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Abstract

A new development in the area of the hybrid finite element analysis (hybrid FEA) is presented. The hybrid FEA method
combines the conventional FEA method with energy FEA (EFEA) for analysis of systems that contain both flexible and
stiff members. A formulation for analyzing flexible plates spot-welded to stiff beams when the excitation is applied on the
stiff members is developed. Conventional FEA models are employed for modeling the behavior of the stiff members in a
system. Appropriate damping elements are introduced in the connections between stiff and flexible members in order to
capture the presence of the flexible members during the analyses of the stiff ones. The component mode synthesis method is
combined with analytical solutions for determining the driving point conductance at joints between stiff and flexible
members and for defining the properties of the damping elements which represent the flexible members when analyzing the
stiff components. Once the vibration of the stiff members and the amount of power dissipated at the damping elements has
been identified, an EFEA analysis is performed in order to determine the amount of vibrational energy in the flexible
members. The new developments are validated by comparing results of the hybrid FEA with results from very dense
conventional finite element analyses for structures of increasing complexity.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The frequency spectrum for vibration analyses can be divided into three regions—Ilow, mid, and high—
according to the number of wavelengths present in all the important components of the system which is
analyzed. The low-frequency region is defined as the range in which all components contain a small number of
wavelengths and behave as stiff members. Stiff members exhibit resonant behavior and have low modal
overlap values. The modal overlap values are defined as the resonance bandwidth divided by the average
frequency spacing between resonance frequencies. The characteristic of low modal overlap enables us to
consider each mode of the stiff members separately. Conventional FEA is a practical numerical approach for
simulating low-frequency vibrations using either modal or a direct frequency response method [1-3].

At the opposite end of the spectrum, the high-frequency region is defined as the range in which all the
important components in the system which is analyzed contain a large number of wavelengths and they
behave as flexible members. Flexible members exhibit considerably higher modal overlap than the stiff
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members, since multiple resonances are present. For simulating high-frequency vibrations, statistical energy
analysis (SEA) [4-8] and EFEA [9-17] can be used. Both methods provide meaningful results for the ensemble
average response of each member and of the system [18].

The mid-frequency region is defined as the range in which some of the components of a system behave as
stiff members, while other components possess characteristics of flexible members. In the mid-frequency
range, neither the FEA nor the energy-based methods (SEA and EFEA) are suitable for an efficient and valid
analysis. Specifically, FEA method requires a prohibitively large number of computations in order to capture
the vibration of the flexible members. In addition FEA methods provide results at discrete locations and
frequencies. In order to generate meaningful information for the flexible members of a system in mid-
frequency ranges space averaged and frequency averaged results must be generated. This requires large
amounts of disk storage for saving the data generated from conventional FEA computations. Recently, efforts
have been presented for performing conventional FEA analyses with greater efficiency in order to extend the
frequency range where a conventional FEA analysis is practical [19-21]. The energy-based methods contain
assumptions that are valid when all components of a system are flexible and exhibit behavior that can be
approximated as incoherent. Thus, when the stiff members are important in the power transfer mechanism the
energy methods cannot capture the resonant effects that are present due to the stiff members of a system in the
mid-frequencies.

In the past several approaches have been pursued for enabling computations for systems with a large
number of components and for performing analyses in mid-frequency ranges. The fuzzy structure theory was
introduced in order to predict the response of a master structure coupled with a large number of secondary
structures attached to the master structure [22—26]. The attached subsystems are called fuzzy substructures and
are considered as difficult to model using conventional methods due to their complexity in geometry or
physical properties. The primary objective of the fuzzy structure theory is to compute the response of the
master structure while accounting for the influence of all the secondary structures. The effects of the fuzzy
substructures on the master structure below the first eigenfrequency of the fuzzy substructure are mainly due
to added-mass effects. Above the first eigenfrequency of the fuzzy substructures, the presence of the fuzzy
substructures induces damping to the master structure. The effect of this damping transfers a certain amount
of mechanical energy from the master structure to the fuzzy structure. A random boundary impedance
operator was introduced in order to describe the effects of mass and damping of fuzzy substructures on the
master structure in the mid-frequency range. The random boundary impedance operator was constructed
using the concept of a type I or type II homogeneous fuzzy impedance law which depended on a set of
parameters called the mean coefficients and the deviation coefficients of the law. The type I, which is a special
case of the type II, can be used for a locally homogeneous boundary condition without an effect of a spatial
memory into the fuzzy subsystems. By introducing additional mean and deviation coefficients, the type II can
consider a spatial memory effect inside the fuzzy substructures. The Ritz—Galerkin method was utilized for a
master structure coupled with fuzzy substructures using the structural modes of the master structure
uncoupled with the fuzzy substructures. A finite element discretization of the master structure coupled with
the fuzzy substructures was employed for accomplishing a numerical solution. Homogeneous cantilever beams
with fuzzy subsystems of types I and II were studied [22], and the solutions were compared with Monte Carlo
simulation results. The acoustic field radiated by a structure immersed in water was computed [22]. The
primary structure was a slender steel shell cylinder having a large number of transverse stiffeners, a few
transverse walls, and several internal three-dimensional subsystems. The type I fuzzy substructure was applied
on all the inner side of the shell. Two rectangular simply supported plates with four substructures were
analyzed [27]. The master structure was computed by the two plates connected along their common edge. The
fuzzy subsystems were constituted of a rectangular homogeneous thin plate on which simple linear oscillators
were attached.

