and optimization. While they do not provide additiond

functiondity, they grestly smplify the input preparation to the extent that design tasks that were
previoudy too tedious to contemplate can now be formulated quite smply. Among the features
that come under this heading are;

(@ The DCONSTR entry has new optiond inputs that dlow the specification of the frequency
range over which the condraint is to be imposed.

(b) The FRxxxx response types on the DRESP1 entries can indicate an operation that is to be
performed across the range of excitation frequencies. Avallable operations are SUM, AVG,
SSQ, RSS, MAX and MIN which provide a scaar response that is the sum, average, sum of
squares, square root of the sum of sguares, maximum and minimum of al the responses
across the frequency range.



() The DRESP2 entry has been modified to dlow the current EQID fidd to instead invoke a
pre-defined function, removing the need for the associated DEQATN. The avalable
predefined functions are the same SUM, AVG, SSQ, RSS, MAX and MIN operations
mentioned above.

(d) The DEQATN entry has additiona functions SUM, AVG, SSQ, RSS, DB, INVDB,DBA ad
INVDBA, where the first four have same meaning as discussed above while the last four
refer to decibel, inverse decibd, perceived decibel level and inverse perceived decibel leve.

It is recognized that there is some overlgp in these new options, but it should adso be seen that
there is greater generdity in the DRESP2 terms than in the corresponding DRESPL terms and
that the DEQATN functions provide even more generdity. Some of these ‘ease of use features
areillugrated in the examples below.

ALTERNATIVESIN DYNAMIC RESPONSE OPTIMIZATION
Problem definition

The purpose of this section is to demonstrate how three new features described can be applied to
solve an example problem. The problem chosen here is derived from an MSC's internd CSR
report (Ref.[16]) and is a variation of the example shown in Ref.[9]. The sructure is loaded with
the uniform pressure in the zdirection and is clamped & three edges. The unit pressure is gpplied
across a frequency range of 20 to 750 Hz. Figure 4a shows te finite dement modd for the hdf
of dructure due to symmetry conditions. A structurd damping coefficient G=0.06 is gpplied and
the dynamic displacement response is solved with the moda frequency solution sequence. Figure
4b is the response plot for the zdisplacement at grid 11. The major peak response 4.02 occurs at
425 Hz.

The task is to reduce the pesk responses across the frequency range while maintaining weight
invariant. The dement dendty is chosen as the design variable to find the ‘best’ location for
placing the concentrated mass in the plate structure. Each design variable is related to a group of
element resembling an L shape. For example, the shaded L shape in Fig4a is the first design
variable. Thelast design variable is related to a Sngle dement connected with grid 11.

Difficultiesin dynamic optimization

Although the example looks ample, it poses two paticularly difficult issues in the dudy. One is
the flat desgn space a the initid desgn sage. This is shown in Fg.5 for one design variable
cae. The RMS function of y-displacements a grid 11 across the frequency range is plotted
againg the ninth design variable. The flat design space occurs around X9=1.0. It was reported in
Ref.[16] that when the design task with 10 design variables started from such a stage, the task
sopped in one design cycle without changing the objective. This difficult may be overcome in
two ways. One is to avoid the initid flat desgn stage either by directly changing the design
vaiadles or increesng the damping coefficent. Another is to use the combination of smdler
desgn move limit, the Sequentid Quadraic Programming dgorithm and the direct
approximation approach for the optimization process. In this example, the latter is used. The



second difficulty is the locd minimum. In fact, the firg difficult will dso leed to a locd
minimum. Fgure 6 plots the RMS function showing such a phenomenon. The RMS function of
the y-displacement a grid 11 is plotted as zaxis while the 3¢ and sixth design varigbles, rdlated
to third and sixth groups of the ement as shown in Fig.6, are used as the ¥ and y-axes. Many
pesks and vdleys are observed from a dngle desgn space that is contrast with the locd
minimum obsarved in a digointed desgn space as reported in Ref.[17]. Stating from different
initid desgn dtages is often used to obtain the globd optimum. However, the generd treatment
of the globa optimum is beyond the scope of this paper.

Although these difficulties can occur in any optimization task, they tend to show up more often
in dynamic response optimization. This necesstates the use of different drategies to perform
dynamic optimization tasks. In particular, three new features described in the previous section,
random response optimization, a synthetic response using the custom function and the FREQ5
feature will be applied below. Three user input files (ranopt.dat, ssgopt.dat, fregbopt.dat) can be
obtained from the following web address:

http: //mmww.mechsol utions.comysupport/online_ex/Nastran/Sensitivity_Optimization.html.

