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Abstract. Reduced order models for the dynamics of geometrically exact planar rods are derived by projecting the nonlinear
equations of motion onto a subspace spanned by a set of proper orthogonal modes. These optimal modes are identified by a
proper orthogonal decomposition processing of high-resolution finite element dynamics. A three-degree-of-freedom reduced
system is derived to study distinct categories of motions dominated by a single POD mode. The modal analysis of the reduced
system characterizes in a unique fashion for these motions, since its linear natural frequencies are near to the natural frequen-
cies of the full-order system. For free motions characterized by a single POD mode, the eigen-vector matrix of the derived
reduced system coincides with the principal POD-directions. This property reflects the existence of a normal mode of vibration,
which appears to be close to a slow invariant manifold. Its shape is captured by that of the dominant POD mode. The modal
analysis of the POD-based reduced order system provides a potentially valuable tool to characterize the spatio-temporal com-
plexity of the dynamics in order to elucidate connections between proper orthogonal modes and nonlinear normal modes of
vibration.
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1. Introduction

This paper deals with the derivation of reduced order models of highly nonlinear coupled systems
in structural mechanics. The prototypical system we consider is a geometrically exact elastic rod.
Reduced order modes are based on the knowledge of POD modes computed by POD of the finite
element approximation considered to be a database of information on the dynamics of the trajectory of
a motion. The reduced order models are used to pave the way towards a normal mode characterization
of coupled vibrations. The basic issue that will be addressed is when POD modes represent normal
modes of vibration. Such a connection is necessary to develop POD-based techniques to characterize
vibrations of coupled systems with complicated domains.

It is well-known that the concept of normal mode of vibration [1-5] plays a fundamental role in
analyzing (dimension reduction and decoupling) the dynamics of vibratory systems in mechanics. A
basic result is the fact that a local normal mode of vibration manifests itself as a local two-dimensional
invariant manifold in phase space of the dynamics [6, 7]. The invariance of the manifold leads naturally
to the lowest possible reduction (a modal oscillator) of the system dimension. Another basic result is
the fact that the linearization of a multi-degree-of-freedom nonlinear vibratory system is decomposed
into a complete set of orthogonal normal modes (linear invariant manifolds). Still another basic result
is the significant role the linear normal modes play in reducing the dimension of a system to capture
its dominant degrees-of-freedom: projection of the original nonlinear system onto subspaces spanned
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by the linearized normal modes, the classical Galerkin method, reduces the dimension of a system.
But this reduction is not optimal since the projection is not onto the invariant subspaces representing
the normal modes of vibration. Clearly projection of the system onto its normal modes should yield
an optimal reduced model. This is not an easy task since the normal modes of a nonlinear system,
and in particular a distributed one composed of coupled multi-fields, cannot be computed analytically
given the present state-of-art of analytical methods (usually perturbation techniques of linear theory) of
nonlinear systems.

It is not an accident that most of the work, reported in the literature, on normal modes and model
reduction of continuous systems concerns classical nonlinear models of structural elements (beams,
plates and shells). These models possess low-order complexity in regards to the mathematical structure
of coupling among various fields since they are derived from continuum mechanics models (three-
dimensional elasticity), which are exact, by reducing the dimension of the physical domain and sim-
plifying the nonlinearities. These assumptions result in a considerable loss of information for motions
away from equilibrium. If the exact nature of coupling among the various fields and nonlinearities must
be kept intact, a finite element representation of the system should be used to compute accurately the
normal modes of vibration. In a recent work, Mazzilli [8] presents an interesting approach to compute
the normal modes and derive reduced models for a finite element model of a planar frame.

Given the tremendous impact of information technology (rapid computation, data processing and
visualization) on computational mechanics, the issue of computing the normal modes of vibration of
a coupled structural system should be addressed at the level of a finite element model of the system.
For vibratory systems with arbitrary three-dimensional physical domains, the most accurate model that
describes as precisely as desired the dynamics is a finite element model based on modern theory of
rational continuum mechanics [9, 10]. The current state-of-art of computational mechanics algorithms
and computer technology furnish effective tools for obtaining high-resolution information (numerical
solutions) to the dynamics. This information should be processed properly to extract important under-
lining characteristics such as the shapes of the normal modes of vibration. The finite element dynamics
can be characterized in an unparalleled way by means of proper orthogonal decompositions (POD).
This technique decomposes optimally a specified segment of the trajectory of a motion into a set of
proper orthogonal modes and it determines their auto-correlation energy content [11]. Recently, in the
area of solid mechanics, Georgiou and Sansour [12] demonstrated how POD can be applied to analyze
the finite element dynamics of geometrically exact elastic rods-coupled systems involving multi-field
coupled dynamics. In view of the recent advances on POD processing of multi-field vibration data, the
issue of normal modes of vibration for a nonlinear structural system involving coupled multi-fields can
be addressed at the level of a finite element model for the system.

Characterization of the spatio-temporal complexity of the dynamics of multi-field structural systems
can be addressed by determining normal modes of vibration and deriving reduced order models. The
issue of normal modes of vibration and reduced models in coupled structural systems can be addressed by
considering prototypical systems that model exactly the dominant nonlinearities. For rod and shell like
structural systems, the most accurate models that capture exactly the dominant geometric nonlinearity
and shearing effects are those describing exactly the displacement of the middle curve (surface) and
the independent rotation of the cross-section. Relatively thick rod and shell-like structural systems can
be modeled exactly as one and two-dimensional continua by means of the director-theory (Cosserat
model) of continuum mechanics [13]. It is shown in Sansour and Bednarczyk [14] that the dynamics of
these models can be computed accurately by means of finite element algorithms that preserve the total
mechanical energy and momentum. Given the fact that the dynamics of these prototypical multi-field
dynamical systems can be computed as accurately as desired and consequently characterized by POD, it
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is not necessary to simplify the nonlinearities to address the issue of normal modes. On the contrary, this
issue should be addressed at the level of the finite element representation of the system. A methodology
is needed to tackle this issue.

Towards the development of a methodology to characterize systematically the spatio-temporal com-
plexity of the dynamics of structural systems composed of coupled multi-fields, we derive reduced order
models for the coupled equations of motion of geometrically exact rods by direct projection onto its
proper orthogonal modes. The novel feature of this approach is the fact that the POD modes of a motion
are extracted by POD processing of the dynamics of a finite element model [15]. It is known that, under
certain conditions, POD modes of structural systems involving one-field dynamics represent normal
modes of vibration [16]. For coupled structural systems composed of subsystems involving one-field
dynamics, the underlining slow normal mode of vibration is realized as a pair of POD modes [17].

In this work, we apply POD to characterize aspects of the complexity of the dynamics of structural
systems involving coupled multi-fields. In particular, we derive and analyze reduced order models
based on POD analysis of the dynamics of finite element models of geometrically exact rods. In fluid
mechanics, the POD method has been used to derive reduced models for the Navier—Stokes equations
[18]. In solid mechanics, POD has been used to derive reduced models of a pipe carrying a fluid and
is compared to other projection-reduction methods [19]. Moreover, POD has been used to explore the
spatio-temporal dimensionality of the dynamics of a cable/mass system [20].

The paper is organized as follows. In Section 2, we present the equations of motion of a geometrically
exact rod restricted to move in the plane. We consider this system to be a prototype for one-dimensional
coupled structural systems to attempt to related proper orthogonal modes to nonlinear normal modes
of vibration. In Section 3, we outline the method of proper orthogonal decompositions for coupled
multi-field systems and point out the existence of motions of the rod dominated by a single POD mode.
In Section 4, we derive reduced order models by direct projection of the coupled equations of motion of
the rod onto a set of POD modes. In Section 5, we derive three degrees-of-freedom reduced models for
motions dominated by a single POD mode. In Section 6, we outline the proper orthogonal decomposition-
reduced model (POD-RM) method that we apply to extract the shape of a normal mode of vibration
by analyzing a family of harmonically excited motions. In Section 7, we explore the properties of the
mass, dissipation, and stiffness matrices of the reduced system by analyzing the free dynamics induced
by a spatially uniform impulsive load. In Sections 8 and 9, we characterize systematically by means of
the POD-RM tool a large number of harmonically forced motions to identify the shapes of some normal
modes of the rod. In Section 10, we compare the reduced order system that generates the dynamics of the
fundamental (first) normal mode of vibration to the full order system. In Section 11, we present evidence
that the reduced order system derived from the POD structure of near resonant forced motions possesses
a slow invariant manifold. Finally, in Section 12, we conclude and discuss the results concerning the
relations between proper orthogonal modes and nonlinear normal modes of vibration.

2. Geometrically Exact Models in Structural Dynamics

We are going to derive reduced order models for geometrically exact dynamical systems in structural
mechanics. The reduced models will provide us with advanced computational tools to determine relations
between POD modes and normal modes of vibration in multi-field structural dynamical systems. In
particular, we consider a geometrically exact model of an elastic rod. This model describes the dominant
geometric nonlinearity exactly and thus accommodates coupling of the shearing of the cross-section
to the displacement of the middle curve. Thus, this model possesses sufficient complexity in regards
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to nonlinearity and number of coupled fields. In passing, it is worth mentioning that the geometrically
exact model of a rod can be reduced to obtain the entire class of well-known linear models for beams,
rings, and arches [21]. This is another reason justifying why this model is considered to be a prototypical
dynamical system for our purpose.

The motion of the rod, modeled as one-dimensional Cosserat continuum, is described by the following
set of coupled partial differential equations [22]:
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The independent variables s, # denote space and time, respectively. The dependent variables u(s, ¢) and
uy(s, t) denote respectively the longitudinal and transverse displacements of the neutral axis (middle
curve); whereas the variable 65(s, ¢) denotes the in-plane rotational displacement of the cross-section.
The constants L, A denote respectively the length of the rod and the area of its uniform rectangular
cross-section. The constant I denotes the second moment of inertia of the cross-section. The material
composing the rod is assumed to be linear elastic. The constants p, E, G, D denote respectively mass
density, modulus of elasticity in extension and shearing, and coefficient of linear viscous damping. The
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terms Fi(s,t), F>(s, t) denote external longitudinal and transverse forces; whereas M,(s, t) denotes
external in-plane moment.