An approach for determining the energy flow from a deterministic FEA was presented in Ref. [28]. The
FEA was employed for determining the subsystem mass and stiffness matrices. The component mode
synthesis (CMS) approach was used for performing the finite element analysis for each subsystem for
computational efficiency. Three plates connected together at a corner configuration were analyzed.

A hybrid method for the analysis of complex structures comprised from stiff beams and flexible plates was
presented in Refs. [29,30]. The approach in Refs. [29,30] separates the stiff parts of the structure from the
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flexible parts and models each set of parts separately in order to accommodate the significantly different
wavelengths of waves. Then it combines the two parts in order to obtain the response of the complete
structural system. The plates were modeled as receiver impedances when analyzing the stiff beam members
using the finite element method. The same rationale is employed in the work presented in this paper.

In the past, a hybrid approach was suggested for combining FEA and SEA formulations for mid-frequency
computations [31]. In order to connect the variables of the FEA and SEA, an optimization routine
was developed; this routine approximates the compatibility at the joint between the SEA and the FEA
variables [31]. A hybrid SEA method based on partitioning the response of the system into global and
local components was presented [32]. The distinction between the two types of components is based on
their corresponding wavelengths of the response. The global component was intended to capture long
wavelength deformations, whereas the local component was related to short wavelength deformations.
The solution method consisted of a deterministic model of the global response and an SEA model of the
local response. The global equations of motion included a contribution to the dynamic stiffness matrix
and the forcing vector arising from the presence of the local response. The main effect of the local mode
dynamics was to add damping and effective mass to the global modes, similar to the fuzzy structure theory.
The local mode response was computed using SEA. This equation included an input power term which
originated from the presence of the global modes. This hybrid method was applied to systems composed of
rod elements [32].

A hybrid FEA formulation has been developed for mid-frequency analysis of collinear or planar beam
systems [33-36]. The hybrid FEA approach combines conventional FEA with EFEA to achieve a numerical
solution for systems comprised by stiff and flexible members. Stiff and flexible members are modeled by
conventional FEA and EFEA, respectively. The EFEA is selected to be coupled with the low-frequency
methods because it is based on a spatial discretization of the system that is being modeled. Thus, it is possible
to develop appropriate interface conditions at the joints between the primary variables of the EFEA models of
the flexible members and the FEA models of the stiff members. The hybrid FEA utilized for systems of
collinear beams with excitations applied either on flexible members [33], or on stiff members [34], for studying
the power flow characteristics for systems of collinear beams [35], and for modeling the vibration of beams
connected at an arbitrary angle [36].

In this paper, the hybrid FEA is extended to more complex systems comprised of flexible plates spot-welded
to a stiff frame structure made of tubular beams. The concepts introduced by the fuzzy structure theory
[22-27] of representing attached components as damping elements, and by the hybrid analytical FEA
approach [29,30] of separating a structure in flexible and stiff parts and modeling the flexible parts as receiver
impedances when analyzing the stiff members, are combined with the FEA and EFEA methods in this
paper. Appropriate damping elements are introduced in the FEA model of the stiff members in order to
capture the effect of the flexible members. The values of the damping elements in this work are evaluated from
the driving point impedance of the flexible members. The latter is computed by applying a CMS approach with
the analytical solution for the vibration of a rectangular plate. Once the vibration of the stiff members is
evaluated the power input into the flexible members is determined and an EFEA analysis is performed for
determining the amount of energy in the flexible members. The new hybrid FEA formulation is validated
through comparison with very dense conventional FEA models for several structural systems of increasing
complexity.

