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Nonlinear normal modes (NNMs) are widely used
as a tool for understanding the forced responses
of nonlinear systems. However, the contemporary
definition of an NNM also encompasses a large
number of dynamic behaviours which are not
observed when a system is forced and damped. As
such, only a few NNMs are required to understand
the forced dynamics. This paper firstly demonstrates
the complexity that may arise from the NNMs of
a simple nonlinear system—highlighting the need
for a method for identifying the significance of
NNMs. An analytical investigation is used, alongside
energy arguments, to develop an understanding of
the mechanisms that relate the NNMs to the forced
responses. This provides insight into which NNMs
are pertinent to understanding the forced dynamics,
and which may be disregarded. The NNMs are
compared with simulated forced responses to verify
these findings.

1. Introduction

Nonlinear normal modes represent an analogue of
the established theory of linear normal modes [1]
for nonlinear systems. While nonlinear normal modes
(NNMs) lack many of the useful mathematical properties
of linear normal modes, such as superposition and
invariance, they do provide a valuable tool for under-
standing nonlinear systems [2]. The concept of an
NNM was first introduced by Rosenberg in the 1960s
[3,4], where it was defined as any wvibration-in-unison
of a conservative nonlinear system—i.e. where the
coordinates of the system pass through the equilibrium
and reach their extrema simultaneously. Numerous
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theoretical studies followed this original work [5-8], and NNMs were established as a valuable
tool for investigating the behaviour of a variety of nonlinear systems [9,10]. Importantly, it was
shown that NNMs (describing the dynamics of the underlying conservative system) could be
used to gain an understanding of the resonant forced responses of the system [11].

It has also been demonstrated that some conservative systems may exhibit important dynamic
behaviours are not encompassed by the vibration-in-unison definition of an NNM; for example
out-of-unison resonance [12] where no coordinates reach zero or extrema simultaneously. To
allow for a wider variety of dynamic behaviours, the definition of an NNM has since been
relaxed to include any non-necessarily synchronous periodic motion [2]—i.e. any periodic motion
of a conservative nonlinear system is considered to be an NNM. Concurrent work has also
extended the NNM concept to damped systems; notably, the work of Shaw & Pierre [13,14],
and, more recently, the work of Haller & Ponsioen [15]. This paper focuses on the more
common NNM definition, where damping is excluded—i.e. a periodic motion of the underlying
conservative system.

The generalization of the conservative NNM definition, along with the development of
accessible methods for their computation [16], has led to the use of NNMs in a diverse range
of applications in structural dynamics. For example, NNMs have been used to understand the
dynamic behaviour of full-scale aircraft and satellites [17,18], as a tool in substructuring [19]
and the construction of reduced-order models [20], and for damage detection in engineering
structures [21]. Along with such large-scale mechanical structures, NNMs have also seen
successful application to MEMS devices [22], nanostructures [23] and to acoustic-structure
interactions [24].

A key feature of NNMs is their relationship to the resonant forced responses of the system,
providing an understanding of the forced behaviour [25] and enabling the prediction of important
features in forced responses, such as isolas [26-28]. However, in [29]—which explores the
dynamics of a taut, horizontal cable—it was observed that, for the forcing and damping cases
that are considered, not all sets of NNMs relate to forced responses. This suggests that not all
sets of NNMs (also referred to as NNM branches or backbone curves) are of equal significance when
considering the forced responses. Determining the nature of this significance is the primary focus
of this paper.

To motivate discussion throughout this paper, we consider a pinned-pinned beam, with a
torsional spring at one end. In line with much of the literature, the system is expressed in terms
of the linear modes (i.e. the modes of the underlying linear system) resulting in differential
equations with nonlinear coupling terms [30]. Here, a nonlinear model consisting of the first
two underlying linear modes is used.! Numerical continuation reveals that this simple model
exhibits a vast array of NNM branches. The abundance of branches depicts a complex picture
of the dynamic behaviours, and determining which NNMs are pertinent to understanding the
forced responses becomes challenging. This highlights the necessity for a technique that allows
the relative significance of NNMs to be quantified, allowing the complex range of behaviours
to be reduced to those that directly relate to the forced dynamics.

In §3, an analytical approach is used to describe the NNM branches and to gain an
understanding of the physical mechanisms that lead to the dynamic behaviours represented by
the NNMs. It is shown that some NNM branches exhibit phase-locking, where a specific phase
relationship exists between the fundamental components of the linear modes, while other NNM
branches do not exhibit phase-locking, referred to as phase-unlocked branches. Section 4 then
considers the phase difference between the two linear modes of the model. Firstly, a numerical
approach is used to investigate the case where the system is forced such that the response lies
on an NNM branch. A perturbation is then applied to the phase of the external forcing, which
results in a deviation of the response from the NNM branch. It is found that the magnitude of this
deviation varies significantly between the different NNM branches, and hence is used as a means

IThroughout this paper, the term mode refers to an underlying linear mode of the system, unless otherwise specified.
A nonlinear normal mode (NNM) is a separate concept, and is typically composed of multiple linear modes.
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of quantifying the attraction of the forced response to the NNM. The NNM branches that exhibit
little attraction may be considered less significant than those with a greater attraction.

While this numerical approach gives insight into the relative significance of the NNMs, it does
not reveal the mechanisms that cause (or prevent) the attraction between the forced responses and
the NNMs. This is explored in §4b where the analytical results, derived in §3, are used to show
that energy may only be transferred between the fundamental components of the linear modes
in phase-locked responses. This ability to transfer energy between the modes is required for the
majority of forced responses, as discussed in [25]. For the phase-unlocked NNMs, some energy
may still be transferred between the linear modes via changes in the phase difference between
the harmonics. However, as the harmonics are typically small compared with the fundamental
components, this energy transfer mechanism is far weaker than that of the phase-locked NNMs.
As such, phase-unlocked NNMs are unlikely to achieve the necessary energy transfer in the
presence of forcing.

In 85, the response of the system, subjected to a sinusoidal external forcing, is demonstrated.
Initially, a forcing and damping level that is typical of many engineering systems is considered,
and it is seen that the responses follow the phase-locked NNM branches. Next, the damping
level is significantly reduced. It is argued that, due to the very low damping, a weak energy
transfer mechanism between the modes may be sufficient for an NNM to be attractive, and the
phase-unlocked NNMs may be able to provide this via the harmonics. This is confirmed using
numerical continuation results, which show that a section of the forced response follows a phase-
unlocked branch. While this demonstrates that phase-unlocked branches may represent dynamic
behaviours that underpin the forced responses, it is concluded that they are only significant
for structures with extremely low levels of damping.