Dynamical system (1)—(3) is characterized by the following properties: it is infinite-dimensional, and
is composed of multi-fields that are coupled nonlinearly in an exact geometric manner. We are interested
in deriving reduced order models for the dynamics of this coupled system. The reduced models will be
used to relate proper orthogonal modes to normal modes of vibration. This could be done by a classical
Galerkin projection onto a subspace spanned by linear normal modes of vibration. However, such a
projection will not provide us with an optimal reduced order system. The term optimal refers to the
least number of modes needed to capture a certain percentage of an appropriate energy like quantity of
motion. An optimal reduced system is one that is based on the normal modes of vibration of the system.

Coupled dynamical system (1)—(3) should possess numerous normal modes of vibration at least for
small energy levels since the linearized system and the reduced linearized systems, which are the linear
rod and beam, possess well-defined normal modes of vibration. When light viscous dissipation is added,
the forced system should possess attractors residing on low-dimensional invariant manifolds since in-
variant manifold of motion reflecting normal modes of vibration will continue to be invariant when dissi-
pation is added [23]. So an attractor on an invariant manifold carries information on the spatial structure
of the latter. It is shown in Georgiou [24] that this information can be elegantly extracted by a POD anal-
ysis of a segment of the trajectory of the attractor. In this work, we show that the POD modes of attractors
or even transients in the vicinity of two-dimensional invariant manifolds provide reduced order models
capable of reproducing the dynamics of the full order system for a wide range of forcing parameters.

To better understand the results of the POD analysis and the properties of the reduced order system,
we should be aware of the fact that our coupled system possesses at least two categories of normal
modes of vibration:

A normal mode of synchronous vibrations is characterized mathematically as follows:

(ui(s, 1), uz(s, 1), 03(s, 1)) = Q) @i(s; E), 02(s; E), 3(s; E)), 4)

where Q(¢) is the amplitude and (¢;(s; E), ¢2(s; E), @3(s; E)) is the shape of the normal mode of
vibration. The shape is a continuous function of the total mechanical energy E up to a certain energy
level.
A normal mode of no synchronous vibrations is characterized mathematically as follows:
(w15, 1), ua(s, 1), 05(s, 1)) } . )
= (f(Q@), Q)e1(s; E), Q()¢a(s; E), Q()p3(s; E))

In this normal mode of vibration, the axial displacement is slaved via a nonlinear relation (single-
valued function) f(Q(t), Q(t)) to the synchronized motion of transverse and rotational displacement
fields, namely the amplitude of the axial field is a function of the common amplitude of the other two
fields. This is a master-slaved normal mode of vibration and is realized as a two-dimensional invariant
manifold in phase space. Coupled structural and mechanical systems composed of subsystems with
low and high natural frequencies possess master-slaved type normal modes realized as global invariant
manifolds in phase space. An example of such a system is a cantilever beam coupled to a pendulum
[25] and a nonlinear plate [26].

For a nonlinear coupled system with multi-fields, such as the one we consider here, it is very hard
or even impossible to compute analytically the normal modes of vibration. Here we derive reduced
order models using POD modes to relate the latter to normal modes of vibration. We use the proper



74 I Georgiou

orthogonal modes of a motion to derive optimal reduced order models for geometrically exact coupled
models for rods. The POD modes of motions are extracted from the dynamics of a finite element model
of a geometrically exact nonlinear rod. Georgiou and Schwartz [17] and Georgiou and coworkers [25]
show that, under certain conditions, a motion characterized by a very small number (one or two) of POD
modes resides near a two-dimensional invariant manifold associated to a normal mode of vibration. The
physical meaning of POD modes for systems with low level of complexity in regards to dimensionality
and coupling — for example, linear and nonlinear systems with single fields — has been addressed in
works [16, 17]. In this work, we shall have the opportunity to assign physical meaning to POD modes
of coupled systems with high level of complexity in regards to coupling of involved multi-fields.

3. Basics of POD Analysis of Multi-Field Structural Systems

We assume that we can compute the dynamics of the rod as precisely as desired. In particular, information
on the dynamics is obtained by high performance algorithms based on the method of finite elements
[14]. The computational dynamics are analyzed systematically by the method of proper orthogonal
decomposition (POD) as it has been developed in Georgiou [15] to study multi-field dynamics of
coupled nonlinear structural systems. The POD method characterizes the spatial structure of a motion
in terms of proper orthogonal modes. These modes will be used to reduce the dimension of the coupled
equations of motion.

We present a summary of the proper orthogonal decomposition technique for the dynamics of coupled
structural systems whose physical domain is modeled as one-dimensional manifold embedded in three-
dimensional Euclidean space. Such a system is a generic spatial rod. Here we mention that the POD
development for coupled multi-fields in structural dynamics is based on the time and space auto-
correlation operators, which are considered to be primitive quantities of motion. A detail development
of the POD method for coupled structural dynamics is given in Georgiou [15], where a discrete version
of the POD method is combined with the finite element method to systematically characterize coupled
vibrations in generic nonlinear rods.

The multi-field dynamics of a planar rod are described mathematically by a vector field defined as
follows:

Vs, 1) = (ui(s, 1), ua(s, 1), 3(s, 1)), (6)

where s € [0, L] and ¢ € (0,77 < +00) are respectively space and time independent variables. Italic
bold-faced majuscules denote vectors and matrices. The superscript T denotes the transpose of a vector
or matrix. Vector field (6) describes the trajectory of a motion in the space of configurations.

We decompose the trajectory of a motion over a specified time interval into a set of proper orthogonal
modes. These modes will be used to derive reduced order models. The novel feature of this POD analysis
resides in the fact that information on the trajectory of a motion is obtained by means of finite element
algorithms and not by analytic or semi-analytic methods lowering the complexity of the model, thus
diminishing its predictability.

The trajectory of a motion over the interval of time [T, 7>] can be characterized optimally by the
time auto-correlation operator:

L
Ct,r)= %/0 V(s,t)-V(s,t)ds, t,tell, Tl @)
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The trace of operator (7) defines a positive definite quadratic quantity of the vector field:
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Itis called the auto-correlation energy. The time auto-correlation of the vector field defines a non-negative
Hermitian (symmetric) operator [27], which in turn is used to define the following eigen-problem:
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/ Cit,)A,(v)dt = A1), m=1,..., M <oo. )
T, —T Jg,

This problem defines a sequence of eigen-numbers A,, > 0 and a corresponding sequence of eigen-
functions A,,(¢), amplitudes. Since the operator is symmetric, the amplitudes are orthonormal:
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where §,,, is the Kronecker delta symbol. Since the sum of the eigen-numbers gives the trace of the
operator, which by definition is the auto-correlation energy (8), an eigen-value represents a fraction of
the auto-correlation energy. Indeed, we have the relation:

o0
Ec=) Jn>0. an
m=1

The projection of the evolution of the vector field over the time interval [T}, T»], namely the trajectory
of the motion, onto the amplitude A,,(¢) defines the following vector-valued function (shape) over the
space domain [0, L]:

bD,.(s) =

T
/ A, (OV(s. 1) dr, (12)

L —-T Jg

It can be shown that shapes (12) form an orthogonal set of functions in the sense that

L
(®,(5), D,(5)) = \/ % / ®,,(5) - B,(5)ds = v/ Aur/ nBpn- (13)
0

The above defined sequences: the auto-correlation energy fractions {A,,}/_, — called the POD en-
ergy spectrum, their companion amplitudes {A,,(1)}¥_,, and their companion shapes {®,,(s)}}_,
characterize uniquely and optimally the trajectory of a motion. In fact, it can be shown that these
sequences infer the following optimal decomposition of the trajectory of the motion:

Vis, 1) =) Qu(®)Tu(s), (14)
m=1
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where the amplitudes and shapes are given by

0n(®) = AnOV Ay, VA Tu(s) = Opi(s). (15)

Expansion (14) is called a proper orthogonal decomposition of the vector field describing the trajectory
of the motion of the coupled system. Decomposition (14) will be used to determine the governing
degrees-of-freedom, called POD modes, of the complicated coupled equations of motion (1)—(3). These
modes will be used to reduced the dimension coupled system (1)—(3), called the full-order system.

3.1. CHARACTERIZATION OF COUPLING

Given a dynamical system with coupled multi-fields, one of the basic issues is to determine the strength
of coupling among its constituent fields. The field coupling during a motion can be quantified by the
norms of the components of the POD modes. The shape of the mth POD mode of a motion of the planar
rod is described by the vector-valued function,

U, (5) = (Win(s), Wan(s), W3 (s))T
= (Cin¥im(8), ComVam(s), CamPam(s)'. (16)

In Equation (16), we have introduced the normalized shapes for the components of the mode:

2 L
(Vm (8), Yin(s)) = \/Z./o Vim($)Vin(s)ds =1, k=1,2,3. 17

Moreover, the constants Cy,, denote the norms of the components of the mode:

2 L
Ckm = (\I/km(s)v lI‘lkm(s)) = \/Z/ \I’[km(s)\pkm(s)dss k= 17 2’ 3. (18)
0

Since the POD modes are orthonormal by construction, the norms of the components of a POD mode
satisfy the relation:

Clzlﬂ + C%m + C32m = 1' (19)
Normalized shapes (17) and corresponding norms (18) are computed by properly processing the discrete
version of a POD mode, obtained by a POD analysis of the finite element dynamics [12]. Clearly the
norms Cy,, define the strength of coupling among the three fields for the dynamics of the planar rod.
This is particularly useful for motions that are dominated by a small number of POD modes. Indeed,
numerical experiments reveal a plethora of motions, free and forced, dominated by a single POD mode.
We concentrate on the POD analysis and computation of reduced models for these motions. As we shall

see, these motions, under certain conditions, belong to a family of motions forming a certain normal
mode of vibration.
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Table 1. Properties of the planar rod whose dynamics is approx-
imated by a finite element model for geometrically exact rods.

Length (L) 10.00
Area (A) 1.00
Modulus of elasticity in extension (E) 12000.00
Modulus of elasticity in shearing (G) 5000.00
Material density (p) 1.00E—-06
Viscous dissipation (D) 5.00E—-04

Figure 1. Schematic diagram of a pinned-pinned planar rod. The dynamics is computed by the method of finite elements.

3.2. SOME RESULTS OF THE POD ANALYSIS FOR THE EXACT ROD

We analyze by means of the POD technique various free and forced motions of the planar rod depicted
in Figure 1. The rod is excited by an external transverse load that is spatially uniform and time vary-
ing. Table 1 gives the geometric and material properties of the rod. All quantities have consistent
units. The ratio of thickness to length is 0.10. Thus, we have a moderately thick rod. We expect weak
modal interactions for motions close to the first and second normal modes. Modal interactions will
increase as the order of normal mode increases. The normal modes of vibration are not known. In this
work, we shall show how POD analysis of a finite element model can identify some normal modes of
vibration.