2. Background on the component mode synthesis method

Since the CMS method is used in this paper for approximating the power flow from a stiff to a flexible
member, a brief overview of the method is presented. In the CMS method, a structure is considered to be
composed of interior and boundary degrees of freedom (dof) [37,38]. The displacement of the internal dof is
considered as a linear superposition of the internal normal modes (computed with all the boundary dof fixed)
and the constraint modes. Constraint modes are the static displacements introduced in the internal dof due to
a unit displacement imposed on a single boundary dof while all other boundary dof are fixed. The boundary
dof are expressed in terms of their actual physical values.
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For an undamped system the equations of motions for the CMS method are:
I 01" I 07(3®
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where [m] = mass matrix, [k] = stiffness matrix, {0%} = physical displacements at the boundary dof,
{FB) = vector of external force at the boundary dof, and {F} = vector of external force at the internal dof.
Superscripts B and I refer to boundary and interior dof, respectively. [¢] = modal matrix containing the
constraint modes, [¢"] = modal matrix of the internal normal modes, and {p"} = vector of the modal
coordinates of the internal normal modes. Eq. (1) can be expressed in the modal coordinate system as
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where {F B} = modal forces applied on the boundary dof, and {F 1} = modal forces applied on the internal dof.
According to [38], the matrices A%/ and k’® are null due to the way in which the coordinate transformation

matrix
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has been defined in Eq. (1). Finally, the equation of motion in the modal coordinate system becomes
mBB B [ 57 kB8 0 bl F*
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3. Hybrid FEA formulation

+

The bending behavior of the plates (flexible members) is modeled by the EFEA formulation and the in-
plane behavior of the plates and the overall behavior of the tubular beam members (stiff members) are
modeled with conventional FEA. The effect of the flexible members on the behavior of the stiff members is
modeled by adding damping elements in the FEA model of the stiff members. The appropriate values of the
damping elements are computed from the conductance at the spot-welded connections between the flexible
and the stiff members. In high-frequency methods (SEA, EFEA) a typical approach for evaluating the
conductance is through the analytical expression for the driving point impedance of an infinite or a semi-
infinite plate. An alternative approach is presented in this paper which takes into account the modal and the
damping characteristics of the plate. A CMS approach is applied on an analytical solution for deriving the
conductance. The external excitation is considered to be applied only on the stiff members. The vibration of
the stiff members and the amount of power flow to the flexible members through the spot-welded connections
are obtained first. The latter comprises the excitation for the EFEA analysis which determines the amount of
bending energy in the plate members. The computational procedure of the hybrid FEA is outlined in Fig. 1.

3.1. Evaluation of conductance at the spot-welded connections between stiff and flexible members

For the derivation of the conductance each flexible plate member is idealized as a rectangular plate similar
to the SEA approach when evaluating modal characteristics for a subsystem of bending modes of a plate.
According to the CMS method the bending dof of the rectangular plate are partitioned into the boundary and
the interior dof. Therefore, the displacement of any point P of the plate is considered as a superposition of two
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Computation of damping elements representing the

flexible members by CMS and analytical solutions

Vibration of stiff

Excitation applied on FEA members + Power
stiff member flow to flexible
members

Y

Input power into
EFEA flexible members

\4

Solution for flexible members

Fig. 1. Flow chart of the hybrid FEA computational process.

components, one induced by the movement of the boundary dof and the other from the relative motion of the
interior dof with respect to the boundary dof. The constraint modes are employed for defining the former and
the internal normal modes are employed for determining the latter. The structural damping of the plate is
considered in the derivation through the modulus of elasticity for the plate. The displacement at point P can
be written as

w(x, p, 1) = w(x, p, 1) + wO(x, , 1), 4)

where w'(x,y, 1) is the relative motion of the interior dof with respect to the boundary. w®(x,y, ) is
represented as a linear superposition of the internal mass-normalized normal modes ,,,,,(x, y), while Y,,,,.(¢) are
the corresponding modal coordinates:

W(i)(x, »t) = Z Y (O un (%, ) ®

m,n

w9(x, y, 1) is the displacement induced by the movement of the boundary dof at the location where the
conductance is evaluated:

wO(x, p,1) = YW (x, ), (6)

where /(x, y) is the constraint mode derived by considering a unit displacement at the spot-welded boundary
dof where the conductance is computed while all the remaining spot-welded boundary dof are fixed, and Y(¢)
is the corresponding generalized coordinate. Since the conductance is evaluated for only one spot-welded
boundary dof at a time, only one constraint mode is considered in the computations.

Combining Eqgs. (4)—(6) results in

W2, 0 = Y (O (%, 2) + V(O (x, ). ()

m,n

Eq. (7) provides the displacement throughout the plate in terms of the CMS dof.
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Introducing the displacement expression from Eq. (7) into the governing differential equation for the
bending vibration of a plate results in

D (Z Y (VY (%, 1) + Ys(r)vws(x,y))

m,n

+ py (Z Ymn(t)lpmn(xs y) + Ys(t)lps(x’ y)) :f(x’ s [)s (8)

m,n

where D = Et}/12(1—v?) = the flexural rigidity, p, = the mass density per area, f(x, y, f) = the external force,
and V* = V>V, where V? is the Laplacian operator.

