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To limit the risk of high cycle fatigue, underplatform dampers (UDPs) are traditionally
used in aircraft engines to control the level of vibration. Many studies demonstrate the
impact of the geometry of the damper on its efficiency, thus the consideration of topologi-
cal optimization (TO) to find the best layout of the damper seems natural. Because of the
nonlinear behavior of the structure due to the friction contact interface, classical methods
of TO are not usable. This study proposes to optimize the layout of an UDP to reduce the
level of nonlinear vibrations computed with the multiharmonic balance method (MHBM).
The approach of TO employed is based on the moving morphable components (MMC)
[framework together with the Kriging and the efficient global optimization algorithm to

solve the optimization problem. The results show that the level of vibration of the struc-
ture can be reduced to 30% and allow for the identification of different efficient
geometries. [DOI: 10.1115/1.4049666]

Introduction

In the aerospace industry, the requirements for the design of
engines are becoming more stringent and new engines must be
more efficient and lighter. Thus, each component tends to reach
its structural limits. Considering the turbine blades, they are sub-
mitted to high level of exposure to thermal stresses, centrifugal
stresses, or vibrational stresses [1,2]. The latter can lead to high
cycle fatigue and can potentially lead to a failure of the blades [3].
Because of the large operating speed range and the high modal
density of bladed disks, all the critical resonances cannot be
avoided. For this reason, it is crucial to limit the level of vibra-
tions at resonance. The most widely used solution are based on
friction damping [4-6].

Dry friction can be introduced in different locations of the
structure (shrouds, roots, blade tips), but the most efficient solu-
tion relies on the use of underplatform dampers (UPDs) [6,7].
They are located in the groove under the platforms of two adjacent
blades and consist in a small metal device. They remain in contact
with the platforms due to the centrifugal loading. When the blades
vibrate, the relative displacement between the platforms and the
UPD generates friction and so energy is dissipated [8,9].

The geometry of the UPD has a significant impact on its effec-
tiveness. Indeed, many studies are related to the study of the com-
parison of different geometries. The most classical geometries are
based on a wedge geometry [10-12], a cylindrical geometry
[11,13] or a mix of them [14]. From those studies, it appears that
the shape and the geometry of the damper has a high impact on its
efficiency.

Topological optimization (TO) for continuum structures con-
sists in the identification of a subdomain occupied by the structure
in a total available domain where only the boundary conditions
are known [15,16]. The topology of a component is defined by its
internal and external boundaries and by the number of inner holes.
These characteristics are optimized simultaneously with respect to

a predefined objective and constraint functions. TO is mostly used
in a predesign stage to identify the most efficient layout of the
structure. The two most classical methods of TO are the density-
based approach and the level set method. The first method consists
in the optimization of the element densities of a mesh describing
the design space [17,18]. The second one is based on an implicit
description of the material boundaries with a level set function
(LSF), which is often propagated by solving a Hamilton—Jacobi
equation [19,20]. These two approaches require the sensitivities,
of the densities or of the shape, with respect to the objective func-
tion and the constraints. These sensitivities might be impossible to
determine analytically for some problems and are too expensive
to be determined numerically.

A recent approach, called the moving morphable components
(MMC) framework, was proposed by Guo et al. [21]. The basic
idea relies on the fact that the topology can be described by the
association of elementary beams. Hence, the material domain is
still described by an LSF which is decomposed in local LSFs that
describe each beam. The expression of these local LSF is explicit
and depends on a few parameters. Hence, the size of the optimiza-
tion problem is drastically reduced, and it gives the opportunity to
consider global optimization methods. Thus, in 2019, Raponi
et al. [22] proposed to use the Kriging metamodeling method
together with the efficient global optimization (EGO) algorithm
[23] to solve a problem of topological optimization for crash-
worthiness where the sensitivities cannot be determined.