POD analysis of numerical experiments reveal that there exist a plethora of motions of the rod, either
free or forced, dominated by a single POD mode, namely the auto-correlation energy is concentrated
at a single POD mode; whereas, a tiny fraction of the energy is spread over 3—5 modes. Figure 2
shows the POD spectrum of the long time trajectory of a forced motion. Notice that the dominant POD
mode contains more than 99.98% of the auto-correlation energy. The eigen-values (energy fractions)
are normalized with respect to total auto-correlation energy.

One interesting result is the fact that the response of the rod to the harmonic forcing is characterized
by a very small number of dominant POD modes. In fact, for relatively small to moderate level of
forcing amplitude, the forced vibrations of the rod are dominated by a single POD mode. This happens
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Figure 2. Typical POD spectrum of a motion dominated by a single POD mode.
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Table 2. Ordered natural frequencies (rad/s) of the linear rod and beam: used
as approximate natural frequencies to numerate the unknown normal modes
of vibration of the nonlinear rod.

rad/sec

rad/sec

rad/sec

) = b =3121.043
wy = o = 12484.17
w3 = wh = 28089.39
ws = o} =34414.42
ws = ol = 49936.69

we = w) = 63828.85
w7 = w? =78026.07
wg = 0} = 103243.27
wy = ! = 112357.55
wio = o, = 137657.69

wi = b =157931.10
w12 = o} = 17207211
w3 = wh = 199747.75
w14 = o} = 206486.54
wis = wh = 252804.48

when the forcing frequency is close to a natural frequency of the rod. Under certain conditions we
can approximate the natural frequencies with those of the linearized system: For vanishing shearing,
a condition satisfied for thin rods, the system could be reduced to an uncoupled system that consists
of the classical linear rod for the longitudinal motions and the classical linear beam for the transverse
motions. Table 2 orders in increasing values the frequencies of the uncoupled rod and beam reduced
systems. These frequencies guide us to determine frequencies of harmonic forcing that give rise to
motions characterized by a single POD mode.

We present the shapes of the POD modes for steady-state forced vibrations (attractors) excited by
harmonic forcing at frequencies close to the natural frequencies of the first and third modes of the
linear beam (Table 1). The POD modes of these motions will be used to derive reduced order models
for the dynamics of the full order system (1)—(3). Excitation at low frequency and around the first
natural frequency of the linear beam reveals that the auto-correlation energy is almost contained in
three POD modes. However, a single POD mode dominates the motion. Table 3 gives the energies
and norms of the components of the first three POD modes for the attractor of a forced vibration at
low frequency. Figure 3 gives the normalized shapes of these three POD modes. Table 3 and Figure 4
give the POD characterization of a forced vibration due to harmonic forcing at frequency close to the
third natural frequency of the linear beam. The important feature for these motions is the fact that their
auto-correlation energy is contained almost at a single mode. Such motions have the lowest possible
dimensional complexity and therefore we should attempt to determine whether they belong to a normal
mode of vibration.

Clearly a motion dominated by a single POD mode can be represented as follows:

Vis,t) = Vi(s, 1) = Q1(0)¥1(s) + Q2()Wa(s) + Q3(1)¥3(s). (20)

The above 3-POD mode representation contains almost the whole amount of the auto-correlation energy
since A1 + Ay + A3 = 0.9998 4+ O(10~?). The remarkable result is the fact that a single mode dominates

Table 3. POD characterization of a forced vibration of the planar rod at frequency close to the
first natural frequency of the linear beam.

POD mode £ Energy (Ax) Axial (Cyp) Transverse (Cx2)  Rotatory (Cy3)
1 0.999949 3.411668 E—005 0.955834 0.293908

2 4.948872E—-05  0.9999993 8.843624E—004  7.76783E—004
3 8.795890E—07  1.221165E—-003  0.7830365 0.62197
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Figure 3. The normalized shapes of the components of the (a) first, (b) second and (c) third POD modes of a forced vibration of
the planar rod at forcing frequency close to the first natural frequency of the linear beam.

the motions. Regarding the inter-modal coupling in the dominant POD mode, the level of coupling
of the axial component to the transverse and rotation component is very weak; whereas, the coupling
between the transverse and the rotational component is strong (Tables 3 and 4). This POD quantification
of the coupling strength among the various fields seems to provide a potential tool for a systematic
characterization of vibrations in structural system with multi-field dynamics.

The above result forms the impetus to derive reduced order models using at least three POD modes.
We conjecture that the POD analysis of the trajectory of the attractor of a motion characterizes the spatial

Table 4. POD characterization of a forced vibration of the planar rod at frequency close to the
third natural frequency of the linear beam.

POD mode k£  Energy (Ax) Axial (Cyp) Transverse (Cr2)  Rotatory (Cy3)
1 0.998933 1.232707E—006  0.808839 0.5880292
2 1.066845E—03  1.64421 E—004 0.928430 0.3715070

3 1.367602E—-07  0.999999 2.272344E—-004  1.779860E —004
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Figure 4. The normalized shapes of the components of the (a) first, (b) second and (c) third POD modes of a forced vibration of
the planar rod at forcing frequency close to the third natural frequency of the linear beam.

structure of the invariant subspace that carries the attractor [24]. The derived reduced model can be used
to determine whether the generalized (principal) coordinates furnished by the POD modes parameterize
adequately an invariant manifold. Here of interest are two-dimensional invariant manifolds because
they could represent normal modes of vibration.

Remark: Since the dynamics is dominated by a single POD mode, we could have attempted to retain
only the dominant POD mode in truncation (20). This, however, could not be an adequate representation
due to the fact that nonlinearity interacts with dissipation at low levels of energy and the possibility that
the dominant POD mode slaves some of the other modes.

4. POD Reduced Order Models

In this section we derive reduced order systems by directly projecting the full order system, the compli-
cated coupled equations of motion for the planar rod, onto a specified set of POD modes. The motion
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is represented by a vector-valued function, which we rewrite,

V(s, )= (Vi(s, 1), Va(s, 1), Va(s, )"
= (u1(s, 1), ua(s, 1), 65(s, )" 21

We write the equations of motion in a compact form to perform various projection operations efficiently.
To this end, we linearize the equations of motion about the reference configuration (zero solution) to

get

Bzul(s,t) duy(s, ) Bzul(s,t)

d2us(s, 1) dus(s, 1) ux(s, 1) 065(s, 1)
A ot +D ot - oA 052 N as = Rl 1) 22)
13293(570 +D393(S,l) E13293(S,t)

P a1 952
0 1
—GA(ugs)—ﬂﬂ&0>=Aﬁ@J)
S

Equations (22) are the well-known Timoshenko beam equations of motion [21]. In view of linearized
system (22), we define the inertia and dissipation linear operators:

Ly[V]= gL P 0% ! (23)
mtVI=p ar? P ot? P a2 |’

uy _du, 365"
LplVli=|D—L, D2 D=2 | . 24
ol¥] [ ar ot 8t:| 4

In view of definitions (23) and (24), the original equations of motion assume the following compact
form:

LylV(s,D1+ Lp[V(s, )1+ Lg[V(s, )] = F(s, 1), (25)
where L g[V (s, t)] is a nonlinear operator, given in appendix, and term

F(s.1) = (Fi(s.1), Fa(s, 1), Mi(s,0)" (26)
designates a forcing term.

To bring out the full linear structure of the equations of motion, we introduce the linear stiffness
operator,

8%u, uy 963 3265 duy T
LelVi=|-AEZZ A 22 -8 k122 —ca (22 —6) | 27
xVl [ 052 < 52 s ) 952 < s %>i| @7

and the pure nonlinearity operator,

Lyp[V(s,0)] = LgL[V(s, )] — Lg[V(s, 1)]. (28)
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In view of the above-defined operators, original dynamical system (1)—(3) assumes the following com-
pact form:

L[V(s,t)] = Ly[V(s,0)] + Lp[V(s, )] + Lx[V (s, 1)]
Linear . (29)
+LNL[V(S7 t)] = F(Sv t)

Formulation (29) is generic; it can be applied to derive compact formulations for the equations of motion
of geometrically exact models for spatial rods and shells.

4.1. THE GALERKIN PROJECTION

Now we derive reduced order systems by projecting the full order system onto a function space spanned
by a specified number of POD modes. To this end, we truncate the motion V (s, ) at M POD modes:

M
Vs, ) =) Qu()Tu(s) = T()Q(). (30)

m=1

The M x 1 vector Q(¢) denotes the amplitudes of the POD modes; whereas the columns of the 3 x M
matrix-valued function W coincide with the shapes of the POD modes. Because of the optimality of the
POD data process, vector Q(¢) designates principal directions identified to the ones furnished by the
natural basis for the M-dimensional vector space.

The order of truncation is based on the criterion that the selected M modes contain a certain fraction
of the auto-correlation energy, that is,

M
Z)»mSOtEC, O<ac=<l. (3D

m=1

For the specific class of motions of the planar rod that we are interested, the criterion is o >~ 0.9998 for
M = 3 POD modes.

Upon projecting the equations of motion (1)—(3) onto the function space spanned by the M POD
modes, we get the following equation:

2 L
(LIV m(s, D], Wi(s)) = Z/ LIV u(s, )] - Wp(s)ds
0

2 L
= — / (Ly[VNGs, D] - ®,(s) + Lp[V (s, )] - ®u(s) + Lx[Vu(s, )] - ¥,(s))ds
LJo (32)

2 L
+—/ LNL[VM(S,I)]"I,m(S)dS
L Jy

L
= (F(s, 1), ¥y (s)) = %/ F(s, 1) - W, (s)ds.
0

After carrying out the projections in Equation (32), we obtain the following compact equation for the
reduced order system:

. . 2 [t
MQ(@)+DQ@)+KQ@) + Z/o NPT (s)Q)ds = f(1). (33)

integral nonlinearity
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In Equation (33) the fourth term designates a nonlinearity, which is of integral type due to the exact
modeling of the geometric nonlinearity. It is a very complicated mathematical expression composed of
trigonometric functions of the rotation field, see appendix.