Since the displacements on the perimeter of a simply supported plate comprise the boundary dof, then the
internal normal modes and the corresponding fourth-order derivatives are expressed in terms of the mode
shapes of a simply supported rectangular plate [5]. The static mode is expressed in a polynomial form:

¥y = (L +a1x + ax® + a3x® + asx®) x (14 b1y + by + b3y + bay* + bsy”). ©)

In order to obtain the coefficients of @’s and b’s in Eq. (9), a static analysis is conducted for the plate using
conventional FEA. All the nodes at the spot-welded connections on the perimeter of the plate are constrained
except the node where the conductance is computed. A small number of finite elements are required for
performing the static finite element analysis. A two dimensional polynomial regression is performed for
obtaining the coefficients in Eq. (9). Introducing the analytical expressions for the internal and the constraint
normal modes and considering harmonic time dependency in Eq. (8) results in

2 272
mu\" | (rn
(&) + (z)
where L, and L, are the lengths of the rectangular plate in x and y directions, respectively. Multiplying Eq.
(10) with an internal normal mode, V;;, and integrating over the domain A, results in

- w2 (Ys / lkaWS d4 + Z Ymn / lpmnlpkl dA)
A m,n A

D 1
+ 28, [0 ,da+ X R Yo [ digda = [ fgda. (1)

m,n

D)

m,n
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m,n

The four terms on the left-hand side of Eq. (11) correspond to m’®, m", k®, and k' of Eq. (2), respectively.
The second and fourth terms of Eq. (11) are nonzero only when m = k and n = [ because of the orthogonality
of the internal normal modes. The third term in Eq. (11) is set equal to zero according to the CMS method
[37]. Since the objective of this derivation is to evaluate the conductance at a single spot-welded point on the
outer boundary of the plate, the external force f(x, y, ) is considered to be applied on one of the boundary dof.
Thus, the right hand side of Eq. (11) is equal to zero since the external force is always applied on a boundary
dof where the displacement of any internal normal mode, /., is always equal to zero. Solving Eq. (11) for the
modal coordinates of the internal normal modes results in

N 4o’ f A Yo dA4

Y= .
M L.Ly (0}, — ®?) '

(12)

Eq. (12) provides the relationships between the generalized coordinate of the constraint mode and the modal
coordinates of all the internal normal modes. The coupling between the internal and the constraint modes
originates from the inertia term in the numerator. Multiplying Eq. (10) with the constraint mode, ¥, and



S.B. Hong et al. | Journal of Sound and Vibration 298 (2006) 233-256 239

integrating over the entire domain A, results in

o b 4
o (Ys [ i+ 3 Yo [ i dA) <27, [ wviyas

+3 0, Y /A Yoo dA = pi /A fU,da. (13)

The four terms on the left-hand side of Eq. (13) correspond to m®2, m®!, k®2 and k®' of Eq. (2), respectively.
The fourth term of Eq. (13) is set equal to zero according to the CMS approach [37]. The term on the right-
hand side represents the work done by the external force which is applied on the boundary dof where the
conductance is computed. Utilizing the relationship between the modal coordinates of the internal normal
modes and the generalized coordinate of the constraint mode results in

4o f l//slpmn d4
_LL YY((‘?JJ%W _w2)> \/[;lpmnlpsdA

XY myn

b 4 o _1 [
- YS/Al/ISV Y,dAd — o YS/AWdeA _ps/AflﬁSdA. (14)

As observed in Ref. [32] one of the choices of basis functions for representing the displacement function
w(x, y, t) are the blocked modes and the constraint modes. This selection of basis functions is employed in this
paper. The underlying approach which is utilized here originates from the basis of fuzzy structure theory [23].
It is more relevant to [29,30] where a structure was separated in flexible and stiff parts, and the flexible parts
were modeled as receiver impedances when analyzing the stiff members. The generalized coordinate of the
constraint mode is finally obtained from Eq. (14) as

_ _4psw4 <f,4 lﬁslpmndA) 4 o 2 -
n-[ > [ a4 [ 5,0 =po? [ paas| [ rian as

2 _ )2
L.L, G\ Oy — @

Since all boundary dof for the internal normal modes are fixed, the displacement at the perimeter of the plate
is expressed only in terms of the constraint mode. Considering a unit external force applied at the location
(x9, yo) where the conductance is computed, an expression is derived for the value of the admittance, M(xy, yo),
at the point where the excitation is applied:

M(X(),y(),l) =jCUYs(X0,)’0,t)Ws(X0,J’0)~ (16)

The conductance is the real part of the admittance, and corresponds to the inverse of the damping coefficient
which identifies the amount of power absorbed from the external excitation due to the vibration of the plate:

G(Xo, Yo» Z‘) =Re [M(X(), Yo> Z)] =Re []w Ys(x09 Yos [)lps(x()a yO)} . (17)

Since the static mode, g, is defined so that the magnitude of the static mode at the location (x,, yy) where the
conductance is computed is equal to one unit, and considering that the external force has a unit amplitude, the
corresponding conductance value is

G(x0, 0, 1) = Re[M (x0, 9, )] = Re[jo Y ((x0, ¥, 1)]. (18)

The conductance is employed in the FEA model of the stiff members to represent the effect of the flexible
members on the vibration of the stiff members and for determining the amount of power absorbed by the
flexible members.