2. Periodic responses of a nonlinear beam

The contemporary definition of a NNM encompasses any periodic motion of a system [2]. In this
section, we consider a simple nonlinear system—represented in the form of two cross-coupled
linear modal equations—and demonstrate how it may exhibit an extremely large number of
responses that satisfy this definition. Such an abundance of NNM responses presents a challenge
when using the NNMs to gain insight into the behaviour of the forced responses. This motivates
the discussion for subsequent sections, where the relationship between the NNMs and the forced
responses of this structure are explored, and the relative significance of the NNMs, in relation to
the forced responses, are determined.

The pinned-pinned beam represented in figure 1 is used as a motivating example throughout
this paper. The distance along this beam is denoted x and at x =L, where L is the length of the
beam, there is a rotational spring breaking the symmetry of the system. The axial tension in
the beam is assumed to be zero at equilibrium; however, owing to the pinned-pinned boundary
conditions, a significant dynamic axial tension is present when the beam is deflected vertically,
denoted w(x, t). From [31], the motion of this beam may be described by

~ 9%w(x, 1) a%w(x, t) EA (L dw(x, t) 2 82w(x, t) A
pA e + EI d EJ()( ™ )dx 02 +8(x — L)ky(L,t)=0, (2.1)

where § denotes the Dirac delta function, ¥ (x, t) is the rotation of the beam and the constants p, A,
E and I represent the density, cross-sectional area, Young’s modulus and second moment of area
of the beam, respectively. The term in the square brackets represents the dynamic tension in the
beam and this results in a nonlinear component in the equation of motion, equation (2.1).

The dynamics of the beam is modelled using the first two linear modes and, for simplicity,
all higher modes are neglected. As such, the vertical deflection may be written as

w(x, t) = 61(x)q1(t) + 62(x)q2(t), (22)
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Figure 1. Schematic of a pinned-pinned beam with a rotational constraint at one end. (Online version in colour.)

Table 1. The linear natural frequencies, e,;, and nonlinear parameters, cy, of the beam.

Wp) a3 4 Qs
(% 1010)

where 6; and g; represent the modeshape and displacement of the ith linear mode, respectively.
The modeshapes may be computed using the expression provided in appendix A—see
equation (A 1). As detailed in [32], Galerkin’s method may be used to write the equation of motion
of the displacements of the first two modes as

q+ Aq+Ny(q)=0. (2.3)

For the system considered here, the elements in equation (2.3) are written

2 0 w145 + 3024292 + @3q14% + g’
q:<q1), A:[m } Nq:< 9} + 3e2qig2 + o313 qz)/ o

12 0 o gy + a3qig + Seuq1q; + sy

where w,; is the natural frequency of the ith linear mode and oy are nonlinear coefficients. These
may be found using equations (A 3) and (A 4).

The beam considered throughout this paper has a length, depth and height of L =500 mm,
d=30mm and #=1mm, respectively. The beam also has a density and Young’s modulus of
0 =7800kgm~3 and E =2 x 10! Nm~2, respectively, and the stiffness of the torsional spring is
k=10Nmrad™". This gives the natural frequencies and nonlinear parameters shown in table 1.

(@) Abranch of nonlinear normal modes

Figure 2 shows a set of NNMs—i.e. periodic solutions to equation (2.3)—that have been computed
using the numerical continuation software AUTO-07p [33]. Figures 2a,c represent this NNM
branch in three different projections. Figure 2a shows the initial displacement of the first mode,
q1(0), against the initial displacement of the second mode 4,(0); the top panel of figure 2c shows
the maximum displacement amplitude of the first mode, Q1, in terms of the base frequency w,
where w =2x/T and where T is the period; and the bottom panel of figure 2c shows the base
frequency, o, against the maximum displacement amplitude of the second mode, Q,. Figure 2b
shows one particular NNM, parametrized in time, in the projection of the modal displacements,
q1 against g. This response corresponds to the points marked with a dot on each of the curves
in figures 2a,c. In all conservative responses that are considered in this paper, the initial velocities
are zero, such that they represent the responses of the system when released from rest.

In figures 2a,c crosses are used to show where 41(0) =42(0) =0. It can be seen that this
corresponds to the point at which the base frequency is equal to the first linear natural frequency,
i.e. w = wy1. This is due to the behaviour of this system tending to that of the underlying linear
system at low-amplitude and, as such, this may be seen as a nonlinear extension of the first linear
mode. Figures 2a,c also show a series of arrowheads, intended to aid comparisons between these
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Figure 2. A set of NNM branches of the example system, represented in different projections: panel (a) shows the initial
displacements of the linear modes, ¢,(0) against g,(0), when the initial modal velocities are zero; panel (c) shows the base
frequency, w, against the maximum amplitude of displacement of the first mode, 0y, and second mode, Q,; and panel (b) shows
a single NNM, parametrized in time, in terms of the displacements of the two modes, ¢; against g,. The unstable section of this
branch is represented by a dashed line. The NNM shown in (b) is represented by a dot on each of the curves in (a) and (c). Note
that, while this resembles the forced response of a nonlinear system, this figure is showing the locus of unforced, undamped
periodic responses (i.e. NNMs). Additionally, the physical parameters of the system are constant for all NNMs represented
by these branches; however, the energy of the system varies between NNMs. (Online version in colour.)

panels. It can also be seen that figure 24 is rotationally symmetric about [0, 0]—a result of the
symmetry in the restoring forces for this system, as only linear and cubic terms are present,
i.e. there are no even stiffness components. Owing to the symmetry, and as amplitude is positive,
the two sets of arrows shown in figure 2a are superposed in figure 2c.

For the NNM represented in figure 2b, the response frequency of the second linear mode is
three times that of the first. This behaviour is observed for the majority of NNMs represented by
this branch shown in figures 2a,c, and hence this is denoted the 1:3 NNM branch. Strictly, these
responses also contain harmonic components; however, the frequency of interest is that of the
component with the highest amplitude, known as the fundamental component. The fundamental
frequency of the ith mode is denoted as w,; and is related to the base frequency by w,; =r;w,
where 7; is an integer.” For the NNM shown in figure 2b, the fundamental response frequency
for the first and second modes respond at one and three times the base frequency, i.e. 1 =1 and
rp = 3.