Random response optimization (ranopt.dat)

The minimum pesk response task is atempted with the minimization of the RMS displacement
function. Since this example is a nonrandom response optimization, The RANDPS entry
gpecifies the same st number for the excited load set and the applied load s&t. In addition, the
RANDPS entry points to the TABRND1 table that is unit a dl frequencies The RMS
displacement response is defined by a DRESP1 entry whose éttr-B fidd references to the
RANDPS entry. The RMS displacement is chosen as the objective and is minimized. The weight
is condrained to the origind levd.

The job is run with Verson 2001 and is terminated after 25 design cycles The objective, the
RMS displacement function, is reduced from 9.55 to 5.52 with 42% reduction in RMS. Figure 7
shows the plot of initid and find displacements. It is interesting to notice that the pesk response
days the same while the peak resonance frequency is shifted to 28 Hz from 62 Hz. However, the
shape near the resonance is squeezed due to the reduction in the RM S function.

Use the custom function for a synthetic dynamic response (ssqopt.dat)

Reducing the peak responses across the frequency range is a min-max problem. One popular
drategy is to define a function to convert the multiple frequency responses into a scaar number.
Then, the scdar number is minimized. Prior to Verson 2001, such a function requires cregtion of
DRESP1, DRESP2 and DEQATN entries. For a task having many frequency points, the user
input effort can be sgnificant and is error prone. To smplify the user input preparation, Verson
2001 alows the user to define a customized response with one DRESPL entry.

The same RMS function used in the random response optimization is defined by a synthetic
response that references to a custom SSQ response and two DRESPL responses at first and the
lagt exciting frequencies. The smulated RMS function is minimized. The weght is condrained
to be invariant. The job is run with Verson 2001 and converges in 29 design cycles. The



smulated RMS function is reduced from 9.55 to 7.96 with 17% reduction. Finaly, Fig.8 shows
the plots of the initid and find digolacements. The pesk vadue of the find diglacement is
reduced to 3.38 unit from 4.02. The pesk frequency is dightly shifted to 56 Hz.

Usethe FREQS featur e (freg5opt.dat)

When the FREQS feature is gpplied for a dynamic optimization task, the frequency response
andyss can be automatically carried out near and/or at the resonance conditions at each design
cycle. Therefore, a smal number of excitation frequencies can be specified for each analyss. For
example, the FREQ5 entry for our example takes the following fraction numbers. (0.5,0.75,0.8,
0.92,0.98,1.0,1.02, 1.08, 1.20, 1.25, 1.50). This results in totd 90 exciting frequencies being usd
comparing with 731 frequency pointsin the full frequency .

Although sdlecting a smal st of fraction numbers in a FREQS entry may reduce the time for a
moda frequency andyss, limited experience shows that the saving in each andyss may be logt
due to the increase in number of design cycles because of the changes in the search direction.

Therefore, the sdection of FREQS fraction numbers is problem dependent. However, in generd,
it is dedsrable to include the resonance response to reflect true dynamic behavior in the dynamic
optimization task.

In this example, the beta gpproach (Refs[3,15]) is used to minimize the multiple responses
sdlected by the FREQS entry. Therefore, it can further reduce the computationa cost because the
fewer number of responses are retained in the desgn sengtivity and optimization phase. The
required design entries for the beta formulaion can be found in fregSopt.dat. The job is run wth
V2001 and converges after 16 design cycles. Since the pesk responses are directly minimized
without usng a scadar function, the difficulty associated with the flat design space is lessened.
The larger desgn move limit, dex=0.2 and delp=0.2 are sdected. The plot of initid and find
displacements is shown in Fig.9. The maximum pesk response is reduced from 4.02 to 3.12 with
the resonant frequency being shifted from 62 Hz to 82 Hz.

Comparing with other two drategies, it is clear that when the desgn task is to minimize the pesk
responses, the beta formulation with the FREQS feature is more effective and efficient.

CONCLUDING REMARKS

This paper first reviewed the new festures available in V70.7 reesse of MSC.Nasran and
presented an innovative topology optimization task tha Smultaneoudy minimizes the
compliance and maximizes the naurad frequency usng new materid desgn vaiables. Next, the
paper previewed the new features added to the upcoming 2001 release. Dynamic response
optimization is the theme of the release and is reflected through the gpplication examples solved
in the paper. Through the examples, the paper showed tha while the random response feature
can dso be used to solve nonrandom dynamic response optimization tasks, the new FREQS5
feature coupled with the beta formulation can minimize the dynamic pesk responses effectively
and efficiently.
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Figure 1 Multidisciplinary Topology Optimization with Minimum
Compliance and Maximum First Eigenvalue
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Figure 2 Final Configuration of Cantilever Beam With Minimum Compliance and
Maximum First Eigenvalue (Cutting Value = 0.23)
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Figure 3 Final Configuration of Cantilever Beam With Minimum Compliance only
(Cutting Value = 0.27)
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Figure 4b FE Mode of the Clamped-Free Plate Structure
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Figure 5 Plot of RMS function Showing Flat Design
Space for a Single Design Variable
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