3.2. Time averaged input power to flexible members

At every point where a flexible member is connected to a stiff member appropriate concentrated damping
elements are attached to the FEA model in order to model the apparent damping induced by the power flow
between the flexible member and the stiff member. The values of the concentrated damping elements are
determined from Eq. (18). Since the external excitation is considered to be applied on the stiff members the
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vibration of the stiff members is computed first. Based on the vibration of the stiff members at the spot-welded
attachment points and the values of the damping elements, the power flow to the flexible members is
determined for each attachment point:

O = (F-v) = (v°)/ G(x0, 10, 1), (19)

where F represents the force exerted on the flexible member from the stiff member at the spot-welded
attachment point (xo, yo), v is the corresponding transverse velocity of the flexible member at the attachment
point (xo, yo) which is equal to the transverse velocity of the stiff member at the attachment point (x,, y,) based
on the displacement compatibility at that point, and { ) represents the time average of the quantity inside the
bracket. The power flow at each spot-welded attachment point (xq,)) defines the excitation at the
corresponding locations of the EFEA model of the flexible members.

4. Validation and application

Several structures of increasing complexity are analyzed using the new hybrid FEA formulation and the
results are always compared to solutions computed by very dense conventional FEA models. The general
purpose FEA code NASTRAN is utilized for performing the analysis for the stiff members in the hybrid FEA
solution, and for all the conventional FEA computations. By setting the proper parameters in PSHELL entry,
NASTRAN can automatically decouple the bending (out-of-plane) behavior from the in-plane behavior for
either flat plate structures or the shells with curvatures [39]. In all the applications where a dense FEA model
was utilized the size of the elements was determined in a manner that six linear elements were present within
each wavelength of vibration at the highest frequency of analysis. The structural damping in all the
applications is 2%.

4.1. Computation of the conductance for a rectangular plate

Typical results for the value of the conductance evaluated by the new hybrid FEA approach are presented
first. Computations are performed for a rectangular plate which is 1.63 m wide, 1.09 m long, has structural
damping of 2% and thickness of 0.8 mm. The plate is connected to the frame through 78 uniformly distributed
spot-welded points along the perimeter of the plate. To calculate the conductance, the displacements are
constrained at all the spot-welded attachment nodes at the perimeter of the plate except a single attachment

30
25
20
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10 ,,:

Damping Coefficient (Kg/sec)

100 200 300 400 500 600 700
Frequency (Hz)

Fig. 2. Comparison of conductance (damping coefficient) curve of the plate (1.63m x 1.09m x 0.8 mm), - - - - analytical solution,
conventional FEA.
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node where the conductance is computed. The node is located close to the center of the long side of the plate.
The damping coefficient for each frequency of analysis is computed from the analytical Eq. (18) and from the
driving point admittance of a very dense FEA model. Results from both computations are presented in Fig. 2
and good agreement is observed. The dense FEA results tend to diverge from the new analytical hybrid
formulation only at the high end of the frequency range which is analyzed. This is a frequency range where the
conventional FEA results become less reliable, therefore the correlation between the two solutions is
considered acceptable.

4.2. Validation and applications of hybrid FEA

Typical results from analyses of structures with increasing complexity are presented. In the validations the
results of a very dense FEA model are compared to the hybrid FEA results. The agreement between three sets
of results is evaluated. First, the amount of input power into the system is compared between the two methods.
Since the external excitation is defined as a force applied on the structure it is important for the corresponding
input power to be comparable. Convergence indicates that the power dissipation mechanism and the driving
point conductance of the entire structure are computed correctly by the hybrid formulation. The structural
vibration at selected points of the stiff members comprises another measurable. Agreement between the two

S
el

A7

¥,
l‘.:.

Fig. 3. Simple case with a plate and beams (a) for hybrid FEA, 6915 dof, (b) for FEA, 52,533 dof.

; 'Plate B A
faEE (back panel) \
Plate A e

(side front panel)

Z
| x
(@ Excitation Point ()

Fig. 4. Box structure comprised by multiple plates and beams for (a) hybrid FEA: 18,034 dof, (b) FEA: 218,419 dof.
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Fig. 5. Wavelengths of members of the box structure depicted in Fig. 4: from the bottom, bending property of plate (¢ = 0.8 mm), lower
frame (I = 5.7447e—6m*, area = 1.1291e—3m?), upper frame (I = 2.243e—7m*, area = 4.65e—4m?), and in-plane property of plate
(¢t = 0.8 mm). Bending property of plate, - - - - upper frame, - - - - - lower frame, — — — in-plane property of plate.
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Fig. 6. Comparison of number of normal modes in flexible and stiff members for the box structure depicted in Fig. 4. Flexible

members (bending of plates), - - - - stiff members (in-plane motion plates and flexible behavior of beams).