The M x M matrices: M, D, K denote the effective mass, dissipation, and stiffness properties of the
reduced order system. They are given by the following closed form expressions obtained elegantly by
means of symbolic computations (code MAPLE). The elements of the mass, dissipation, and stiffness
matrices are respectively given by

My = (Ly(¥0), ®) = My = (L (1), ¥r)
= PACHCim (Yin, Yim) + PAC2 Com(Yan, Yam) (34)
+ p1C3,Can (Y30, Yam),
Dy = (Lp(¥,), W) = Dy = (Lp(¥p), ¥y)
= DC1,Cim VY1, Yim) + DCo Com{V2n, Yam) + DC3n Cam (Y30, Yam), (35)
Kym = (Lg(¥,), ¥p)
= — CtaCtimAE(Y1ns Yimss) — ConCom AG (Y2, Yom,ss)
= G5, C3m EI(Y3n, Y3m,ss) (36)
= C3:Con AG (Y3, Yom,s) + ConC3m AG (Yo, Y3 s)

coupling

+ C3nC3mAG<w3nv I//Sm)a

Kyn = (Lx(¥y), ¥,)
= — CimCra AE(Y1m, Yinss) — ConCoan AG (Yo, Yon,ss)
= C3nCan EI(Y3m, Y3n,ss) (37)
— C3mCon AG(V3m, Yans) + ConC3n AG (Yams Yan.s)
coupling

+ C3n C3n AG (V3 U3n)-

4.2. PROPERTIES

The closed form expressions for the mass, dissipation, and stiffness matrices show that any two POD
modes interact at the linearity level even though they are orthogonal by construction. It is necessary to
consider the properties of these matrices.

Property 1: The mass, dissipation, and stiffness matrices are not diagonal even though the POD modes
designate principal directions. So we have cross coupling among the POD modes even though they
are orthogonal. This coupling is due to the fact that the individual components of a POD mode are
not orthogonal to the corresponding components of another POD mode. Clearly this is a property of
multi-field coupled dynamical systems.

Property 2: Regarding the structure of the stiffness matrix, we notice in the diagonal elements a coupling
between the transverse and rotatory components of a POD mode. This coupling quantifies the effect
of shearing on the linear natural frequencies of the full order system. This effect appears also in the
off-diagonal terms revealing a shearing cross coupling of the two different POD modes.
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Property 3: While it is easy to deduce the symmetry properties for the mass and dissipation matrices,
the same cannot be concluded for the stiffness matrix without prior knowledge of the shapes of the
POD modes. The stiffness matrix should be symmetric: KT = K. In fact, this property can be used
as a diagnostic tool to verify whether the POD modes have been computed correctly and processed
properly to extract the norms and normalized shapes of the components.

Property 4: We claim that the mass, dissipation, and stiffness matrices ought to be positive definite,
namely,

v-Mv>0,v-Dv>0v-Kv>0, (38)

where v denotes an arbitrary element of the M-dimensional vector space [28]. This is because these
properties characterize the linearized system and must be invariant in regards to a change of the
coordinate system, such as the one furnished by the POD modes. Therefore, the structure of the
POD modes should be such as to render these matrices positive definite. We will verify the above
properties by directly computing the matrices for several free and forced motions once we have
computed their POD modes.

5. The 3-DOF Reduced System

For the category of motions dominated by a single POD, we truncate the reduced order system at three
degrees-of-freedom (3-DOF). Truncation to include only the dominant POD mode is not recommended
since we have linear mass, dissipation, and elasticity coupling between any two POD modes. Truncation
at 3-DOF contains more that 99.98% of the auto-correlation energy. The following amplitude equations
describe the 3-DOF reduced system:

My My M3 01(1) D1y D12 Dq3 01(1)
My My Mas 0x(t) | + | D21 Dy Do 0>(1)
M3 M3 Ms; 03(t) D31 D3y D33 . 03(t)
| v (Z Qma)\Ifm(s))ds
0 m=1 (39)
K K2 Ki3 01() 5 L 3 fi(®)
+| Kot Koo Koy [ | 020) [+ fo N (r; Qm<f>‘1'm<s>>ds =| L0
K31 K3 K33 0s(1) . ; f3(0)
/0 N3<Z Qm(t)\Ilm(s)>ds
m=1

For the case of transverse external forcing which is spatially uniform and varying harmonically in
time, F>(s, t) = P cos(Q2t), the POD-modal forces in the right hand side of system (39) assume the
following expressions:

2PC L
filt)= (F(s.1), ¥y(s)) = L21 /O Y1 (s)ds x cos(Q1),
2PCy [F
ft)= (F(s.0), ¥a(s)) = = f Yn(s)ds x cos(Qu),
0
2PC L
f3(t)= (F(s. 1), ®5(s)) = L” fo Ya(s) ds x cos(Q). (40)
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The dynamics of reduced system (39) is computed numerically. Integration over a time interval of
interest is carried out by the fourth order Runge—Kutta method. For a given time instance, system (39)
is integrated exactly over the physical domain of the rod by means of the Legendre—Gauss integration
scheme.

6. The POD-Reduced Model Method

The components of the POD modes appear in the mass, dissipation, and stiffness matrices. So these
matrices should contain information on the dynamics of the full order system. For instance, such
information is natural frequencies and damping factors. Therefore, we analyze the 3-DOF reduced
system by performing an eigen-value analysis of its linearization to compute in particular the natural
frequencies and companion shapes of the normal modes.

Let {wm}%j denote the linear natural frequencies of 3-DOF reduced system. They are the roots of
the well-known characteristic polynomial,

det(K — wp, M) = 0. (41)

Let{E,, }ﬁz? denote the companion eigen-vectors. They are the solutions to the following well-known
matrix equation:

[K — o2 M]E, =0. (42)
We define the eigen-vector matrix,

E=[E | E;| Es). 43)
We will compare it with the identity matrix,

I=1e &) e, (44)

m=3

where {&,,}" =]

A segment of the trajectory of a given motion is characterized uniquely by the linear modes of

is the natural basis of the three-dimensional vector space.

the reduced system. The natural frequencies of the linearized reduced system will be referred to as the
reduced model (RM)-frequencies and the companion eigen-vectors will be referred to as the RM-normal
modes.

The POD analysis of a motion along with the modal analysis of the linearized reduced order system
will be referred to as the proper orthogonal decomposition-reduced model (POD-RM) method.

7. On the Properties of the Mass, Dissipation, and Stiffness Matrices
To determine the properties of the above matrices, we perform a POD-RM analysis of several free
motions of the planar rod, the full order system. The motions are approximated by the finite element

method. To this end, we excite free dynamics by applying the following transverse load:

Fy(s, 1) = P g(1), (45)
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where P is its spatially uniform magnitude and g(z) defines its time distribution according to the

expression:

1
gy=—, 0<t<1
70

git)=1, T <t <271 46)

g)=0, 2=t
We take the above load to be of impulsive type by taking 2ty < 71, where 71 ~ 0.002013 s is the period

corresponding to the fundamental frequency of the linear beam, which is at @} =~ 3121.00 rad/s. For
the 3-DOF reduced system, the above impulsive load delivers the following effective initial velocities:

L
m(t=0)x~ , =1,2,3, 47
Om( ) " (47)
where the terms [,,, m = 1, 2,3, denote the effective impulses of the modal forces given by the
expressions:

2 70

2‘[0
I = / (F(s, 1), Un(s)di = | fuls.0)di
0 0
2‘1.'() L L
- / Pg(r){E / szlﬁzzn(s)ds}df: 3G P / Van(s) ds.
0 L 0 L 0

POD-RM analysis of a free motion: The free dynamics of the full order system are excited by an
impulsive load, Equation (45), at magnitude P = 1, and time duration tp = 2.50 x 1073, The finite
element dynamics, with sufficiently high spatial and temporal resolution, are processed by the POD
method to find that a single mode dominates the motion. Figure 5 depicts the shapes of the normalized
components of the dominant POD mode. The numerical values of the mass, dissipation, and stiffness
matrices of the 3-DOF reduced system are:

(48)

My, My, M 9.205609  0.084584  0.096631
M= | My My My |=]0084584 6393570 —0.144513 | x 1077,
My Ms Mss 0.096631 —0.144513  5.027159
Dyy Di; Dy 5.000000  0.046041 0.053094
D=| Dy Dy Dy |=/|0046041 5.000000 —0.112761 | x 107*,
D3y D3 D33 0.053094 —0.112761  5.000000
Kiin Kinn Ki3 0.008724  0.000091  0.000099
K=| Ky Kxn Ky |=]0.000091 0406442 —0.00708 | x 10°. (49)
K31 K3 Kz 0.000099 —0.00708 1.868279

The stiffness matrix turns out to be symmetric, a fact not known in advance, but conjectured on
physical grounds. Notice the negative cross coupling in all matrices. An eigen-value analysis reveals
that all matrices (49) are positive definite. This established property verifies the fact that the POD modes
have been computed correctly and processed properly to extract the norms of their components as well
as their normalized shapes.



Advanced Proper Orthogonal Decomposition Tools 87

12

0.8 : /v"”’ m;”’fﬁ‘

04 ~ ¥ ///x\\
g, Vs
E B4—] Vi WSI/

-08— \\ 5/ g

2] :

0 2 4 6 8 10

rod length (s)

Figure 5. The normalized components of the dominant POD mode for the free dynamics of the rod excited by an impulsive
transverse force.

The mass and stiffness matrices should contain information regarding the linearized natural fre-
quencies of the full order system. The values for the linear natural frequencies (rad/s) of the 3-DOF
reduced are

w1 = 3078.549, w, = 25214.605, w3 = 60986.457. (50)

Indeed, it turns out that these frequencies are very close to the frequencies of the amplitudes of the
three POD modes used for the reduction. More precisely, the amplitudes of the three POD modes
have single frequencies respectively at 3067.21 rad/s, 25764.58 rad/s, and at 62571.12 rad/s. Moreover,
numerical integration of the 3-DOF reduced system (39) with initial velocities given by relation (47)
gives amplitudes with single frequencies very close to RM-frequencies (50). So the reduced order
system (derived from the free dynamics) contains frequency information of the full order system. This
information on frequencies is contained in the shapes of the POD modes.

The fact that the POD amplitudes have single frequencies is also reflected in the structure of the
eigen-value matrix of the reduced system. For the above example, the numerical value of this matrix
is

—0.999999  0.009155 —0.010710
E=[E, | E,| Es]=| —0.000026 0.999957 —0.023833 |. 31
—0.000004 —0.001396 —0.999658

Clearly the eigen-vector matrix almost coincides with the identify matrix, a fact implying that the POD
modes almost coincide with the normal modes of the reduced order system. In view of this result, we
pose the question: Do the POD modes represent Normal Modes of vibration for the full order system?
Since we deal with motions dominated by a single POD mode, we refine this question as follows: Does
at least the dominant POD mode represent (or reflect) a Normal Mode of vibration?