2Note that w,; and w,; are distinct and represent the fundamental response frequency (i.e. the frequency of the component
with the highest amplitude) and linear natural frequency of the ith mode, respectively.
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Figure 3. Five NNM branches for the example system, represented in a number of different projections. In panel (a) these
branches are shown in the projection of the initial displacements of the linear modes, ¢;(0) against ¢,(0). The marginally stable
and unstable sections are represented by solid and dashed lines, respectively. Large dots are used to mark the intersections
between the NNM branches, and the colours of these dots correspond to the colours of the two branches. Panel (c) shows these
branches in the projection of the base frequency, w, against the maximum displacement amplitude of the first linear mode,
Q. Note that panel (c) shows this projection in two different amplitude ranges, with the bottom section showing the low-
amplitude responses in detail. Large dots are used to mark the branch intersections seen in panel (a) and small segments show
the intersecting branches. The base frequencies of these branches are scaled with the change in period between the branches.
Panels (b(i)) and (b(ii)) both show individual NNMs, parametrized in time, in the projection of the displacements of the two
modes, g; against g,. Panels (b(i)) and (b(ii)) show NNMs on the 3 : 8and 4 : 11 branches, respectively, and the locations of these
NNM:s are represented by small dots in panels (a) and (c). (Online version in colour.)
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Figure 4. The amplitudes of the first 15 Fourier components of two different NNMs—one from the 3 : 8 branch and one from
the 4: 11 branch. These NNMs were shown previously in figures 3b(i) and 3b(ii), respectively, parametrized in time. Panels (a)
and (b) are each separated into two sections: the top section showing the amplitude of the kth Fourier component (i.e. the
component responding at kw) for the first modal displacement, ¢;(t), denoted |¥;(k)|; and the bottom section showing the
components of the second modal displacement, g,(t), denoted | Y, (k)|. (Online version in colour.)

(b) Additional nonlinear normal mode branches

Figure 3 shows additional NNM branches for this system. As with figure 24, figure 32 shows these
branches in the projection of the initial displacements of the modes, 41(0) against 42(0), where the
initial velocities of both modes are zero. This plot shows five different branches, computed using
numerical continuation and labelled 1:1,1:3,3:8, 4:11 and 4:13 (with n : m denoting the ratio
between the fundamental response frequencies). Note that the 1:3 branch was previously shown
in figure 24 and is repeated here.

It can be seen that many of these NNM branches intersect, at points represented by large
dots, and hence must share responses at these points—for example the 1:3 and 3:8 curves
meet near 42(0) =0. As an NNM cannot have a fundamental response frequency ratio of both
1:3 and 3:8 simultaneously, this demonstrates that these ratios cannot be true for all points
on the curves. However, the regions where these ratios are incorrect are small and hence the
branches are labelled according to the frequency ratio that is observed for the vast majority of
responses represented by the curve. The intersections between the curves are also associated with
a change in period. For example, it is found that, as the 3:8 branch approaches the intersection
with 1:3, the component in the second mode responding at 9w grows, while the component at
8w diminishes (where w is the base frequency). At the point of intersection, the component at
8w has zero amplitude and the NNM may be described as having a response frequency ratio
of 3:9. Furthermore, all components at kw, where k is not divisible by three, are zero, and
this NNM is identical to that of the NNM on the 1:3 branch at this point, but repeats three
times. As such, the transition from the 1:3 to the 3:8 curve is associated with a tripling in the
period.

The small dots on the 3:8 and 4:11 branches in figure 32 mark two NNMs that are shown,
parametrized in time, in figures 3b(i) and 3b(ii), respectively. These are both represented in the
projection of the first modal displacement, 41, against the second modal displacement, g, and
highlight the complexity of these responses. The amplitudes of the Fourier components of these
NNMs are shown in figure 4.

Figure 3c shows the NNM branches in terms of the base frequency and displacement
amplitudes, as used previously in figure 2c. It can be seen that the branches, which intersect in
figure 34, no longer intersect in this projection, due to the change in period associated with these
crossing points. Instead, small segments of the branches are shown, where the base frequency has
been adjusted to reflect the change in period at the intersection. For example, the segments of the
1:3 (green) branch intersecting with the 4:11 (cyan) and 4 : 13 (purple) branches are shown at w/4,
and the segment of the 3:8 (red) branch intersecting with the 1:3 (green) branch is shown at 3w.
Similar intersections in the frequency projection may be observed with the 1:1 branch; however,
for simplicity, these are not shown here.
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Figure 5. A further set of NNM branches, represented in the projection of the initial conditions of the modal displacements,
¢1(0) against g,(0). The branches that were previously shown in figure 3 are also shown here, and the corresponding colours are
used. Additional branches, with higher response frequency ratios, are represented by thin black lines. (Online version in colour.)

Figure 3 demonstrates the abundance of NNM branches in this nonlinear system; however,
this does not show all branches for this system. As demonstrated in figure 5, many more branches
may be observed if higher frequency ratios are considered. Furthermore, additional branches exist
in regions beyond that shown here, and more branches, with higher response frequency ratios
(associated with longer periods), exist within this region. As such, this figure is not intended as
a complete picture of these responses, but simply as a demonstration of their abundance and the
complexity that arises from NNMs with high fundamental frequency ratios.

NNMs are often used as a means of simplifying the responses of a system in order to
gain insight into the underlying dynamic behaviour [2] and to predict the forced responses
[25]. However, the abundance of responses shown in figure 5 appears to call into question the
efficacy of NNMs. Because such a large and complex range of NNMs exist, it is important to
identify which NNMs correspond to dynamics that are observed in the presence of external
forcing and damping. Without an understanding of this relationship, the complex picture given
by NNMs cannot be simplified, and their use as a tool for interpreting forced responses is
limited. As such, the remainder of this paper explores the relationship between the NNMs and
the forced responses, the mechanisms that govern this relationship, and how the relationship
may be quantified.

3. Ananalytical investigation of the two-mode beam model

In this section, an analytical method is used to describe these NNM responses. This gives insight
into the physical mechanisms that underpin the dynamics of each of the NNM branches in the
two-mode beam model. The second-order normal form technique is adopted here [34], as this
method allows expressions for the harmonics to be computed—as demonstrated in §4c.

(a) The second-order normal form technique

The conservative system considered here is expressed in terms of its linear modal coordinates
with no linear coupling between the modes. As such, the first two steps of the second-order
normal form technique (the linear and forcing transforms) are omitted. For a complete description
of the technique see [34], and for the application of the technique to similar systems to that
considered here, see [29,35].
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For the system considered here, the second-order normal form technique consists only of
the nonlinear near-identity transform. This transform takes the form q=u+ h(u), where u
and h represent the fundamental and harmonic components of the modal displacements, q,
respectively. Note that it is assumed that the harmonics are small in comparison with the
fundamental components, and may be expressed as a function of the fundamental components.
The aim of this transform is to obtain an expression for the resonant equation of motion,
written

i+ Au+ Ny(u) =0, G.1)

where Ny, is a vector of resonant nonlinear terms, such that all terms in the ith element of N,
respond at the ith fundamental response frequency, w,;. As equation (3.1) contains only resonant
nonlinear terms, it may be solved to find u using

i

uj = Uj cos(wyit — §j) = 7’e+1(“’"t*"") + 7e’1(“""t"”") = Up; + Ui, 3.2)

where U;, w,; and ¢; represent the amplitude, response frequency and phase of the fundamental
component of the ith mode, respectively. Note that the subscripts of u,; and u,,; denote the
positive and negative (plus and minus) signs of the exponents, respectively. As the harmonics
h are expressed in terms of u, the harmonics may be found by substituting the solutions
for u.