Considering vibration issues, TO has been applied to the opti-
mization of eigenvalues in a linear context in Ref. [24-27] with
the different methods presented previously. The extension to the
nonlinear case is done in Refs. [28] and [29] where the width of a
clamped—clamped beam is optimized (constant thickness) and
geometric nonlinearities are considered. Gradient-based optimiza-
tion is used for the optimization. Considering contact problems,
the problem of TO has been addressed in a quasi-static context in
Refs. [30-32]. The objective of this study is to perform TO for the
optimization of nonlinear dynamic systems in the presence of a
friction interface, which has never been done before according to
the best of our knowledge. Here, TO is applied on a UPD to
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identify the damper’s layout that reduces to the maximum the lev-
els of the nonlinear vibrations of the blades on a given frequency
range. The optimization process must take into consideration the
friction contact interface between the damper and the structure,
but also the fact that the load applied on the UPD depends on its
mass, and so on its geometry. Furthermore, the objective function
of the problem is expected to be strongly nonconvex with many
local minima. For this reason, global optimization is considered
and the MMC framework with Kriging-based optimization is used
to solve the current problem.

The objective of this paper is to investigate the capacity of the
MMC framework coupled with global optimization algorithm to
optimize the topology of an UPD in order to reduce the amplitude
of the nonlinear vibrations of the blades. Hence, the methodology
is applied on a two-dimensional (2D) system that simulates the
behavior of a real high pressure turbine blade as a preliminary
work to examine the potential of the approach. This paper is
organized as follows: first, the optimization problem is introduced.
The mechanical system, the problem geometry, and the methodol-
ogy used to determine the nonlinear vibrations of the structure are
presented. Second, the MMC framework and the optimization
process based on Kriging and on the EGO algorithm are pre-
sented. Finally, the numerical results are presented.

Problem Presentation

The objective of this section is to present the physical problem
that will be optimized. Hence, the mechanical system as well as
the modeling choices and the numerical strategy for the prediction
of the nonlinear vibrations are presented.

Model Presentation. The model used is based on the geometry
of an underplatform test rig used and presented in Ref. [12]. It
was designed to simulate the dynamic behavior of the dynamic
response of a real high pressure turbine blade and to study the
impact of UPD on a blade-like structure. The model considered
here is based on the 2D geometry of this structure and is repre-
sented Fig. 1. It is composed of two pseudo-beams fixed on a
common base which simulates a rigid disk. To be consistent with
the work done before in Ref. [12], the boundary conditions remain
the same and the right side of the base is clamped for later experi-
mental validations. A 2D geometry may seems simplistic, but the
main concern of this study is to investigate the interest and the
possibilities of using Kriging-based optimization for TO of non-
linear vibrations with friction. This simple case allows for much
lower simulation times and a lower number of optimization
parameters.

Fig. 1 Two-dimensional geometry of the model:
clamped, (e) excitation point, and (e) output points

—)

(a) (b)

Fig. 2 First two modes of the structure without the damper: (a)
in-phase mode: f; =246.73Hz and (b) out-of-phase mode:
f, =247.51Hz

Fig. 3 Mesh of the full damper

The mesh of the blades is composed of 3324 eight-node biqua-
dratic plane strain elements. The structure is made of steel with a
Young modulus of 197 GPa and a density equal to 7800 kg/m>.
The study focuses on the first bending mode of the blades. As
there are two blades, their motion can be in-phase or out-of-phase.
These two modes are represented in Fig. 2, and the natural fre-
quencies are equal to 246.73 Hz and 247.51 Hz, respectively. It is
worth noticing that they are determined without the damper.

As a reference case, a wedge damper is located between the
two platforms of the blades as represented in Fig. 1. The centrifugal
loading keeps it in place during operation. The mesh of the damper
is represented in Fig. 3 and is composed of 3604 eight-node biqua-
dratic plane strain elements. The mesh is constructed so that the
contact points between the damper and the blades are matching.
The number of elements may seem huge for this component, but
this mesh will be used later in the process of the topological optimi-
zation and corresponds to the discretization of the problem.