solutions demonstrates that the effect of the flexible members is captured correctly in the hybrid FEA
formulation. Finally, the amount of the energy in the flexible members is compared between the two methods
in order to ensure that power flow into the flexible members is captured correctly and that the energy of the
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flexible members is computed properly. Two structures with simple geometry are analyzed first and then
computations are performed for an automotive BIW. A rectangular plate spot-welded connected to a frame
made out of tubular beams (Fig. 3) is analyzed first, then computations are performed for a box structure
made of multiple plates and tubular beams through spot-welded connection (Fig. 4). Finally, an automotive
vehicle structure (Fig. 14) is analyzed. In order to demonstrate the relative rigidity of the stiff and the flexible
members in the box structure, the wavelengths of the stiff and of the flexible members are presented in Fig. 5.
It can be observed that the bending behavior of the plates flexible behavior due to the small dimension of the
wavelengths, while the beam members, and the inplane behavior of the plates demonstrate stiff behavior by
exhibiting considerably longer wavelengths in the frequency range of analysis. The values of the wavelengths
presented in Fig. 5 are computed from analytical solutions of infinite plates and beams [40]. The number of
normal modes of the stiff and the flexible members of the box structure computed by NASTRAN are also
presented in Fig. 6. The number of normal modes of the flexible members is substantially higher than the
number of normal modes in the stiff members in the mid-frequency range, and the increased demands on
computational resources in the conventional FEA analyses originate from the behavior of the flexible
members.

1.E-03

1.E-04

1.E-05

Normal Velocity (m/sec)

1.E-06
100 200 300 400 500 600 700

(a) Frequency (Hz)

1.E-03

1.E-04

1.E-05

Normal Velocity (m/sec)

1.E-06

1.E-07
100 200 300 400 500 600 700
(b) Frequency (Hz)

Fig. 7. Velocity at nodes 1 (a) and 2 (b) on the stiff members of the simple model depicted in Fig. 3.
conventional FEA, - - - . - hybrid FEA without damper.

Hybrid FEA, - - - -
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4.2.1. Results for the plate structure spot-welded connected to the tubular frame

The vibration velocities computed by the dense FEA and the hybrid method at two points of the frame
structure marked on Fig. 3 are compared in Figs. 7(a) and (b). The velocities computed by the two different
methods demonstrate very good correlation. This is an indication that the influence of the flexible member is
captured properly during the FEA analyses of the stiff members. In order to demonstrate the importance
of representing properly the flexible members when computing the behavior of the stiff members the
damping elements which represents the presence of the flexible members are removed from the FEA model
of the stiff members, and the vibration simulation are repeated. The velocities are overestimated in the
peaks and underestimated in the valleys when the damping elements are removed. The difference in the
results can be explained by the mechanism of energy dissipation. If the power dissipation from the flexible
members is not accounted properly in the model, then the response of the stiff members is not computed
correctly. Thus, it is important to account properly for the effect of the flexible members on the structural
vibration of the stiff members. The results for the bending energy of the flexible plate computed by the
hybrid FEA and the conventional dense FEA are presented in Fig. 8. Good correlation is observed
between the results computed by the two methods. This is an indication that the power flow from the
external excitation through the stiff members to the flexible members is captured correctly by the hybrid
formulation.

4.2.2. Results for the box structure

A box with main dimension of 1.2 m wide, 2m long, and 1 m height is analyzed (Fig. 4). It is comprised by
plate members spot-welded connected to a frame made of tubular beam members. The properties of the
tubular beam members are presented in Table 1 and the thickness of all the plates is 0.8 mm. An excitation
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Fig. 8. Bending energy for the plate member of the simple model depicted in Fig. 3. Hybrid FEA, - - - - conventional FEA.
Table 1
Properties of beams in the complex model
Upper frame Lower frame
Moment of inertia (m®) 2.243e—7 5.745¢—6

Area (m?) 4.650e—4 1.129e-3
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Fig. 9. Velocity at points 1 (a) and 2 (b) on the frame of the box structure when external excitation is applied in the x-directional excitation
(see Fig. 4). Hybrid FEA, - - - - conventional FEA.

force oriented along the x direction is applied at one of the lower corners of the box structure (Fig. 4). The
locations on the stiff members where vibration results are compared from the FEA and the hybrid
computations are identified in Fig. 4. The plates for which bending energy results are presented are also
identified in Fig. 4. The velocities computed at nodes 1 and 2 by the FEA and the hybrid FEA are compared in
Fig. 9. The results demonstrate that the vibration of the stiff members is captured correctly by the hybrid
method and that the interaction between stiff and flexible members is accounted properly by the addition of
the damping elements. In order to demonstrate the importance of representing properly the flexible members
when computing the behavior of the stiff members the damping elements which represent the presence of the
flexible members are removed from the FEA model of the stiff members, and the vibration simulation are
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repeated. Results for points 3 and 4 are presented in Fig. 10. The velocities are overestimated in the peaks and
underestimated in the valleys when the damping elements are removed. The difference in the results can be
explained by the mechanism of energy dissipation. If the power dissipation from the flexible members is not
accounted properly in the model, then the response of the stiff members is not computed correctly. Thus, it is
important to account properly for the effect of the flexible members on the structural vibration of the stiff
members.