To answer this question, we explore how the linear natural frequencies of the reduced system change
with the energy level varied continuously by changing the magnitude of the impulsive load. Table 5
reveals that RM-frequencies change slightly when the energy level of the free motion is increased.
Clearly this has to do with the fact that one mode dominates the motion (Table 6). The shapes of the
components of the modes and their norms remain almost constant since the linear natural frequencies
remain constant. Table 7 reveals that the ratio of the norms of the transverse and rotatory components
remains constant. The above results are compactly reflected into the fact that the eigen-vector matrix
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Table 5. The linear natural frequencies of the
3-DOF reduced system.

P w1 w) w3
1.00  3078.55 25214.60 60986.46
2.00 307857 25214.72  60986.57
4.00 3078.65 25215.16  60987.08
8.00 3078.97 25216.89  60988.95
50.00 3083.97 2524991 61065.92
100.00 3080.13  25211.42  69023.15

Table 6. The distribution of the auto-correlation energy over the first three POD modes.

P Al A2 A3 A tA2+ A3
1.00 0.997732 2.152896E—03 1.071543E—-04 0.999992
2.00 0.997734 2.150906E—03 1.062714E—04 0.999992
4.00 0.997728 2.156014E—-03 1.065346E—04 0.999991
8.00 0.997704 2.176138E—-03 1.075710E—-04 0.999987

50.00 0.996841 2.873136 E—03 1.447963 E—04 0.999859

100.00 0.995452 3.974596E—03 3.422543E—-04 0.999768

Table 7. The norms of the components of the dominant POD mode.

P Ciy Cy C3
1.00 9.131084 E—005 0.955687 0.294382
2.00 1.830379E—004 0.955688 0.294381
4.00 3.642348 E—004 0.955688 0.294378
8.00 7.142191 E—-004 0.955692 0.294366
50.00 2.494674 E—003 0.955812 0.293966
100.00 2.946818 E—003 0.956019 0.293286

almost coincides with the identity matrix with increasing energy level. Further evidence that the linear
natural frequencies of the 3-DOF system are properties of the full order system is presented in Figure 6a
revealing the fact that the RM-frequencies for free dynamics excited by a rectangular pulse are close to
the ones detected above. Figure 6b reveals that the eigen-matrix coincides with the identity matrix.

The coupling between the axial and the pair transverse-rotatory components is extremely small
(Table 7). This sign could reflect the existence of a normal mode of vibration composed of a master
part and a slaved part (driven without modal interaction). It is shown in Georgiou [14, 22] that two
POD modes are needed to characterize a master-slaved normal mode of vibration. This means that we
need at least two POD modes to derive a reduced order model. To assure convergence of the 2-DOF
reduced system, we need to augment it by at least one degree-of-freedom by taking into account the
next most energetic POD mode. This is one of the reasons we have truncated the reduced system at
three-degrees-of-freedom.

To explore whether the free dynamics analyzed above are near an invariant manifold of motion,
we compare the impulse response of full order system (1)—(3) to that of 3-DOF reduced system (39).
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Figure 6. POD-RM analysis of the free dynamics of the planar rod (impulsive load): (a) the linear natural frequencies and (b) the
diagonal elements of the eigen-vector matrix of the 3-DOF reduced system.

Clearly near reproduction of the dynamics of the reduced system is a definite sign that the dynamics
are close to an invariant subspace of the phase space. Figure 7a reveals that, for low energy levels, the
3-DOF system predicts exceptionally well the dynamics of the full order system. Figure 7b reveals a
phase shift in the response of the reduced system at the energy level increases. This is due to the fact
that the auto-correlation energy for the transients of free motions is spread over a large number of POD
modes. The phase shift shows how much significant are the POD modes with small amount of energy.
Nevertheless the dynamics are dominated by the same single POD mode. The above exercise indicates
that the reduced order model provides a valuable tool to determine under what conditions POD modes
reflect normal modes of coupled systems.

8. POD-RM Analysis of Motions to Extract the First Normal Mode of Vibration

In this section we derive reduced order models for attractors of the full order system dominated by a
single POD mode. Since the system is dissipative, these attractors reside in a low-dimensional subspace
that may be invariant. The shapes of the POD modes characterize the spatial structure of the subspace
uniquely; whereas their amplitudes provide a set of principal coordinates. Clearly the POD structure of
an attractor may yield a reduced order model valid over a wide range of systems and forcing parameters.
To locate attractors dominated by a single POD mode, we excite the full order system harmonically at
single frequencies close to the linear natural bending frequencies of low order (Table 2).

POD-RM analysis of an attractor: We perform a POD analysis of the attractor of the forced motion
that starts with zero initial conditions and forcing amplitude at P = 1 and frequency at 2 = 3121 rad/s,
avalue close to the fundamental bending frequency of the linear beam. Notice that this frequency is close
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Figure 7. Full order system (FS) versus 3-DOF reduced system (RS) for a spatially uniform transverse impulse with magnitude
(a) P =2,(b) P =50.

in value to the dominant RM-frequency, Equation (50), of the free dynamics excited by an impulsive
transverse load. The attractor is a periodic vibration dominated by a single POD mode. Table 3 presents
the norms of the components of the first three most energetic POD modes; whereas Figure 3 depicts
the normalized shapes of their components. They are used to derive a 3-DOF reduced system. The
numerical values of the mass, dissipation, and stiffness matrices of the 3-DOF reduced system are

My Mp My 9.208166 —0.000320  0.039187
M=| My My My |=]-0000320 10.0000 —0.004392 | x 107
My Mz My 0.039187 —0.004392  6.453854
Di Dy D 5.000000 —0.000397  0.024968
D=| Dy Dn Dy |=|-0000397 5000000 —0.000043 | x 107
Dy Dy Ds 0.024968  —0.000043  5.000000
Kin Ki» Ki 0.008730  0.00016  —0.000620
K=|Ky K»n Kxn|=]| 000016 4737673 —0.005024 | x 10*3 (52)
Ky Kp» K —0.000620 —0.005024  0.437346

These matrices are full, symmetric and especially positive definite. We have verified these properties for
a plethora of free and forced motions of the rod. Therefore, we claim that these properties hold almost
for all motions of the rod.

We claim that if an attractor is near an invariant manifold reflecting a normal mode of vibration,
its POD structure should contain information on the natural frequencies of the full order system. The
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values of the linear natural frequencies (rad/s) of the 3-DOF reduced system are
w; = 3078.89, w, = 68830.80, w3 = 26032.04. (53)

We notice that the first and third frequencies are respectively close to the first and the third natural
bending frequencies of the rod; whereas the second one is very close to the first natural frequency of the
linear rod. Recall that the natural frequencies of the linear rod and beam (Table 2) furnish a reasonable
approximation to some of the natural frequencies of the full order system. Another interesting result
is the fact that the first and the third RM-frequencies (53) are close to the ones for free motions,
Equation (50).

For the attractor we have analyzed, the value of the eigen-vector matrix of the 3-DOF reduce system is

0.999986  —0.000034  0.001520
E = | —0.000061 —0.999999 —0.001124 |. (54)
0.005108  0.001164  —0.999998

Matrix (54) almost coincides with the identity matrix. This further implies that the 1-DOF systems
corresponding to the three uncoupled POD modes should furnish natural frequencies that are near the
RM-frequencies (53). Indeed, these uncoupled natural frequencies are

w10 = 3079.05, wy = 68830.87, w39 = 26024.25. (55)

Therefore, we have w; >~ w9, w = wyy, w3 =~ ws3p. In view of this result, again we pose the question:
Are the POD modes of this motion normal modes of vibration of the full order system?

We claim that a continuous family of attractors with respect to the forcing parameters should be
underlined by a characteristic property if the attractors belong to the same invariant manifold (family
of motions). Clearly the linear modes of the 3-DOF reduced system provide such an underlining char-
acteristic property. Table 8 reveals that the eigen-values of the 3-DOF system remain almost constant
for forcing frequencies around the first linear natural frequency of the full order system. This is clearly
related to the fact that a single POD mode dominates the attractors (Table 9). Table 10 reveals that the
norms of the transverse and rotatory components remain constant.

It is a remarkable result the fact that the 3-DOF system of several attractors processes linear natural
frequencies close to the ones detected in the free dynamics. This is a sign that the attractor resides on
an invariant manifold reflecting a normal mode of vibration of the full order system. Moreover, POD
analysis reveals that the axial field is weakly coupled to the other two fields. This property reflects the
presence of a master-slave (slow) invariant manifold. We will discuss this issue in detail later.

Table 8. The linear natural frequencies (rad/s) of the 3-DOF re-
duced system (attractors).

(P, Q) on ) 3

10, 2000 3087.00 68852.999 27980.462
1,3121 3078.99 68830.803 26032.045

10, 3121 3078.88 68830.803 26032.045

10, 4000 3085.83 68843.175 43055.714
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Table 9. The distribution of the auto-correlation energy over the first three POD modes (attractors).

(P, ) Al A2 A3 AL+ A2+ A3
10, 2000 0.999481 49183346 E—04 2.668732E—05 0.999999
1, 3121 0.999949 4.9488725E—05 8.795890E —-07 0.999999
10, 3121 0.999671 3.2484900E —04 4.491830E—05 0.999999
10, 4000 0.999613 3.8160100E —04 4.455047E —06 0.999999

Table 10. The norms of the components of the dominant POD mode

(attractors).

(P, Q) Cu Cai C31

10, 2000 1.233980E—003 0.956316 0.292330
1,3121 3.411668 E—005 0.955833 0.293907

10,3121 3.696092 E—004 0.956306 0.292367

10, 4000 3.169742 E—005 0.956451 0.291892

Table 11. The linear frequencies (rad/s) of the 3-DOF
reduced system (transient dynamics).