A node-to-node contact formulation is used in the problem, and
51 contact points are present on each side of the damper. The
dynamic behavior at each contact node is modeled with a one-
dimensional friction contact element. It consists of one Jenkins
element and one other spring to allow normal load variations.
Each element is characterized by four parameters, namely, the
friction coefficient, y; the tangential stiffness, k,; the normal stiff-
ness, k,; and the initial preload, Ny. The normal preload and the
stiffness are normalized by unit of area, so each contact element
has its own characteristics. During the cycle, the normal loading is
kept constant and no separation is possible.

The contact pressure due to the centrifugal loading Cr is mod-
eled by a constant value [10], and the initial pressure ¢, on each
side of the damper is given by

1 Cr
gy = =

Y —— 1
2 A(cosa + psino) )



where A is the contact area on each side, u is the friction coeffi-
cient, and o is the damper angle. The load Cf, aimed to simulate
the centrifugal loading, is given by Cr = mgamper X R X ?, where
Mgamper 18 the damper mass, R is the radius, and o is the rotational
speed.

Multiharmonic Balance Method. The friction interface brings
nonlinearity in the system, and specific numerical strategies must
be employed to determine the vibration levels. Thus, the method
of the multiharmonics balance (MHBM) coupled with a model
reduction technique included in the in-house code FORSE
(FORce Response SuitE) is used in this study. The latter has been
presented in detail in Refs. [33] and [34]. The reduction of the
model is based on a frequency response function (FRF) matrix
representation of the model. This FRF matrix is determined by
calculating its exact value at some frequency points and adding a
second term that describes its variation in a range of frequencies
[34].

The dynamic equation of the system can be written as

Mii + Cti + Ku + £, (u,11) = p(1) @)

where M, C, and K are the mass, damping, and stiffness matrices,
respectively. f,; corresponds to the nonlinear forces vector due to
the friction contact, p is the external forces vector, and u is the
displacements vector. The dot represents the derivative with
respect to the time. As the external forces are periodic, it is natural
to search for a periodic response for Eq. (2). Hence, the idea of
the MHBM is to write the problem on a Fourier series composed
of N, retained harmonics. So the response can be written as

N

q(t) =qy+ Z qf cos(kjot) + g sin(k;owt) 3)
i-1

where q is the constant term in the Fourier series, ql-C are the
cosine coefficients, qf are the sine coefficients, and k; is the ith
retained harmonic. The harmonics retained are chosen a priori by
the user. By injecting the latter in Eq. (2), and using the orthogon-
ality of the Fourier series, the problem can be approximated by
where Z is the dynamic stiffness matrix, =
{40, 45,43, ...,q5,q3} is the vector of the Fourier coefficients,
and f,; and p are the nonlinear and the external efforts expressed
in the Fourier basis, respectively. An AFT algorithm is used for
the determination of the nonlinear forces Fourier coefficients [35].
Problem (4) is solved by using a Newton—Raphson algorithm. To
find a continuous response curve with regard to the pulsation of
excitation @, continuation is used. Here, a secant predictor
together with an arc-length corrector is used. In the following of
the paper, harmonics 1 and 3 are retained for the MHBM simula-
tions. This choice is based on a convergence study, not presented
here for the sake of consistency.

Application on the Initial Test Case. The method of the
MHBM is then used to compute the nonlinear dynamic response
of the structure. The system is excited at the bottom of the left
blade (see Fig. 1), and the displacements at the blades tips are
determined (green points in Fig. 1). A friction coefficient equal to
0.5 is chosen, and the contact stiffness are taken equal to k, =
k, = 0.5 N/mm?. Different excitation levels are considered from
1x107° to 1 x 1072 N, and the nonlinear receptances of the
point at the tip of the left blade are given in Fig. 4. For the full
damper, the centrifugal loading Cr is e(iual 0 9.54 x 107 N.