The input power in the system is presented in Fig. 11(a). The hybrid FEA evaluates the same input power
with the dense FEA model. This agreement demonstrates that the hybrid FEA represents correctly the driving
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1E-7 | L |
300 400

(a) Frequency (Hz)
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Fig. 10. Vibration at nodes 3 (a) and 4 (b) on the frame of the box structure when external excitation is applied in the x-direction.
Hybrid FEA, - - - - conventional FEA, - - - - - hybrid FEA without damper.
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Fig. 11. (a) Input power and (b) ratio of dissipated power in the flexible members with respect to the input power when the external
excitation is applied in the x-direction in the box structure (see Fig. 4). ——— Hybrid FEA, - - - - conventional FEA.

point admittance of the total structure in the frequency range of analysis. The ratio of the power dissipated in
the flexible members with respect to the input power into the system is depicted in Fig. 11(b). Good agreement
between the dense FEA results and the hybrid results is observed for the power flow into the flexible members
and as expected all ratios are smaller than one. This is an indication that the power transfer mechanism to the
flexible members is captured correctly by the hybrid FEA.

The total energy in the flexible members of the box structure is presented in Fig. 12(a). The corresponding
energy in plate A (Fig. 4) is also presented in Fig. 12(b). In both sets of figures results are presented
from the dense FEA and the hybrid FEA analyses. The results are presented both in 2 Hz increments and in
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Fig. 12. Comparisons of energy in the flexible components of the box structure (a) sum of total flexible energy in all plates (b) flexible

energy in plate A. External excitation is applied in x-direction in the box structure (see Fig. 4). Hybrid FEA, - - - - conventional
FEA, hybrid FEA averaged in 1/3 octave band, - - - - conventional FEA averaged in 1/3 octave band.
Table 2
Comparison of degrees of freedom and CPU time for the complex model

Hybrid FEA Conventional FEA
Degrees of freedom 18,034 218,419

CPU time per frequency 18.4s 239s




S.B. Hong et al. | Journal of Sound and Vibration 298 (2006) 233-256 249

45 — 11—

Total Structural Energy (dB)

100 200 300 400 500 600 700

45 — 77—

Total Structural Energy (dB)

100 200 300 400 500 600 700
(b) Frequency (Hz)

Fig. 13. Comparisons of energy in the flexible components of the box structure (a) flexible energy in plate A (b) flexible energy in plate B.
External excitation is applied in x-direction in the box structure (see Fig. 4). Hybrid FEA, - - - - conventional FEA, - - - . . EFEA.

1/3 octave bands. The computational savings gained by the hybrid FEA are significant (Table 2) compared
to the conventional dense FEA model. Good agreement is observed between the two methods. The
good correlation indicates that the hybrid FEA captures correctly the resonant behavior of the short
members, the coupling between the long and short members, the driving point admittance demonstrated
by the system, and the power flow between stiff and flexible members. In order to demonstrate the importance
of the new hybrid FEA formulation in computing mid-frequency vibrations, an EFEA analysis for the
box structure is also performed. The input power evaluated by the dense FEA model is utilized as
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Fig. 14. Vehicle model for BIW (a) the conventional FEA: 714,172 dof (b) the hybrid FEA: 144,577 dof.

excitation for the EFEA computations since the EFEA does not have a mechanism for assessing accurately
the driving point admittance of the overall system as a typical high-frequency method. The amount of
energy in plates A and B is presented in Fig. 13. The hybrid FEA and the dense FEA results are also
presented for reference. The EFEA results appear to follow somewhat the fluctuations in the values
of the flexible energy, but this is the result of defining correctly the input power into the system from the
dense FEA results. Otherwise, the EFEA could have not evaluated correctly the driving point admittance.
The EFEA results diverge in comparison from the dense FEA solution and the hybrid FEA results
since they cannot capture correctly the flow of power through the system due to the presence of the stiff
members.