(P, Q) o] 2 3
1, 2000 3079.35 68831.30 248329.33
10, 2000 3078.46 68832.49 248337.23
1, 4000 3078.92 68836.00 248333.83
10, 4000 3080.20 68862.15 248332.32
20, 3100 3083.43 68829.75 248337.66
80, 3100 3092.99 70525.51 248352.14
200, 3100 3100.96 68912.14 248352.26

POD-RM analysis of transients: If the attractor of a motion resides on an invariant subspace, its
dominant POD modes should be present in the transient part of the trajectory of the motion. So we
perform a POD analysis of a transient segment of the trajectory of the forced motion whose attractor we
have already analyzed. We find that this segment of the motion is dominated by the same POD mode
dominating its attractor.

We have performed POD-RM analysis of the transient dynamics of several forced motions. For all
analyzed motions, the auto-correlation energy is contained almost exclusively in a single POD mode
whose shape is near identically to that dominating the attractor of the motion. Table 11 reveals that the
first two RM-frequencies are close to the RM-frequencies of the attractor of the motion (Table 8). The
third frequency is close to the ninth frequency of the linear beam. The linear natural frequencies we have
detected above are shared by a continuous family of harmonically forced motions over the frequency
range [500, 8000] rad/s. This interval contains the dominant RM-frequency of the free dynamics. Figure 8
presents the characteristic properties of the POD-RM analysis of the attractor response; whereas Figure 9
presents the results of the transient response of the forced motions. Notice that the eigen-vector matrix
is nearly identical to the identity matrix only over a frequency interval centered at the dominant RM-

frequency, which clearly stems from the shape of the dominant POD mode.
The fact that the dominant linear natural frequencies of the reduced system derived from the POD

structure of a transient part of a forced motion are close to those of the attractor is a remarkable result,
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Figure 8. POD-RM analysis of the attractor dynamics of the planar rod over a frequency interval containing the first RM-frequency
of the free dynamics (impulsive load): (a) the linear natural frequencies and (b) the diagonal elements of the eigen-vector matrix
of the 3-DOF reduced system.

which in turn are near the linear natural frequencies of the full order system. This is a sign that the
dominant POD mode of the attractor might represent a normal mode of vibration of the full order
system. The dominant POD mode underlines both the free and forced dynamics. Certainly we should
consider it to be a characteristic property unifying a large set of motions, a set which could form a
two-dimensional invariant manifold for a certain normal mode of vibration.

Another remarkable result is the fact that in a continuous family of attractors with near identical
RM-frequencies, some of the attractors possess eigen-vector matrix near the identity one; whereas the
rest of them do not processes an eigen-vector matrix near the identity one. Which one of the attractors
is close to a normal mode of vibration? Clearly the one that qualifies the most is the attractor whose
eigen-vector matrix is near the identity matrix.

We conjecture that a motion close to a normal mode of vibration contains the POD structure of the
invariant manifold related to that normal mode. A sign that a given motion is close to a normal mode is
near containment of the auto-correlation energy at a single POD mode. We do not claim that any motion
characterized by a single POD is necessarily close to a normal mode of vibration. The eigen-vector
structure of the reduced system furnishes an additional criterion to decide whether a single-POD mode
motion is near a normal mode of vibration.

8.1. THE 3-DOF REDUCED SYSTEM VERSUS THE FULL ORDER SYSTEM

In this section we integrate numerically the 1, 2, 3-DOF reduced order systems and compare their
response to the full order system. Near reproduction of the dynamics of the full order system by the
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for the free dynamics (impulsive load): (a) the linear natural frequencies and (b) the diagonal elements of the eigen-vector matrix
of the 3-DOF reduced system.

reduced system is a definite sign that the attractor is near an invariant manifold. The 1, 2, 3-DOF reduced
systems are based on the POD structure of the attractor of the forced motion at amplitude P = 1.0
and frequency at Q2 = 3100.0rad/s. Both the reduced order and full order systems are compared for
harmonic forcing at zero initial conditions. Figure 10 reveals that the agreement between the reduced
and full order systems is excellent. The simulations include the transient and attractor parts of the
motion. This is a definite sign that the dynamics of the full order system wander near a two-dimensional

invariant manifold reflecting the first normal mode of vibration.
We have derived a reduced order system for motions presumably near the first (fundamental) normal

mode of vibration of the full order system. The POD analysis reveals that these motions interact weakly
only with higher normal modes of vibration. This is reflected directly in the near-identity structure of
the eigen-vector matrix of the attractors of harmonically forced motions over a wide range of forcing
parameters. Motions near higher normal modes of vibration interact with both lower and higher order
modes. If they are very close to a normal mode of vibration they should be dominated by a single POD
mode. We proceed to explore the properties of forced motions at frequencies close to the third and fifth
normal modes of the full order system. We use the POD-RM analysis as an identification tool to explore
whether the attractors of these motions are close to a normal mode of vibration.

9. POD-RM Analysis of Motions to Extract the Third and Seventh Normal Modes of Vibration

Before we apply the POD-RM procedure to analyze a certain set of forced motions to extract the shape
of the third normal of vibration, we analyze in detail the attractor and transient segments of the trajectory
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Figure 10. Full order system versus reduced order systems for harmonic forcing at frequencies below (a) and (b) and above (c)
the dominant linear natural frequency of the 3-DOF reduced system.

of a specified forced motion of the rod. The forcing is harmonic at amplitude P = 1 and frequency
€ = 28000rad/s, a value close to the third natural frequency of the linear beam. With this harmonic
forcing, we expect to excite vibrations close to the third normal mode.

POD-RM analysis of an attractor: The attractor of this forced motion is a periodic vibration and is
dominated by a single POD mode. Table 4 presents the POD analysis of this attractor; whereas Figure 4
gives the normalized shapes of the three first POD modes. We use these modes to derive a 3-DOF
reduced system. It turns out that the mass, dissipation, and stiffness matrices of this reduced system are
symmetric and positive definite. The linear natural frequencies (rad/s) of the reduced system are

w; = 2521.90, w; = 5046.33, w3 = 97939.93. (56)

We notice that the dominant frequency is nearly identical to the second natural frequency of the reduced
system for the free dynamics. The second one lies between the first and second frequency of the linear
beam. The third frequency is close to the third frequency of the linear rod. The linear natural frequencies
of the reduced system must be related to the linear natural frequencies of the full order system. We
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assume that for each level of potential energy the full order system has distinct normal modes and thus
distinct natural frequencies (up to a certain critical level).

We examine the eigen-vector matrix of the 3-DOF reduced system to extract additional information.
The value of this matrix is

0.923442  0.385599  0.000119
0.383737  —0.922666 —0.000079 | . 57
—0.000032  0.000070  —0.999999

[es ]
I

Clearly matrix (56) is not close to the identity matrix. In particular, the first two eigenvectors do
not coincide with the principal directions. This is due to the substantial inertial and stiffness coupling
between any two POD modes. Ir seems that a rotation about the third principal direction, which
corresponds to the least energetic POD mode, can map the eigen-vector matrix into the identity one.

Here we have a motion characterized by a single POD mode but its eigen-vectors do not coincide with
the principal directions provided by the POD modes. We pose the question: Does this motion contain
information regarding the nearby presence of a normal mode of vibration (two-dimensional invariant
manifold)? We proceed to explore whether the RM-frequencies (55) underline a family (category) of
attractors. Tables 12—14 present the results of a POD-RM analysis for several attractors for motions
forced at 2 = 28000rad/s and various amplitudes. Table 12 shows that the RM-frequencies change
slightly over an interval of forcing amplitude. This is clearly due to the fact that the motion is dominated
by a single mode (Table 13). Moreover, the axial component of the dominant POD mode is weakly
coupled to the transverse and rotatory components whose ratio is almost constant (Table 14). The weak
coupling between the axial and the other components may reflect the existence of a master-slaved type
of normal mode.

We have explored how the RM-frequencies (56) vary for attractors of harmonically forced motions at
frequencies over the interval [10000, 40000] rad/s. Notice that the interval contains the dominant RM-
frequency w; ~ 25222.00rad/s. Figure 11a reveals that the first two RM-frequencies remain almost
constant over a frequency sub-internal that contains a characteristic frequency for which, as Figure 11b
reveals, the eigen-vector matrix is near the identity one. This characteristic frequency is the dominant
RM-frequency and is shared by all attractors. Notice that away from this characteristic frequency the
eigen-vector matrix deviates substantially away from being near the identity matrix. This deviation turns
out to be a well-defined rotation about the principal direction of the least energetic POD mode.

Table 12. The linear natural frequencies of the 3-DOF
reduced system (attractors).

P w] (0] w3
0.20 2521.936 5096.526 96101.255
0.50 2521.937 5096.486 96102.183
1.00 2521.936 5096.365 96105.494
5.00 2521.934 5092.407 96208.185
10.00 2521.927 5079.802 96540.432
20.00 2521.903 5025.180 98067.694

40.00 2523.248 3881.160 159655.464
70.00 2523.828 3732.526 130638.830
100.00 2524.564 3591.576 114760.227
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Table 13. The distribution of the auto-correlation energy over the first three POD modes (attractors).

P Al A2 A3 A+ A2+ A3
0.20 0.998948 1.05165E—-003 5.427609E —009 0.999999
0.50 0.998948 1.05167E—003 3.392289E—008 0.999999
1.00 0.998948 1.05176 E—003 1.356968 E—007 0.999999
5.00 0.998942 1.05438 E—003 3.396257E—006 0.999999

10.00 0.998923 1.06275E—-003 1.363453 E—005 0.999999
20.00 0.998844 1.09992E—003 5.543196 E—005 0.999999
40.00 0.997267 2.31668 E—003 3.946757E—004 0.999978
70.00 0.996806 2.38313E—-003 7.676596 E —004 0.999956

100.00 0.996283 2.38791 E—003 1.247831E—-003 0.999919

Table 14. The norms of the components of the dominant POD
mode (attractors).

P Ci Ca Csi
0.20 3.198184E—007 0.8084543 0.588559
0.50 7.996684 E—007 0.8084534 0.588560
1.00 1.599375E—006 0.8084499 0.588564
5.00 8.002491 E—006 0.8083301 0.588729
10.00 1.604017E—005 0.8079476 0.589254
20.00 3.240958 E—005 0.8062883 0.591522
40.00 6.009119E —005 0.7869084 0.617069
70.00 1.004029E —004 0.7943530 0.607456
100.00 1.334917E-004 0.8031443 0.595784

In view of the above results, it seems that the dominant RM-frequency is an approximation to the
natural frequency of a normal mode of vibration of the full order system. This frequency should stem
exclusively from the shape of the dominant POD mode of certain attractor. Figure 12, however, reveals
that the shape of the dominant POD mode does not remain constant as a function of forcing frequency.
This was not the case with the first normal mode of vibration whose underlining POD mode processes
components with constant norms. Nevertheless, this dominant RM-frequency should be present in the
transient response of a forced motion.