As shown in [34], the first step in finding the transform q=u+ h is to substitute the
approximation q = u into the vector of nonlinear modal terms, N;(q). From equation (2.4), this
gives

N, (u) = a1 (tp1 + 1) + B (1 + 1) (2 + )
i a(ttp1 + 1) + a3ty + 1) (Up2 + Un2)

+ a3(ttp1 + 1) (W2 + Un2)* + ity + 2)? ) (33)

+ 3ot (ttp1 + 1) (Up2 + Up2)* + a5 (12 + )’

where, from equation (3.2), the substitution u; =uy; + u,; has been made. The brackets in
equation (3.3) may then be expanded to give 20 unique monomials in each vector element.

Next, Ny is expressed as the product Ny = [Ng]u* where [Ng] is a {2 x 20} matrix of coefficients
and u* is a {20 x 1} vector of variables, whose ¢th element may be written as

w _ o Spll Smer  Spe2 . Smen
Uy = Uy Uy o Uin® (3.4)

where s, and sy, are the exponents of uy, and uy, respectively. As all time-varying terms are
contained within the vector u*, it may be used to determine which nonlinear terms are resonant,
and thus which appear in the resonant equation of motion, equation (3.1). This is achieved using
the {20 x 2} matrix B, which is computed from

2

2
2 2
Bie = <Z[Spfk - Sm[k]wrk) - wfl‘ = (Z[Splk - Smfk]rk> - 71‘2 a)zl (3.5)

k=1 k=1

where g; ; represents element {i, £} of 8 and where the base frequency, w =27 /T, has been used to
express the fundamental response frequencies as w,; = riw. Now, using equations (3.3)-(3.5), [Ng],

68109107 21 Y 205 -4 204g Biobulysiigndiaaposieforeds:



u* and B may be computed as

(a1 o ] i ”21 i [ 8 972 ]
31 3ap ”Zluml 0 1—12
301 3o up U2 0 1—12
o 1w 8 9 —7r?
30y a3 103ty r+Dr+3)  41+7)
6ar 203 U U1 U2 -1 0
300 a3 u%ﬂupz r—1)(r—23) 41 -7)
3a, a3 uglumz (r=1)(r—=23) 41 —7)
6oy 23 Up1 U1 U 2 -1 0

AL R uﬁﬂu;a i R N

a3 3ay Uplihyy wy 4r(r+1) Gr+1Dr+1)
2a3 6oy U1 Uy U 0 172
a3 3oy U112 4rr—1)  @r-=1)@r—-1)
a3 3ag ”ml”ﬁz 4r(r—1) BGr-1)@r-1)
203 6oy Ut Uyt 0 1—12
as 3oy U U2 4r(r + 1) @Br+1D(r+1)
ay  os ”22 92 —1 812
30y 3as Wythn r2—1 0

30y 3as 2, -1 0

| o s | T | 9 -1 82 |

where ¥ =1y /r1 such that w,, =rw,q.

In order to find the resonant nonlinear terms, N, and the harmonic terms, h, the {20 x 2}
coefficient matrices [Ny] and [k] are defined using N;, = [N, ]Ju® and h = [h]u*. As discussed in
[34], these matrices are populated with the coefficients from [Nj], such that the coefficients of the
resonant terms are transferred to the matrix of resonant coefficients, [N, ], and the non-resonant
coefficients are transferred to the matrix of harmonic coefficients, [i]. This may be expressed
[Ng] = [Nu] + B o [h], where o represents the Hadamard product. From this, the value of element
{i, £} in the matrices [N, ] and [/] may be found using

1 0 .f: N 0,
[Nglie if: Bie =0, it: Bie
[Nu]i,e = ) [h]i,l = [Nq]i,e ' 3.7)
0 if: Big#0, if: Bi¢#0.

Bie

As can be seen from equation (3.6), and as discussed in [32,35], there are three types of
terms represented by B: unconditionally resonant terms, which are resonant regardless of the
value of r; conditionally resonant terms, which are only resonant for specific values of r; and non-
resonant terms, which cannot be resonant. It can therefore be determined, from equation (3.7),
that the coefficients of unconditionally resonant terms will always appear in [N,] but never
in [h], while the non-resonant coefficients will always appear in [/] but never in [N,], and the
conditionally resonant terms may appear in either but not both. For the system considered here,

the conditionally resonant terms are only resonant when r = %, r=1 or r=3.3 It is found that the

3Note that the conditions r = %, r=1 or r =3 are specific to this system and, if alternative nonlinearities were considered,
conditionally resonant terms may arise from other values of r. For example, it is expected that quadratic nonlinearities may
lead to 1:2, or r = 2, resonances.
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harmonics of the r = % solutions are larger than the fundamental components, which violates an

assumption of the second-order normal form technique. As such, it is determined that the r = %
solutions are not valid and hence this case is not presented here.

Using the general form of the resonant equation of motion, equation (3.1), along with the
assumed solution for u;, equation (3.2), the ith resonant equation of motion may be written as

u; (wnit—d u; | Cient—or
[(wﬁi _ rzng)fl + N;rli| eHi(@nit=¢i) | |:(w5i _ 1,120)2)71 + Nuz‘:| e i@nt=¢) (3.8)

where N:'i and N,; are time-independent complex conjugates. As the contents of both sets of

square brackets in equation (3.8) are time-independent, they may each be equated to zero, i.e.
22U g 3.9
(@y; —rj07) = +Ny; =0. (3.9)
To find the nonlinear components, NZ., equations (3.6) and (3.7) are used, along with the definition
N, =[N,]u*, to give

N = 1B U3 + 203U3 U2 + 8330, U Upe 131
+ 81 [Ban LU (21911 4 e7I910) 4 a3 Uy UBe 2P 4 3oy Udetiun]) (3.10a)
and
N = 203U, + 3as U3 + s3]an Ude 951
+ 81 [Bag Uy URQ2e 911 4 17011 4 U2 Upe 2911 4 3oy LB T11]), (3.10b)
where the phase difference, qS,-,]-, is defined as d;i,j =i¢1 — j¢2 and where §; is defined by

1 if:i=r,
8= (3.11)
0 if:i#r,

such that §; corresponds to the conditionally resonant terms. As the r = % case does not lead to
valid solutions, the conditionally resonant terms resulting from r = % have not been included.