For excitation force equal to 1 x 107> Nor 1 x 10™* N, two res-
onant frequencies appear at 246.6 Hz and 248.6 Hz (curves super-
imposed in Fig. 4). When the excitation force increases to
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Fig. 4 Nonlinear receptance at the point on the left blade for
different excitation levels for a full damper

1 x 107 N, a damping effect appears, and the two peaks are cut.
If the excitation force is increased to 5 x 107> N, the two peaks
are even more damped, but the second peak is shifted to 248 Hz.
Finally, if the excitation force is again increased to 1 x 107> N,
the receptance for the first peak increases and the resonant fre-
quency is slightly shifted of 0.1 Hz. For the second peak, the reso-
nant frequency continues to be shifted and is equal to 247.5Hz
and the receptance also increases.

Optimization Problem. The objective is to optimize the topol-
ogy of the damper in order to identify the geometry that gives the
minimum level of vibrations at blade tips. Thus, the maximum of
vibration amplitudes observed at blades tips over the frequency
range [100,400] Hz is chosen as the objective function of the
problem. The frequency range is chosen in order to cover all the
possible variation of the resonance frequencies that may happen
during the optimization problem and to ensure a good initializa-
tion of the MHBM. The limits of the design space are the limits of
the full damper presented in Fig. 3. The excitation amplitude is
fixed to 1 x 1077 N and is constant during the whole study. The
loading range is directly related to the damper mass and can take
value between O N (damper of null mass) and 9.54 x 107* N (full
damper).

Moving Morphable Components Framework
and Optimization Process

The objective of this section is to present the methodology
employed to perform topological optimization. The methodology
is based on the Kriging-Level Set Method [22]; in other words,
the structure is represented implicitly by a LSF. The Kriging is
used to surrogate this LSF and to update it to identify the best
layout.

Parametrization of the Problem. Let us consider a bounded
domain 2 € R? which is the domain of all the admissible shapes.
Q denotes the region of the domain & occupied by the material.
The LSF ® that describes Q is defined as

D(v) >0, veQ
D(v) =0, vei (5)
D(v) <0, veD\Q

where v = (x,y)T € Z is a point of the domain and 6Q is the
interface between the material and void. The O-isoline defines pre-
cisely the limit between material and void.

The idea of the MMC framework proposed by Guo et al. [21] is
to decompose this global LSF into several local LSFs that
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Fig. 5 (a) Parameterization of a component and (b) corresponding LSF

describe an elementary beam component which can be moved and
deformed in the design space. The idea relies on the fact that the
optimal topologies can often be decomposed in an ensemble of
interconnected beams. Hence, each local LSF ®; describes a
domain €, occupied by the component i. The total domain Q
occupied is defined by Q = UY_, Q.

For & = R?, each component i is described by an explicit for-
mulation of the LSF given by [21]

B cos 0;(x — xo) + sin 0;(y — yoi) "
i(w) = - 1,2

—sin 0;(x — xo;) + cos 0,-(y = Yoi) " | 6
7 ©)
where (xo;,yo;) is the center position of the component, 0; is the
inclination angle, L is the length, and ¢ is the thickness. m is a rela-
tively large even number taken equal to 6 here, as defined in
Ref. [21]. Hence, each component is described by a set of five
parameters, namely, (xo;, yoi, 0;, L, t), as illustrated in Fig. 5 where
the parameterization of a component is displayed. The corre-
sponding local LSF is given in Fig. 5(b), where the negative val-
ues have been set to zero for display considerations. By changing
these five parameters, each component can move and be distorted,
and the assembly of the different components describes the gen-
eral structure.

Once the structure is described by the LSF, this description
must be mapped on the mechanical model and more precisely on
the mesh. A classical method consists in having a fixed mesh on
which the LSF is mapped with the use of an ersatz material: for
the regions occupied by the material, the density of the material
are used, but for the region composed of void, an ersatz material
is used (i.e., with a density and a Young modulus largely lower
than the material used). This allows to work on a fixed mesh and
to always have a well-defined mechanical problem. This approach
is largely used in the community [19-22,36]. However, in the
computation of the eigenmodes of a structure, some can be local-
ized in the ersatz material. To avoid this problem, the void ele-
ments are removed [37]. Hence, in this study, the elements of the
mesh that are not occupied by the material are removed. More-
over, the LSF is discretized in the center of the elements [36], i.c.,
if the LSF is positive at the center of an element of the mesh, then
this element is composed of material, but if the LSF is negative,
then the element is removed. This discretization might seem a bit
coarse; however, the mesh can be refined (without additional
numerical cost) for a more accurate description of the geometry of