POD-RM analysis of transients: It turns out that the transient dynamics of the motion (forcing
amplitude P = 1 and frequency 2 = 28000 rad/s) whose attractor was analyzed above is domintated
by a single POD mode. The linear natural frequencies of the corresponding 3-DOF reduced system have
the following values (rad/s):

W = 25215.64, @, = 3106.23, w; = 61514.12. (58)

We notice that the dominant RM-frequency (58) is very close to the dominant RM-frequency of the
attractor (56). We cannot help noticing that the second RM-frequency, w, = 3106.23, is close to
the first linear natural frequency of the full order system. We shall see that the third RM-frequency,
w3 = 61514.12, is an approximation to a natural frequency of the full order system.
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Figure 12. The distribution of the norms of the components of the dominant POD mode.

The value of eigen-vector matrix of the 3-DOF reduce system is

0.943291  0.332567
E=| -0331756  0.942529
—0.011792 —0.032207 0.999440

0.019222
0.027385

(59)

It is not close by any means to the identity matrix. Just as for the care of the attractor of the motion, it
is clear that a rotation about the third eigen-vector maps matrix (59) near the identity one.

We have performed a POD-RM analysis of the transient dynamics of the attractors listed in
Tables 12—14 to find that a single POD mode dominates the dynamics. Table 15 reveals that the
RM-frequencies remain constant over a range of forcing amplitude. Notice that above some critical
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Table 15. The linear natural frequencies of the 3-DOF reduced system
for the transient dynamics for harmonic forcing at frequency close to
the third linear bending one.

P w1 [0)) w3
0.50 2521.649 3106.642 61512.636
1.00 2521.649 3106.704 61512.881
5.00 2521.653 3108.636 61519.924
10.00 2521.662 3113.140 61535.870
20.00 2521.709 3120.698 61570.414
40.00 2523.358 3730.073 163547.833
70.00 2524.290 3771.580 123616.473
100.00 2525.014 3682.507 102142.704

Table 16. The norms of the components of the dominant POD mode
for the transient dynamics for harmonic forcing at frequency close to
the third linear bending one.

P Cn Cay C3
0.50 8.206170E —006 0.8018712 0.597496
1.00 1.638127E—005 0.8018661 0.597503
5.00 7.708031E—005 0.8016943 0.597734
10.00 1.269841 E —004 0.8011320 0.598487
20.00 1.055944 E—004 0.7986324 0.601819
40.00 5.674124E—005 0.7847297 0.619838
70.00 1.190102E —004 0.7911465 0.611626
100.00 9.202301 E—005 0.7990360 0.601283

99

amplitude the third frequency changes. This is clearly due to the fact that the system is nonlinear and
thus the natural frequency associated with a normal mode of vibration varies with the energy level.
Figure 13 shows the normalized shapes of the components of the dominant mode, whose norms remain
constant over a range of forcing amplitude (Table 16).

To determine how the RM-frequencies depend on the forcing frequency, we have performed a POD-
RM analysis for the transients of harmonically forced motions at frequencies over the range [10000,
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Figure 13. The normalized components of the dominant POD mode underlining the transient response.
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Figure 14. POD-RM analysis of the transient dynamics of the planar rod over a frequency interval containing the RM-frequency
of the 3-DOF reduced system for the free dynamics (impulsive load): (a) the linear natural frequencies and (b) the diagonal
elements of the eigen-vector matrix of the 3-DOF reduced system.

40000] rad/s and forcing amplitude fixed at P = 1. This interval contains the dominant RM-natural
frequency. Figure 14a reveals that the RM-frequencies remain nearly constant over the entire frequency
range; whereas the eigen-vector matrix, as Figure 14b reveals, approaches the identity matrix over a
short interval centered at the dominant RM-frequency.

The remarkable result is the fact that all the RM-frequencies are close to certain natural frequencies
of the linear rod and beam, which are approximations to the linear natural frequencies of the full order
system (planar rod). The other remarkable result is the fact that these motions are dominated by a
single POD mode whose component norms do not remain constant (Figure 12). We conjecture that
the variation of the component norms manifest itself as a rotation of the eigen-vector matrix. Could
the dominant RM-frequency and therefore the POD mode from which it stems be related to a normal
mode of vibration of the full order system? To answer this question, we compute an attractor diagram
for motions with zero initial conditions for a frequency sweep at constant amplitude level over an
interval centered at the dominant RM-frequency. We obtain information on the attractor of a motion by
computing the long term iterates of the Poincare section of the transverse displacement at the middle
of the rod. The Poincaré map is computed by integrating the finite element model of the rod. Figure 15,
which is an attractor diagram, reveals the existence of a resonant frequency close to the dominant
RM-frequency.

With this information at hand, we perform a reduced model POD analysis of the attractors of motions
excited at frequencies close to the dominant RM-frequency. The result is the common dominant RM-
frequency is an approximation to a resonant frequency of the full order system. Another remarkable
result is the fact that the eigen-vectors almost coincide with the principal directions. For example, for the
attractor of a forced motion at amplitude P = 1.0 and frequency 2 = 25700.00 rad/s the eigen-vector
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Figure 15. Frequency attractor diagrams for the full order system at three amplitude levels reveals the existence of a resonant
frequency close to the dominant linear frequency of the 3-DOF reduced system.

matrix is

0.999998  0.002919  0.000270
E =] —0.001418 0.999995 0.0000039 | . (60)
—0.000009 0.0000008 —0.999999

Matrix (59) reveals that the eigen-vectors almost coincide with the principal directions. This is a very
interesting result since forced motions at a frequency away from a resonant frequency are dominated
by a single POD mode but the eigen-vectors of the reduced system do not coincide with the principal
directions.

Up to this point we have clear evidence how the POD-RM analysis determines when a motion
dominated by a single POD mode is related to a normal mode of vibration. The POD-RM method
can be applied to extract from a certain category of motions the frequencies and the shapes of normal
modes of vibration. For example, we have applied the POD-RM analysis to identify the seventh normal
mode (numbered according to the modes of the linear rod and beam) of the full order system. Figure 16
presents the results of the POD-RM analysis for a frequency sweep at amplitude level P = 0.50 over the
frequency range [50000, 70000] rad/s. The dominant RM-frequency is @ ~ 6121.00 rad/s. This is near
the third of the RM-frequencies (50) of the free dynamics excited by a spatially uniform transverse load
of pulse type. It turns out that this frequency approximates a resonant frequency of the full order system.

The conclusion is that the shape of the normal mode of vibration is given by the single dominant
POD mode of that attractor whose eigen-vector matrix coincides with the identity matrix. The fact that
at resonance the eigen-vectors of the reduced system coincide with the principal directions explains
completely why in all free motions we found a reduced model whose eigen-vectors almost coincide
with the principal directions. This suggests that a systematic way to search for relations between the
POD modes and normal modes of vibration is to perform a POD-RM analysis of the free dynamics.
Figure 17 presents the shapes of the first, third and seventh normal modes of vibration; whereas Table 17
presents the norms of their components. Notice that the transverse component of these normal modes
is precisely a 90 degrees shift of the transverse component.

10. Predictability of the 3-DOF Reduced System

If the 3-DOF reduced system represents the dynamics on an invariant manifold, it should be able
to reproduce faithfully the dynamics of the full order system over a relatively wide range of forcing
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Table 17. The norms of the components of the normal modes
extracted by a POD-RM processing of a certain category of

motions.

Mode Axial Transverse Rotatory
order (C11) (Car) (C31)

Ist 1.06740E—005 0.955827 0.293928
3rd 8.97817E—-006 0.779691 0.626164
7th 6.28669E—007 0.678027 0.735036
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Figure 16. POD-RM analysis of the attractor dynamics of the planar rod containing the third RM-frequency of the free dynamics
(impulsive load): (a) the linear natural frequencies and (b) the diagonal elements of the eigen-vector matrix of the 3-DOF reduced
system.

parameters. The forcing frequency should be varied in an interval centered at the resonant frequency
stemming from the normal mode of vibration.

Here we present some results on the predictability of the 3-DOF reduced order system at different
values of the properties for which it was derived. We compute Poincaré sections of the attractor of
a motion with zero initial conditions as a function of a forcing parameter while keeping constant the
other one. Figure 18a is an amplitude sweep attractor diagram at constant forcing frequency; whereas
Figure 18b is a frequency sweep at constant amplitude level. Clearly the reduced order system predicts

exceptionally well the dynamics of the full order system over a wide range of forcing parameters.
For low-frequency harmonic excitation, the reduced system reproduces the dynamics of the full order

system over a wide range of forcing parameters. For example, Figure 18c reveals how accurately the
reduced system captures the qualitative dynamics of the full order system at very low frequencies. It is
worth mentioning that the 1-DOF reduced system predicts reasonably well the almost static response
of the full order system. We computed the almost static response by forcing the systems at very low
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Figure 17. The normalized shapes of the components of (a) the Ist, (b) the 3rd and (c) the 7th normal modes of vibration realized
as the single dominant POD of a forced vibration.

frequency with respect to the first natural frequency. Recall that the first natural frequency of the rod is
at w >~ 3080.00rad/s. Figure 19 compares the responses of the full order and the reduced order systems
at very low-frequency harmonic excitation (2 = 50rad/s).

11. Signs of Slow Invariant Manifolds

Linearized equations of motion (22) prompt us to consider our full order system (1)-(3) as one
composed of a high frequency-subsystem and a low frequency-subsystem. The high frequency, also
called stiff, subsystem is the equation governing the longitudinal displacement field; whereas the low
frequency, also called soft, subsystem is the coupled equations governing the transverse displacement
and the in-plane rotation of the cross-section of the rod. Because of the wide gap between the fundamental
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Figure 19. Amplitude sweep attractor diagram at very low frequency predicted by the 1-DOF reduced system (RS) and the finite
element model of the full order system (FE).

linear frequencies for longitudinal vibrations and bending-shearing vibrations, the stiff subsys-
tem is weakly coupled to the soft subsystem and vice versa. Indeed, the POD analysis reveals that
a steady state motion (coupled vibration) is composed of a number of POD modes whose both the
transverse and rotational components dominate over the axial component and a number of POD modes
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whose axial component dominates over both the transverse and rotational components. For instance,
Table 2 shows that the dominant POD mode is essentially a bending-shearing motion; whereas the
second mode is essentially a longitudinal motion.