As previously discussed, the terms in equations (3.6) may be categorized as either
unconditionally resonant, non-resonant or conditionally resonant. Equation (3.10) also reveals
that only the conditionally resonant terms are phase-dependent, i.e. those containing a §;
component, also contain a rf)i,j component. This follows from [32], where it is shown that only

conditionally resonant terms may lead to a phase relationship in the resonant equations of
o 4
motion.

(b) Computing the nonlinear normal mode branches

The resonant equations of motion, equations (3.9) and (3.10), are now used to compute the NNM
branches, or backbone curves, of the system. As previously discussed, this paper only considers
responses with an initial velocity of zero. Therefore, neglecting harmonics, the initial velocity of
the ith mode may be written 1;(0) = w,;U; sin(¢;) = 0, from equation (3.2). From this, it may be
determined that ¢; =0, such that the phase difference is 431-,]- =i¢1 — j¢op =0, 7. This allows the
variable p to be introduced, where

p= eﬂ"isi,j — e*j‘lgi,j _ +1  when:igy — jgr =0, (3.12)
—1 when:i¢) —jp =m,

i.e. p=+1 when the two modes are in-phase and p = —1 when the two modes are in anti-phase.

*A copy of this proof is provided as the electronic supplementary material to this paper.
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For the case, where 1 = rp =1, such that 7 =1, the resonant equations of motion may be found
by combining equations (3.9) and (3.10) to give

4oy — o®)Uy + Ber U3 + 203U1 U3 + Ypaa U Uy + asUy U3 + 3pasl; =0 (3.13q)

and
w2y — 0P U + 203U5 Uy + 3asU3 + IpagUy U3 + asUiUs + 3pay U =0, (3.13b)

where equation (3.12) has been substituted. Assuming U; # 0 and Uy # 0, equations (3.13) may
be written as

w? = w2 + H3aq UZ + 3a3U3 + Ypar Uy Us + 3pag Uy ' US] (3.14a)

and
w* = w2y + HBasU? + 3asUZ + Ipas Ui Up + 3pan L U, 1, (3.14b)

which may be combined to give the amplitude relationship
[~3pora Uy U + [B(or — ) U] + [9p(ez — aa) Lo ]US
+ [4(@2) — w2,) + 3(az — as)U3]U; + [Bpasl3] =0. (3.15)

Equations (3.15) may be solved to find the amplitude U in terms of the amplitude U, for both the
in- and anti-phase cases (i.e. where p = +1 and p = —1, respectively). These solutions may then be
substituted into equations (3.14) to find the response frequencies of the modes.

For the case where ¥ =3, i.e. r1 =1 and rp = 3, the resonant equations of motion may be written

42 — 0Py + 3o U3 + 2a3U3 U3 + 3pap U3, =0 (3.16a)
and
4%y — 9P Uy + 2032 Uy + 3asU5 + pay U =0. (3.16b)
Assuming U; # 0 and Uj # 0 as before, equations (3.16) may be written as
1 S
w? =l + 713 U2 + 2a3U3 4 Uy Upe 1931 (3.17a)
and
) o 1 2 > 3771 —ip
w? = ; + %[Zagul +3a5U3 + ap UG U, T 1931], (3.17b)

and combined to give the amplitude relationship

ay 2701 — 2« w? 603 — o
[—péuzl] ud 4 [%] U2 + [Bpan Us Uy + [4 <w§1 - 32> + 2 | =,

(3.18)
which provides approximate solutions to the fundamental amplitudes for the case, where r = 3.
If r #1,3, such that §; = 83 =0, the resonant equations of motion are written as

42 — o) Uy + 3eq U3 + 203U U5 =0 (3.19a)

and
Aw2y — P Uy + 203U U, + 3asU3 =0. (3.19b)

These expressions are distinct from equations (3.13) and (3.16) as they do not contain phase-
dependent terms. This implies that, for any response where r 1,3 (such as the 3:8, 4:11 and
4:13 branches considered earlier) the phase-difference between the fundamental components
of the modes may assume any value. Following the terminology introduced in [29], these are
denoted the phase-unlocked cases. The cases where r =1 and r = 3, however, require specific phase-
differences between the modes, i.e. ¢1 — ¢ =0,7 and 3¢; — ¢p =0, respectively—these are
described as the phase-locked cases. Recalling that only the conditionally resonant terms lead to
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Figure 6. Five NNM branches, computed using the second-order normal form technique. These are represented in terms of the
fundamental components of the linear modes at t = 0. Thick lines are used to represent the phase-locked branches (1:1and
1:3), while phase-unlocked branches (3: 8, 4:11and 4 :13) are represented by thin lines. The colour scheme used in previous
figures is adopted. (Online version in colour.)

phase relationships in the resonant equations of motion, it follows that phase-locking will only
occur when the specific conditions for resonance are met, such as r=1, 3.

Following the same procedure as the phase-locked cases, equation (3.19) may be written
in terms of the base frequency

2 C021 1 2 2 ‘022 1 2 2
o® =5 + —[Baq U7 + 203U3] = —5= + —[2a3U7 + 53], (3.20)
r 4r T 4r
1 1 2 2
and amplitude relationship
2 2
w1 Wn 3aq 20{3 2 20!3 30(5 2

4(#_ﬂ>+L2_#%+ﬂ_#u_a (3.21)

1 2 1 2 1 2

which may be solved to find the phase-unlocked responses in terms of the amplitudes and
response frequencies of the underlying linear modes.

Figure 6 shows the NNM branches of the two-mode beam model, computed using the
second-order normal form technique. This clearly resembles figure 3a, where the branches are
computed using numerical continuation. In figure 6, the phase-locked responses (1:1 and 1:3)
are represented by thick lines and the phase-unlocked responses (3:8, 4:11 and 4:13) are
represented by thin lines. Note that the 1:1 branch only shows responses that are in anti-phase,
i.e. sgn(u1(0)) = —sgn(u2(0)), found when p = —1. Although the 1:1 case does yield solutions
when p = +1, using equations (3.14) and (3.15), these solutions lead to harmonic components that
are greater than the fundamentals within the region shown here. As the fundamental components
are defined as those with the greatest amplitude, these solutions are rejected. Note that figure 6
shows only the initial values of the fundamental component, and the harmonics are not included.

In [29], the NNM branches were computed for different models of a symmetric, taut horizontal
cable. It was shown that both phase-locked® and phase-unlocked branches exist for these models
and, using an analytical stability analysis, it was demonstrated that internal resonance in the
forced responses may follow the phase-locked branches, but not the phase-unlocked branches.
Based on this observation, we now consider the difference between the behaviour of these
two classes of NNM branch. Specifically, our hypothesis is that the phase-unlocked branches

*Note that the phase-locked branches represent a whirling in the cable which, as discussed in [12], is an out-of-unison motion.
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may be neglected when the NNMs are used to interpret the forced responses of a system. The
stability analysis presented in [29] exploits the special properties exhibited by the system due
to its symmetry and hence cannot readily be generalized to asymmetric systems, such as the
beam considered here. As such, a different approach is required to investigate the significance of
the phase-unlocked NNMs. In the following section, the phase difference between the modes is
investigated and an energy-based approach is used to explore the relationship between the forced
responses and the NNMs.