the damper. A second argument is that the topological optimiza-
tion process is used to identify types of geometries that might be
more efficient, but other design considerations need to be consid-
ered after and will define the final layout. To ensure a realizable
component, the connectivity of the component is first checked
with a 2D graph as proposed by Raponi et al. [22], and if check-
board effect takes place, then the thickness of the components is
increased. An example of the global process is illustrated in
Fig. 6, where in Fig. 6(a), a 2D graph is given. Each component is
reduced to a segment and is represented by a color. The limits of
the design space are given in black. In Fig. 6(b), the 0-isocontour
of each LSF is represented, and finally, the corresponding mesh is
represented in Fig. 6(c).

Optimization With Kriging and Efficient Global Optimiza-
tion Algorithm. The optimization problem considered in this
paper can be written in the following form:

mxinfobj (X) D

where fop; is the objective function of the problem, namely, the
maximum of displacements at the blades tips. x € R" is the vector
of the design parameters that describe the geometry of the prob-
lem, which, in this case, corresponds to the number of LSF used
multiplied by 5, which are the describing parameters. The optimi-
zation problem is written without a constraint on the volume of
the damper. This choice is driven by the fact that the most impor-
tant goal in this study is to get a more efficient geometry, than a
lighter one. Hence, no volume constraint is considered as it could
lead to missing of some efficient geometries.

The problem considered is strongly nonlinear, nonconvex with
many local minima, and the determination of the shape sensitiv-
ities of the objective function is not conceivable. Hence, an opti-
mization strategy based on global optimization is considered.
More precisely, the methodology is based on the use of a Kriging
metamodel together with the EGO algorithm [23].

Kriging Surrogate Model. Kriging is an approach to surrogate
a function that is often expensive to compute. In the present
case, it surrogates the objective function fqp,;. It is based on a set
of N inputs X ={x(1 ... x™} and their evaluations
y = {3y, ...,yM}. In the present case, each y¥) is obtained by
computing the displacements FRF at blades tips with the MHBM,
considering the damper geometry described by X® over the fre-
quency range [100, 400] Hz. The maximum over the frequency
range and over the two blades is taken as the evaluation of the
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Fig. 6 General geometry description: (a) 2D graph for the connectivity check, (b) 0-isocontour of the different

LSF, and (c) corresponding mesh

objective function. This set of inputs and outputs is called design
of experiments (DoE). The set of input points is generated with a
Latin hypercube sampling (LHS) and only the configurations that
are connected and retained. Then, the Kriging methodology con-
sists in approximating the function fo; by the function f* defined
as [38]

q
f) =8B+ 2 (x) ®)

=
where (g;);[1,4 is a set of ¢ known real-values functions, (8;),c(; 4

are the regression coefficients to be determined, and Z is a sta-
tionary zero-mean Gaussian process. Its covariance function is
given by C(x,X') = a2%(x,x’), where ¢” is the unknown variance
of the process and Z(x,x’) is the correlation function of the pro-
cess. The functions (g;) icl1,q) are chosen according to an a priori
knowledge of the phenomenon, and they are often low order poly-
nomial functions. The function Z is usually unknown but is often
constructed from a family of kernel functions parameterized by a
parameter 6 to be optimized [38].