We therefore have a stiff/soft infinite system with multi-field dynamics. The dynamics of such systems
evolve on slow and fast time scales. The phase space of such systems contains global invariant manifold
with dimension less or equal to that of the soft subsystem. It has been found that coupled stiff/soft infinite
systems in mechanics possess low-dimensional slow invariant manifolds [17]. A two-dimensional slow
invariant manifold stems from a normal mode of the uncoupled slow subsystem. The prototypical
stiff/soft coupled system used to validate this fact was a planar pendulum coupled to a cantilevered
beam. For this system the slow invariant manifold is two-dimensional and it represents a global slow
normal mode of vibration composed of a master part and slaved part. The basic frequency of the slaved
part is twice that of the master part [17, 26]. As a result of this frequency relation such a normal mode
of vibration is not synchronous, and therefore appears as an inseparable pair of two POD modes. The
master POD mode dominates over the shaved one. This has been shown theoretically and verified
experimentally using a beam/pendulum system [25].

A way to explore whether the categories of motions we have studied contain master and slaved
vibrations, thus a definite sign of an underlining slow invariant manifold, is to look for a functional
relationship between the amplitude of the dominant POD mode and the amplitude of any other POD
mode. The categories of motions we have studied are indeed characterized by master and slaved POD
modes. We have already seen that this relationship is reflected in the weak coupling of the axial field
to the transverse and rotational fields. For forcing at low frequencies around the first natural frequency,
the steady state motions (vibrations) are dominated by a single POD mode. The master mode is the
dominant POD mode. Figure 20 reveals that the amplitude of the second POD mode is a function of
the amplitude of the dominant POD mode. This is a definite sign of a master-slaved relation between
the dominant and the second POD mode. This relation is reflected into the fact that the frequency of the
amplitude of the second POD is precise twice that of the amplitude of the master POD mode. Figure 21
reveals that such a master-slave relationship is also found between the amplitude of the third, now,
POD mode and that of the dominant POD mode for the second category of forced vibrations, which
are close to the third normal mode of vibration. Needless to say that the master-slaved relationship is
present in the forced vibrations at frequencies close to the natural frequency of the seventh normal mode
of vibration. It seems that the master-slaved relation is an underlining property of forced vibrations at
frequencies near the natural frequencies. For the three categories of motions we have analyzed, the
slaved amplitude has frequency twice that of the master amplitude.
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Figure 20. Cross plotting of (a) the amplitude of the second POD mode and (b) the amplitude of the third POD mode against the
amplitude of the dominant POD mode for the attractor of a forced motion at a frequency near that of the first normal mode of
vibration.
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Figure 21. Cross plotting of (a) the amplitude of the second POD mode and (b) the amplitude of the third POD mode against the
amplitude of the dominant POD mode for the attractor of a forced motion at a frequency near that of the third normal mode of
vibration.

If there exists a slow invariant space in the phase space of the 3-DOF reduced system, the amplitude
of the slaved part must be a single-valued function of the amplitude and velocity of the master part
of the manifold and, for nonzero forcing, depending parametrically on the forcing. That for a motion
on the slow manifold the second POD mode is slaved to the first POD mode means precisely the
following:

0a2(1) = fu(Qi(1), Q1(1), 1; P, ),

i . (61)

02(1) = g, (Q1(1), Q1(1), 15 P, €2).
The parameter w is a dimensionless frequency that designates the level of coupling between the master
and slaved modes.

The slow invariant manifold should be exponentially attractive meaning that the attractor of a motion
will land on the manifold in the long term provided that the forcing frequency is relatively close to the
resonant frequencies of the slow subsystem.

To determine whether the attractors of forced motions dominated by single POD modes satisfy
the above relation, that is they reside on a slow invariant manifold, we compute attractor diagrams
for the 3-DOF reduced system by means of Poincaré sections. The Poincaré section at the period
of the forcing eliminates the time dependence in Equation (61). Figure 22a reveals a single-valued
function relation between the assumed slaved and master parts for a frequency sweep attractor diagram
over the interval [2000, 5000] rad/s. Notice that this interval contains the linear natural frequency
of the first normal mode of vibration. Figure 22b reveals a single-valued function relation between
the assumed slaved and master parts of the 3-DOF system for an amplitude sweep over the interval
[1, 50] at a fixed frequency relatively near the linear natural frequency of the first normal mode of
vibration.

We clearly see the master-slaved relation among the dominant POD and another POD mode in the
first three POD modes used to derive the 3-DOF reduced system. The slow invariant manifold is an
important characteristic property of the system. When it becomes unstable, interaction among the soft
and stiff subsystems is activated. The system also possesses at least one fast invariant manifolds of
motion. The normal mode structure of the 3-DOF systems can be studied further by applying the theory
of geometric singular perturbations [29, 30]. In a series of works, this author and co-workers [17, 25,
30] have shown that the formulation of coupled structural/mechanical problems as singular perturbation
problems furnishes a very basic geometric framework to seek effectively the roots of normal modes of
coupled systems in the normal modes of uncoupled soft and stiff sub-systems.
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Figure 22. Attractor diagrams predicted by the 3-DOF reduced system for the first normal mode of vibration: (a) frequency
sweep attractor, (b) amplitude sweep attractor. The amplitude of the second POD mode is a single-valued function of the state of
the first (dominant) POD mode. This relationship is evidence of an attractive global slow invariant manifold.

12. Conclusions and Discussion

This work presented a methodology to characterize the dimensional complexity of the dynamics of a
geometrically exact nonlinear rod restricted to move in a plane. The basic tool for the complexity analysis
is the method of proper orthogonal decomposition for coupled fields. The POD analysis characterizes
a motion in terms of proper orthogonal modes and the auto-correlation energy spectrum. To further
refine the characterization of coupling complexity in terms of normal modes of vibration, we derive
reduced order models by Galerkin projection of the coupled equation of motion onto the POD modes.
The structure of the mass, dissipation, and stiffness matrices reveals how the POD modes are coupled
to each other in a multi-field dynamical system. We use the reduced models as an advanced POD
tool to search for unknown relations between POD modes and normal modes of vibration for the
categories of motions whose POD spectrum is concentrated on a single POD mode. Free dynamics with
appropriate initial conditions and forced motions near resonances give rise to motions dominated by a
single POD mode. For these motions we derive a three-degree-of-freedom reduced system to capture
the coupling of the dominant POD mode to the POD modes with extremely small energy content.
This coupling is captured elegantly by the elements of the mass, dissipation, and stiffness matrices
of the reduced system. The remarkable result is the fact that for certain free and forced motions the
eigen-vectors of the linearized reduced system almost coincide with the principal directions provided
by the amplitudes of the POD modes. This is taken as a definite sign that the dominant POD mode is
near a normal mode of vibration. The nearness can be quantified since the energy content of the POD
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modes is known. We have seen this to be also true for resonant steady state motions (attractors) close
to the first, third, and seventh resonant bending frequencies of the rod. It is worth mentioning that the
mass and stiffness matrices of the reduced system determine the resonant frequencies of the full order
system.

A single POD mode characterizes all forced motions for forcing frequencies over an interval contain-
ing the resonant frequency. The POD structure of any of these motions gives almost identical reduced
models. This is a clear reflection of the fact that the dominant POD mode is close to a normal mode
of vibration. The reduced model reproduces faithfully the dynamics of the full order system for a wide
range of parameters of a harmonic forcing. This strongly indicates the fact that these motions reside near
an invariant manifold representing a normal mode of vibration. Indeed, numerical analysis reveals that
the reduced order model possesses a slow invariant manifold. Due to the fact that the auto-correlation
energy is almost contained in a single mode, we claim that the slow invariant manifold is a very small
perturbation of a dominant two-dimensional invariant manifold. The dominant slow invariant manifold
forms the signature for a normal mode of vibration.

The POD-based reduced model method presented here is a basic result of a Proper orthog-
onal decomposition approach aiming at identifying the shapes of normal modes of vibration of
coupled structural systems with arbitrary physical domains and boundaries. We have chosen ge-
ometrically exact rods to determine existing relations between POD modes and normal modes of
vibration.

Appendix
The nonlinear term in Equation (25) is given by

Lgr[V(s, )] = [Lgva, Ler, Leir]"s (A.1)

where Lga, Lerr, Leir designate axial, transverse, and rotatory components. The axial component
is given by

LeLa = fisin(@3(s, 1)) + fasin®(B3(s, 1)) + f3c08*(63(s, 1)) + fasin(@s(s, 1))cos(B(s, 1)), (A2)

where
905(s, 1)
=—-FEA ,
U as
9%u; (s, 1 dua(s, 1) B6s(s, t
fzz—GAw_i_[EA_GA]M 3(s )7
952 s s
02 t 0 063(s, t
fr= —EATMSD pa a5 00061
' s s ds
%us(s, t Oui(s, 1)) 005(s, ¢t
fim —1EA - GAP25 D | oipa g ag| 14 2160|0056, ) (A3)
952 s s

The transverse component is given by

Lerr = g1c05%(65(s, 1)) + g2 sin(B5(s, 1)) cos(B5(s, 1)) + g3 sin*(B5(s, 1)), (A4)
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where
0%un(s, t Aui(s, 1)]305(s, t
o= —GaT20 D g gay|r g 20D 10660
952 s as
%u (s, t dur(s, t) 063(s, t
gzz—[EA—GA]M—Z[EA—GA]Mﬁ,
ds2 as as
3%ur(s, t dui(s, 1)) 005(s, ¢
o= —EALM2S D L pa a4 2l D) 966, 1) (A5)
ds2 s as

The rotatory component is given by

LErR = qo + q1 c05%(65(s, 1)) + g2 sin(B5(s, 1)) cos(B3(s, 1)) + g3 sin®(65(s, 1)) + g4 cos(65(s, 1)),

(A.6)
where
3%05(s, 1)
=_E]—
q0 952
d ,1) )0 ,t
qIE[EA—GA]|:1+ uils )} uas, 1),
as as
Auq(s, t %ui(s,t)  3%ua(s,t Auy(s, t
= EA|1+ uy(s, 1) _[EA-GAll1+ ui(s, ) 9us(s )+2 ui(s, 1) ’
s 052 952 s
a0 ,t) |0 ,t
G = —[EA— GAJ| 14 206 1) duas. 1)
as as
d 1
gi= —EA226:D. (A7)
as
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