4, Phase considerations

In this section, the influence of the phase difference between the underlying linear modes of
the system are explored. Firstly, in §4a, a numerical method is employed to investigate the
relationship between the forced responses of the system and the NNMs. This is used to develop
a measure of attractiveness of the forced responses and the NNMs. Next, in §4b, the analytical
expressions derived in §3 are used to show that the phase difference between the modes permits
energy to be transferred within the system—a feature that is essential for many forced responses.
This allows the difference in the energy transfer mechanisms of phase-locked and phase-unlocked
responses to be compared, and gives insight into why these classes of NNM exhibit different
relationships with the forced responses.

(a) Perturbing a forced response on a nonlinear normal mode

In many engineering applications, nonlinear normal modes are used to develop an understanding
of the forced responses of systems. This is based on the assumption that the forced responses are
attracted to the NNMs [25]. In order to investigate this attraction, we now consider the case where
a damped version of the two-mode beam model is forced such that the response is precisely
that of an NNM solution. A delay is then applied to the external forcing in one of the modes,
and the resulting change in the steady-state response of the system is measured. It is assumed
that NNMs require a specific phase difference between the linear modes; therefore, if a delay
in the forcing leads to a change in the phase of the response, the response is no longer that of
an NNM. Furthermore, if an NNM is highly attractive it is expected that the change in response,
resulting from the phase perturbation, will be small. However, if the attraction is weak, the change
in the response is expected to be of a similar order to the perturbation. These responses are
computed numerically, employing a time-domain integration scheme and a shooting algorithm
to find the steady-state perturbed solutions.

If external forcing and linear modal damping are applied to the beam, the equation of motion
takes the form

q+¢q+Aq+Ny(q@=f, (4.1)

where ¢ is a linear modal damping matrix and f is a modal forcing vector. Comparing
equations (2.3) and (4.1) reveals that if the forcing equals the damping, i.e. f=¢q, then the
response will precisely match that of an NNM. This is denoted as normal forcing. This section
considers the case where a delay (or shift in phase), 8, is applied to one element of the normal

forcing such that
20w (T
<f1(f)> =( tonq(zT) ), 42)
fa(t) 20 wnqa([r +8]T)

where v =t/T and ¢ is the linear modal damping ratio (assumed to be equal for both modes).
This delay will perturb the forced response from the NNM solution, and it is assumed that the
perturbed response may be expressed in terms of the NNM solutions with a time delay (or phase),
i.e. gi(t) =qi([t + &]T), where g; and g; denote the perturbed and NNM solutions, respectively.
As such, the change in the phase between the two modes may be expressed ¢; =&, — 1. For a
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Figure7. The phase gradients of the five NNM branches, previously considered in figure 3. Panel (a) shows the NNM branches in
the projection of the initial displacements of the modes, ¢;(0) against g,(0). The absolute values of the phase gradients of these
NNM:s are represented by a colour gradient, as shown by the colour bar. As in previous figures, the branches are labelled, and
the unstable section of the 1: 3 branch is dashed. To aid comparison between the panels, the intersection points between the
branches are marked using coloured circles. Panel (b) shows the 3: 8,4 : 11and 4 : 13 branches in the projection of 6 against the
absolute phase gradient, |deq/dd |, where O denotes the angle in the ¢;(0) against g,(0) plane. The 1:1and 1:3 branches
are shown in panel (c) in the projection of § against |de4/dS |, where S is the arc length in the ¢;(0) against g,(0) plane.
The horizontal dashed lines in panels (b) and (c) mark the phase gradients at 0 and 1, and the vertical dotted lines in (c) show
the asymptotes. (Online version in colour.)

sufficiently small §, the gradient of &; with respect to § may be estimated as

deq e —e7
ds 28]

(4.3)

where 8; and ¢ are the values of ¢; when § = +[5] and § = —|§|, respectively.

Figure 7 shows the phase gradients on the NNM branches considered previously for the
example beam. These have been computed for the case where the system has linear damping with
¢ =0.01. Figure 7a shows the NNM branches in the projection of the initial displacements of the
modes, 41(0) against 42(0), as used previously in figure 3a. A colour gradient is used to represent
the absolute phase gradient, |deq/ds|, as shown by the colour bar on the r.h.s. of the plot. Note
that the upper limit of this colour bar is 1+, as some gradients exceed 1. In the projection of
q1(0) against g2(0), the 3:8, 4:11 and 4 : 13 branches are near-circular. This property is exploited in
figure 7b, where the phase gradients of the NNMs of these branches are shown in the projection
of the angle (in the q1(0) against 42(0) plane), 6, against the absolute phase gradient, |deq/d3|.
Similarly, figure 7c shows the phase gradient of the 1:1 and 1: 3 branches. As these are not circular,
the projection of the arc length (in the 41(0) against g2(0) plane), S, against the absolute phase
gradient, |deq/dé|, is used. Owing to the symmetry of these NNM branches, only half of the
branches are shown, i.e. between 0 and r for figure 7b and between 0 and 0.5 for figure 7c (where
S =0 marks 41(0) =42(0) =0 for these branches). Note that the colour scheme used in figure 7a
is also employed in figures 7b,c. A series of coloured circles (as used previously in figure 3) are
used in figure 7 to show the points where the NNM branches intersect in the 41(0) against 42(0)
projection.

Figure 7 demonstrates how the phase gradients differ between the NNM branches. Firstly, it
can be seen that the 1:1 branch has a gradient close to 0 at all points shown here. This shows that
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the responses exhibit little change when the external forcing is perturbed, suggesting that these
NNMs are highly attractive to the forced responses. As such, it may be concluded that the 1:1
branch is a key feature for using NNMs to interpret the forced responses of this system.

The 1:3 branch shows a more complex behaviour and it can be seen that this behaviour
is related to the unstable regions (represented by dashed lines). This includes the presence of
vertical asymptotes, represented by vertical, dotted black lines in figure 7c. However, aside from
the regions in the vicinity of the unstable NNMs, the phase gradient for this branch is close to
zero. This suggests that the influence of the stable portion of the 1:3 branch is similar to that of
the 1:1 branch, and represents a key feature underlying the forced responses.