By assuming that % is a Gaussian process, then the best
unbiased predictor is linear. One can then define the regression
matrix G of coefficients G;; = g;(x\!)) and the correlation matrix
R of coefficients R; = C(x),xU)). The prediction y, of the Krig-
ing metamodel at the point X is then given by

yo =1 (Xo) =g B +riR™'(y — GB) ©)
where g is the vector of gj(Xo) and ry is the vector of C(xo, x"))
and B = (GTR™'G) 'G"R'y. The mean square error is given by

s*(x0) = o*(1 —rgR'rg
+(2 —G"™R'ry) (G'"R™'G) (g, — G"R 'ry))
(10)

Efficient Global Optimization Algorithm. The basic idea of
the EGO algorithm consists of the creation of a Kriging surrogate
model from an initial DoE which is updated at each iteration of
the algorithm by adding a new point in the DoE [23]. The algo-
rithm ends when a stop criterion is reached. The global work-flow
of the method is given in Fig. 7. Thus, the point added is based on
the expected improvement (EI) criterion and is chosen in order to
increase the knowledge in the area of the design space where the
minimum of the objective function can be located, but also to

Initial design Simulations

(Xi)iep,ny) (w:)

Meta-model
estimation

Fx)

EI maximization
Knew

Addition of the new

point to the design DI

Fig. 7 Algorithm EGO scheme

explore areas where no knowledge is available. This is performed
by using the metamodel created at the current step. The stop crite-
rion is often based on a maximum number of iterations.

A modified EI proposed by Raponi et al. [22] is considered for
this study. It is similar to the classical EI when the design corre-
sponding to the points x is feasible (the connectivity between the
components is ensured) and is penalized when the design is not
feasible (i.e., when the components are not connected). Hence, at

(ymin 7f(x)>(b ymmA—

the point x, the EI is defined as [22,23,38]
N Ymin —f(X)
w>)+$w 5 )

if feasible design and §(x) #
0, if feasible design and §(x) =

f)

EIX] = 0
0
—P %y, if infeasible design

an

where i, is the current minimum, ® is the Gaussian cumulative
distribution function, and ¢ is the Gaussian probability density
function, P is the minimum gap distance between the components,
and y € R™ is the penalization factor (equal to 1000 here). The
new point Xqey is the solution that maximizes the EI. This optimi-
zation problem is solved by using a genetic algorithm [39].

Updating Limit Conditions. For each point initially in the
DoE and at each new point added during the process, a new
damper geometry is described through the vector x. Hence, the
loading and the contact are also impacted and must be updated for
each damper geometry. From the mass evolution of the damper,
the centrifugal loading C also evolves, and so, the contact pres-
sure and the contact stiffnesses are also impacted. The updating of
the contact pressure is done by considering the new value of the
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Fig. 8 (a) Evolution of the objective function (i.e., max of dis-
placements at blades tips) and (b) objective function versus the
normalized mass of the damper for all the different configura-
tions tested during the algorithm. (a) One color corresponds to
one DoE—(-— — -) full damper (reference)—initial and final geo-
metries for one DoE and (b) one color corresponds to one
DoE—(A) final solution.

centrifugal loading Cr that depends on the damper mass and also
by considering the new contact area A that is related to the damper
geometry in Eq. (1).

Moreover, the contact stiffness depends on the contact loading,
and so, they are also updated at each iteration by keeping the con-
stant ratio [40]

— = (12)

where k) is the contact stiffness and ¢?) the contact pressure at
the iteration i. As a reminder, k = k, = k,,.

Summary of the Global Process. Finally, the global layout of
the methodology can be described as follows. First, the initializa-
tion part can be decomposed as follows:

e Initialization/step 1: a LHS is generated for the initial input
points. Only the geometries that are connected are retained [22].

o Initialization/step 2: the LSF corresponding to the design
point is constructed and mapped on the initial damper mesh.
The final damper mesh is created by eliminating the void
elements.

e Initialization/step 3: for each damper geometry, the nonlinear
dynamic response of both the platform and the damper is
determined with the MHBM where the contact pressure and
contact stiffness have been updated. The excitation amplitude
is constant and equal to 1 x 10~* N. The maximum of dis-
placements at the blades tips over the frequency range [200,
400] Hz is retained as the evaluation of the objective function.

and the general optimization loop can be decomposed as follows:

e Loop/step 1: from the DoE, a surrogate model is generated.

e Loop/step 2: from the surrogate model, the EI is maximized
and the new point is added to the design.

e Loop/step 3: for this point (i.e., new geometry), the objective
function is determined (steps 2 and 3 of the initialization).