4.2.3. Analysis of an automotive body-in-white

An automotive body-in-white (BIW) is analyzed by the hybrid FEA and the results are compared to
a dense FEA solution for validation. The FEA model of the vehicle is depicted in Fig. 14(a). The
bending behavior of the four panels presented in Fig. 15 constitutes the flexible members of the model.
The hybrid model is presented in Fig. 14(b). Detail information about the number of nodes and elements
of the flexible members in the two models is summarized in Fig. 15. As in all previous validation cases,
the effect of the flexible members on the stiff members, and the mechanism of power flow between stiff
and flexible members is captured through the introduction of appropriate damping elements at the joint
locations between stiff and flexible members. The appropriate damping coefficients are calculated for each
one of the four major panels based on the dimensions, material, and physical properties of the flexible
members. A concentrated force is applied at the lower front left end of the vehicle in both the FEA and the
hybrid FEA models (Fig. 14). In the hybrid FEA the structural vibration of the stiff members is computed
first. Based on the vibration at the joints between stiff and flexible members, the values of the damping
elements the power flow from the stiff to the flexible members is determined according to Eq. (19). Then, the
flexible members are analyzed using the EFEA and the amount of flexible energy in the flexible members is
determined.

Velocities computed by the FEA and the hybrid FEA models at four characteristic locations at the edges of
the four flexible panels (floor, roof, quarter panels, and dash) are in Figs. 16-19. The conventional and the
hybrid FEA results present the same general trends and are in good agreement over the entire frequency range.
The correlation between the two sets of results is similar to or better than typical observed between numerical
results and test data for the structural vibration of vehicle structures [41,42]. The total bending energy for each
one of the four flexible panels is computed by both methods and presented in Figs. 20 and 21. The vibration at
every node of the dense finite element model is computed at every 2 Hz and the results for the corresponding
energy are space averaged over an entire panel for each frequency of analysis. Good correlation is observed for
both the results at individual frequencies and for the frequency averaged results at 1/3 octave bands. The
computational savings gained by the hybrid FEA are significant (Table 3) compared to the conventional dense
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Conventional FEA model

Hybrid FEA model

42.612 nodes, 47,128 elements

F1

2,032 nodes, 2,066 elements

AR

e

F3

29,871 nodes, 31,996 elements

1 7
[ 1

B

26,328 nodes, 26,206 elements

7,945 nodes, 8,050 elements

295 nodes, 280 elements

Fig. 15. The individual panels which comprise the flexible members in the hybrid FEA are (starting from the top of the figure): floor panel,
roof panel, quarter panel, and dash panel from the top.

FEA model. The dof in the hybrid FEA model are only 1/5 of the dof in the conventional FEA model, and the
CPU time required by the hybrid method is 1/10 of the time required by the conventional FEA. In addition,
significant memory savings are realized in terms of required memory and also disk space for storage of scratch

files.
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Fig. 16. Velocities at nodes placed at the edges around the floor panel of the vehicle model (see Fig. 15): (a) node F1, (b) node F2, (c) node
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Fig. 17. Velocities at nodes placed at the edges around the roof panel of the vehicle model (see Fig. 15): (a) node R1, (b) node R2, (c) node

Hybrid FEA, - - - - conventional FEA.

R3, (d) node R4.
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Fig. 18. Velocities at nodes placed at the edges around the quarter panel of the vehicle model (see Fig. 15): (a) node Q1, (b) node Q2, (c)
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Fig. 19. Velocities at nodes placed at the edges around the dash panel of the vehicle model (see Fig. 15): (a) node D1, (b) node D2, (c) node
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Fig. 21. Total bending energy (a) quarter panel (b) dash panel. Hybrid FEA, - - - - conventional FEA, hybrid FEA
averaged in 1/3 octave band, - - - - conventional FEA averaged in 1/3 octave band.
Table 3
Comparison of dof, CPU time, amounts of memory and disk space for the vehicle model

Hybrid FEA Conventional FEA

Degrees of freedom 144,577 714,172
CPU time per frequency 85.25s 952.9s
Memory required 8,703,177 words 42,598,396 words
Disk space for scratch files 1,195,672 MB 6,547,125 MB

5. Conclusions

Hybrid FEA developments are presented in this paper for performing vibration analysis for systems of
plates spot-welded to beam members. The flexible members are modeled by the EFEA and the stiff members
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are modeled with conventional FEA. The bending behavior of the plates comprises the flexible members while
the in-plane behavior of the plates and the beam members which provide the main structural integrity of the
structural system comprise the stiff members. The external excitation is considered to be applied on the stiff
members. The effect of the flexible members on the behavior of the stiff members is modeled by adding
damping elements in the FEA model of the stiff members. The appropriate values of the damping elements are
computed by evaluating the driving point conductance at the joints where the flexible members are spot-
welded to the stiff members. The derivation of the driving point conductance is based on combining the CMS
method with analytical equations for rectangular plates. The amount of power absorbed by the damping
elements identifies the excitation for the EFEA analysis of the flexible members. Hybrid FEA solutions are
validated through comparison to very dense FEA models for three structures of increasing complexity, a single
plate attached to a frame, a box structure comprised of several plates attached to a frame, and an automotive
BIW model. Physical properties which are compared are the vibration at discrete locations of the stiff
members, the amount of energy in each flexible member, and the total amount of input power into the system
due to a concentrated force excitation. The correlation between the hybrid FEA and the dense FEA is
consistently very good.
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