It can be seen that the phase-unlocked (i.e. the 3:8, 4:11 and 4:13 branches) have phase
gradients close to 1 at most points. This shows that the majority of NNMs on these branches
do little to attract the forced responses, as the change in the response is of the same order as the
perturbation. As such, the phase-unlocked branches are expected to have little influence on the
forced responses. It can also be seen that, in vicinity of the crossing points with phase-locked
branches, the phase gradient of the phase-unlocked branches decreases towards zero. This is to
be expected as, at the crossing points, the two branches must share solutions, and hence must also
share phase-gradients. Furthermore, as phase-unlocked branches approach a crossing point, they
must converge to that of a phase-locked response. For example, at the crossing point with the 1:3
branch, the 3 : 8 branch must be exhibiting a 3:9 response. As such, it is expected that in vicinity of
the crossing point (where the phase gradient is seen to decrease) the ninth harmonic of the second
mode grows to be larger than the fundamental. This analysis suggests that the phase-locked
branches are influential structures underpinning the forced responses of this system, whereas
the majority of phase-unlocked solutions have less influence.

(b) Energy transfer between modes

It has been shown in §4a that phase-locked and phase-unlocked NNM branches have differing
degrees of influence on the forced responses. We now build upon the results presented in [29],
showing internally resonant behaviour in a taut cable. In [29], it was demonstrated that phase-
unlocked branches do not correspond to internally resonant responses (where a mode that is not
directly forced exhibits a response). Internal resonance requires a net energy transfer from the
forced mode into the unforced mode (assuming the unforced mode is losing energy to damping).
This energy transfer thus represents a physical mechanism that must be present in order for a
system to exhibit internal resonance. As such, in this section, this energy transfer mechanism is
investigated for both phase-locked and phase-unlocked responses.
The net energy transfer into the ith linear mode over one period of motion may be written as

T
Ei= | Natioat (4.4)

where N;; represents the nonlinear terms in the ith conservative equation of motion. Neglecting
the harmonics, this may be approximated to

E; =jTNui<t)ui<t) dt, (45)
0

where N,; represents the nonlinear terms in the ith resonant equation of motion. As these
nonlinear terms all respond at the ith fundamental frequency, w,;, this may be written as

o
Ei=—Uwy; Jo > Nuik cos[wyit — (¢ + ¥ig)] § sin(wrt — ¢y)dt, (4.6a)
k=1
K
= —nUr Z Nuyik sin(¥i), (4.6b)

k=1
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where N, uik and v, represent the amplitude and phase of the kth term in N,;, respectively; K;
denotes the total number of terms in N,;; and where the assumed solution for u;, equation (3.2),
has been used. Recalling the form of the resonant equations of motion, equations (3.8) and (3.9),
phase-locking may only occur when v, # 0 and, for phase-unlocked responses, ¥;; =0 for all
terms. As such, equation (4.6b) demonstrates that, for phase-unlocked responses, a shift in phase
will not lead to a transfer of energy between the resonant components of the underlying linear
modes.

Although net energy transfer does not occur between modes in a steady-state conservative
response (such as an NNM) it may occur in forced and transient responses. In the case of internal
resonance, as considered in [25], a net energy transfer from the forced mode to the unforced mode
must be present if the unforced mode is to exhibit a response (assuming the unforced mode is
damped). As such, if an internally resonant forced response is close to an NNM, that NNM must
be able to transfer energy between the modes. This explains why no internally resonant responses
were seen to follow the phase-unlocked backbone curves in [29], as no energy can be transferred
via the fundamental components of the response.

This analysis also helps explain the difference between the phase gradients of the phase-locked
and phase-unlocked branches shown in figure 7—the change in the external forcing will change
the net energy transfer into each mode due to the forcing. To compensate for this, the net energy
must either be transferred between the linear modes or the modes must alter their response
to reduce this change. The phase-locked branches are able to exhibit a small shift in phase to
accommodate the transfer, whereas the phase-unlocked branches cannot, and so must alter their
response phase to match that of the forcing. However, the analysis presented here only considers
the energy via the fundamental components. Next, we explore the role of harmonics in the transfer
of energy between modes.

(c) Harmonics of a nonlinear normal mode

The second-order normal form technique, used earlier to compute analytical expressions for the
NNM branches, may also be used to compute analytical expressions describing the harmonics.
This has previously been demonstrated in [30,34], for example. Recalling equations (3.6) and (3.7),
the matrix of harmonic coefficients, [11], may be computed. Using this, along with h = [k]u*, allows
the harmonics of the first and second modes to be written

7
=) Higcos[(ux + vir)wnt — ¢1) + vid,1] (4.70)
k=1
and
7
hy =" Hy cos[(uuk + vir™Yent — ¢2) + vr ' dral, (4.7D)
k=1

where

n1=0, p2=0, wz=1, =1 wpus=2, pue=2, py=3,
vi=1, w=3 wvy=-2, =2, vs=-1, vg=1, vy=0,

and where the amplitudes of these components, Hy . and Hy, are listed in appendix B.

The presence of the phase-difference, ¢, 1 = r¢1 — ¢, in these expressions demonstrates that,
even when phase-locking is not present in the resonant equations of motion (i.e. when r =1, 3), the
harmonics are phase-dependent. As such, it may be assumed that the phase-unlocked responses
may transfer energy via the harmonics when there is a change in the phase-difference between
the modes.

As the harmonics are smaller than the fundamental components of the response they may
only transfer a small amount of energy. Therefore, the phase-locked responses (which are
able to transfer energy via the fundamental components) may transfer more energy than the
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phase-unlocked responses (which may only transfer via the harmonics). This demonstrates a
fundamental difference between the underlying mechanisms of these two classes of NNM,
and it may be concluded that it is the relative weakness of this energy-transfer mechanism
that prevents many forced responses from following the phase-unlocked branches, as observed
in [29]. In applications where the harmonics are assumed to be negligible, it is reasonable to
assume that the phase-unlocked NNMs transfer a negligible amount of energy between the
modes.

5. Forced responses

In previous sections, it has been argued that phase-unlocked NNM branches have little influence
on the forced responses as the energy may only be transferred between the linear modes of
the system via the action of the harmonics. In this section, the case where a sinusoidal forcing
is applied to the second linear mode is considered. Initially, damping levels that are typical
of engineering structures are used, and it is shown that the phase-locked NNM branches are
followed. Next, an extremely low damping level is used, and it is shown that this allows the
phase-unlocked branches to be followed. This demonstrates that phase-unlocked branches may
be followed by the forced responses when the damping is very low, as the required energy transfer
between the linear modes is sufficiently small.