The loop is repeated until the stop criterion is reached. Con-
cerning some practical aspects, in this study, the global work-flow
is piloted using maTLAB. The package DiceKriging [38] on R is
used for the creation of the different Kriging metamodels. A ker-
nel Matérn 5/2 is used, and the regression function is polynomial
of order 0.

Application

The methodology presented previously is then applied to opti-
mize the topology of the damper. Seven components are used to
describe the geometry of the damper, as shown in Fig. 6, which
would represent 35 optimization parameters. In order to reduce

() (d)
(9) (h)

Fig. 9 Damper geometries obtained from the different DoE: (a) damper geometry from DoE1, (b) damper geometry from
DoE2, (c) damper geometry from DoE3, (d) damper geometry from DoE4, (e) damper geometry from DoES5, (f) damper geometry
from DoES6, (g) damper geometry from DoE7, (h) damper geometry from DoE8, (i) damper geometry from DoE9, and (j) damper

geometry from DoE10
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this number of parameters, some assumptions are done. First, a
component is assumed to be horizontal at the top of the design
space and aims to seal the platforms. This constraint comes from
the fact that the primary function of a UPD is to seal the platforms
to ensure the aerodynamic efficiency. Second, the damper is sup-
posed to be symmetric. Finally, one component has its center
position imposed to always have a contact between the damper
and the platforms. This restriction ensures just a feasible design.

Thanks to these restrictions, the final optimization problem is
composed of 14 parameters. As a reminder, the excitation ampli-
tude remains constant and is equal to 1 x 107 N.

Results. To ensure the validity and the robustness of the method,
ten initial DoE are created and ten simulations are launched. In
each case, an initial LHS of 10° points is generated, and only the
feasible geometries are kept (i.e., no connectivity issue). Depending
on the case, it represents [65,51,65,62,62,56,82,61,62,81] ini-
tial learning points for the ten cases. In order to get reasonable com-
putation time, a maximum of 250 iterations is chosen. Hence, the
evolution of the current minimum at each iteration for the ten
cases is given in Fig. 8(a), where each color corresponds to one
case. At the first iteration, the minimum is the one observed in the
initial DoE, depending on the case it is included between 6 and
6.8 x 10~* mm. Then, the evolution of the minima is quite similar
for all cases. First, the decrease in the minimum is fast. Indeed, in
about 40 iterations, all the minima are below 5.5 x 10™* mm.
After 40 iterations, the decrease becomes slower and stabilizes
around 150 iterations. For all cases, the algorithm converges to a
solution from 5.3 to 5.4 x 10™* mm. It is worth reminding that for
the full damper, the maximum level of amplitudes is equal to
8 x 10~* mm. Hence, the algorithm identifies here ten solutions
that are 30% more efficient than the original one.

As explained previously, no constraint on the volume is consid-
ered in this application. It may sound peculiar since the first objec-
tive of topological optimization is to reduce the weight of the
structure. In this case, the most important objective is to achieve
better design. Considering a constraint on the weight could lead to
miss some interesting layouts. However, it is still an interesting
argument to consider a solution instead of another one. Hence,
Fig. 8(b) represents the maximum of displacements versus the
normalized mass for all the configurations tested with the ten
cases. It appears that almost all the configurations tested are
located on a front. It shows also that by minimizing the maximum
of displacements, the mass increases, i.e., the two functions are
antagonist. The last configuration identified in each case, i.e., the
current minimum at the iteration 250, is represented on the graph
with a triangle. They are all located in the same part of the graph
and so have similar masses.

The ten final configurations are given in Fig. 9. The green part
corresponds to the mesh associated with each geometry, and the
borders of the design space are reminded. It can be seen that the
geometries are all different. Indeed, some have holes inside the
structure (see in Figs. 9(b), 9(d), and 9(j)), and some cut the con-
tact surface into two parts (see in Figs. 9(a), 9(e), 9(f), and 9(i)).
However, some geometries look similar and some groups can be
done. For example, geometries of Figs. 9(a), 9(f), and 9(i) have

(b)

Fig. 11
M= 0.3Mfu||, and (C) M=0.1 Mfu"

(c)

Lighter geometries of damper observed during the optimization: (a) M=0.5My,, (b)



very similar layouts. It appears that the FRF of each configuration
is almost identical so only one of them is represented in the fol-
lowing. The FRF is given in Fig. 10(a) for the tip point on the left
blade and in Fig. 10(b) for the right blade. The FRF corresponding
to the solutions of the optimization is in dark blue, and the FRF of
the full damper is represented with the black dotted line. They are
given only for the horizontal displacement. In the initial case, the
first peak was located at 246.6 Hz and the second at 248.8 Hz. The
FRFs of the optimized geometries have a first peak shifted on the
right (new peak at 247.2 Hz), whereas the second one is shifted on
the left (new peak at 248 Hz). The same phenomenon appears on
the second node: the first peak is shifted from 246.7Hz to
247.5Hz and the second from 248.5 Hz to 248 Hz. Moreover, in
the initial case, the FRF of the two DOF was similar: the first peak
has the largest amplitude and the second the smaller, whereas after
optimization, for the second DOF, the second peak is the one with
the largest amplitude.

In order to observe the efficiency of lighter dampers, the FRF
of other geometries tested during the optimization process is con-
sidered. Geometries with a mass equal to 50%, 30%, and 10% of
the total mass My, are considered. One of each case is repre-
sented in Fig. 11. As previously, for one mass, all the FRF are
extremely similar; hence, only one FRF is retained in each case
for the comparison. The different FRF are represented in Fig. 10.
The black dashed line corresponds to the initial case (full
damper). For the first DOF, a decrease in the mass tends to
increase the amplitude of the first peak: 1.1 x 10~* mm of ampli-
tude if M = 0.1Mpy and 0.54 x 10~ mm if M = 0.9M,,. For
the second peak, a lighter damper tends to decrease slightly the
amplitudes. Moreover, the all FRF tend to be shifted on the left
when the damper is lighter. Considering the second DOF (see in
Fig. 10(b)), when the damper has a mass M equal to 0.1My,), the
two peaks have similar amplitudes. The increase in the mass
tends to reduce the amplitude of the first peak, whereas the
amplitude of the second peak remains sensibly constant. As for
the other DOF, the FRF is shifted on the right when the mass
increases.

Conclusion

In this study, TO is applied to optimize nonlinear vibrations in
the presence of a friction interface, which is completely new for
the community from authors knowledge. A simple 2D model
composed of two blades and a UPD, where the topology of the
damper is optimized, is used as a test case. The TO method is
based on the MMC framework to parameterize the LSF that
describes the geometry of the system. A Kriging method together
with the EGO algorithm is used as optimization process. This
study was aimed to investigate the capacity of the MMC frame-
work coupled with a global optimization algorithm to perform TO
for nonlinear vibrations in a presence of a friction interface. Ten
simulations based on different DoE are launched to verify the
validity and the robustness of the approach. The results show a
large variety of UPD geometries, but they all have very similar
effectiveness and almost identical nonlinear dynamic response.
The optimized geometries lead to a reduction of about 30% of the
nonlinear vibration levels of the structure compared to the case
with the full damper. The results obtained in the study tend to
show the promising aspect of using the MMC framework coupled
with EGO algorithm for TO of UPD. Nevertheless, a deeper
investigation must be conducted to take into consideration differ-
ent mechanical constraints, as the stress, to obtain more realistic
layouts that can tolerate the operating conditions.
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Nomenclature

AFT = alternate frequency/time
DoE = design of experiments
DOF = degree-of-freedom
EGO = efficient global optimization
FRF = frequency response function
LHS = Latin hypercube sampling
LSF = level-set function
MHBM = multiharmonic balance method
MMC = moving morphable components
TO = topological optimization
UPD = underplatform damper
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