The sinusoidal forcing considered in this section is only applied to the second linear mode
such that, recalling the forced equations of motion from equation (4.1), this is expressed as
f1=0and f, = P cos(§2t) (where P is the forcing amplitude and §2 is the forcing frequency). As
previously, a linear modal damping is assumed. Figure 8 shows the 1:1 and 1:3 NNM branches,
along with an additional 1:3 branch at one third of the base frequency such that £ =w/3.
A segment of this branch, referred to as the subharmonic 1:3 branch, has previously been shown
in figure 3c, intersecting with the 3:8 NNM branch. Note that, as with the bottom panel in
figure 3c, the complete loop in the 1:3 and subharmonic 1:3 branches cannot be seen. To help
simplify this figure, the 1:3 and subharmonic 1:3 branches are truncated in the £2 against Q>
projection.

Along with the NNM branches, figure 8 also shows forced responses when the forcing
amplitude is P=5 and the linear damping ratio is ¢ =0.01. It can be seen that a large peak
envelops the 1:1 NNM branch and a smaller peak envelops the 1:3 branch. This is to be expected
as, at low amplitude, the 1:1 branch is primarily composed of the second mode (the forced mode)
while the 1:3 branch is primarily composed of mode 1 (figure 3a). As shown in detail in figure 8,
a small peak also envelops the subharmonic 1:3 branch.® It can be expected that decreasing the
damping ratio, or increasing the forcing amplitude, will lead to a growth in the forced response
following this subharmonic branch, and the response following the 1:1 branch will become
extremely large. Figure 8 also shows that the peaks do not envelop the NNM branches precisely—
they appear to be shifted to a higher frequency. This is due to the relatively high amplitude
reached by the second mode away from resonance, which leads to a stiffening effect in the system,
as described in [29,37].

Figure 9 shows the forced responses when the system is forced with an amplitude of P=5
and with a damping ratio of ¢ = 10~8—an equal forcing but significantly lower damping ratio
than that used in figure 8. While figure 8 shows the forced responses over a forcing frequency
range including the first and second linear natural frequencies, w,1 and w;;», the range in figure 9
is much smaller, and details the responses enveloping the 1:3 subharmonic branch. The very
low damping considered here leads to an extremely high-amplitude response enveloping the 1:1
branch, and hence is not shown here. Figure 9a shows, in the §2 against Q> projection, that the
second mode exhibits a non-zero response away from resonance, due to the external forcing. As
previously shown in figure 8, this causes a slight shift in the frequency of the forced responses.

For further discussion of subharmonic resonances, see [36].
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Figure 8. The NNM and forced response branches when the second mode is forced with an amplitude of P = 5 and where
the damping ratio is ¢ = 0.01. These forced responses are shown in the projection of the forcing frequency, §2, against the
maximum displacements of the first and second modes, @; and @5, respectively. The stable and unstable forced responses are
represented by solid-black and dashed-orange lines respectively, and fold bifurcations are represented by orange dots. The NNM
branches are represented by solid-blue and solid-green lines, and crosses mark the linear natural frequencies, as labelled. Two
regions, nearto £2 = wy /3 and £2 = wyy, are shown in detail in the £2 against ¢, projection. (Online version in colour.)

Figure 9a shows that, near w,/3, the first linear mode exhibits a response that follows the 1:3
subharmonic NNM branch very closely. This response follows the loop region of the branch before
reaching a fold bifurcation. A similar behaviour is observed in the second mode, although an
amplitude shift is also introduced by the forcing. Along with this primary forced response branch,
an isola’ is observed, enveloping the upper section of the 1:3 subharmonic NNM branch. Close
to where the subharmonic 1:3 and 3:8 NNM branches meet, a set of branch point bifurcations
connect the isola to a set of additional responses. These responses are shown in detail in figure 9b,c,
where they appear to follow the subharmonic 3 : 8 branch. An additional branch point bifurcation
can be seen near §2 = wy1/2, which is found to lead to an additional set of responses following
the subharmonic 1:3 branch at £2 =w/2. As this subharmonic branch does not connect to any
phase-unlocked branches, this response is not shown.

Figure 10 shows the amplitudes of the first 15 Fourier components at two points on the forced
responses following the subharmonic 3 :8 NNM branch. As shown in figure 10a(ii), figure 10a(i)
shows the Fourier components at a fold bifurcation on the larger of the two sets of responses,
while figure 10b(i) shows the components at a fold bifurcation on the smaller of the two. In both
cases, the fundamental component of the first mode (represented by the blue dots in the upper
plots) is at three times the forcing frequency, while the fundamental component of the second
mode (red dots in the lower plots) is at 852. There is also a fairly large component in the second
mode responding at the forcing frequency, due to the external forcing acting directly on the second
mode. However, this clearly shows that in both cases the responses are exhibiting a 3 : 8 response.

This demonstrates that the forced responses may follow the 3:8 NNM branch, determined
to be phase-unlocked in the analytical analysis. Fundamentally, the system is only forced in the
second mode, and so a 3: 8 response (in which the first mode is active and damped) requires a net
transfer of energy from the second to the first mode. This shows that the 3:8 response is able to

7An isola is a detached section of the forced response. For further discussion of isolas, see [26,28].
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Figure 9. The NNM and forced response branches when the second mode is forced with an amplitude of P = 5 and where
the damping ratio is £ =102, Panel (a) shows the forced responses in the projection of the forcing frequency, £2, against
the maximum displacements of the first and second modes, @ and Q,, respectively. Note that the range of forcing frequencies
is smaller than that shown in figure 8. The NNM branches are represented by solid lines, using the colour scheme adopted for
previous figures. The stable and unstable forced responses are represented by solid-black and dashed-orange lines, respectively,
while the fold and branch point bifurcations are represented by orange dots and black dots, respectively. The boxes, labelled (b)
and (c), mark the regions that are shown in detail in panels (b) and (c). (Online version in colour.)

transfer energy between the modes. Furthermore, the external forcing is at a single harmonic and
well away from the linear natural frequencies. As such, in exhibiting a 3:8 response, the system
is resisting the external forcing and this response is driven by its attraction to the 3:8 NNMs.

The 3: 8 forced responses may only be observed when the damping is extremely low (¢ =108
in the case considered here). As such, only a small amount of energy is lost from the first, unforced,
mode, and hence only a small amount of energy must be transferred between the modes. This net
energy transfer is sufficiently small that it may be achieved via the harmonics, which is required
for a phase-unlocked NNM branch to be followed. If the damping is increased to £ =2.7 x 1076, it
is found that the isola disappears, and hence the mechanism for reaching the 3 : 8 branch no longer
exists. This is still an extremely low level of damping, and rarely seen in mechanical structures.

Therefore, while it has been demonstrated in this section that the phase-unlocked NNMs
are able to attract forced responses, they do not appear to do so in the majority of engineering
systems, with more conventional levels of damping. If the damping is extremely low, the forced
responses may be attracted to the phase-unlocked NNMs, resulting in a large number of complex
resonant behaviours. However, these resonances are likely to be much less significant than those
enveloping the phase-locked branches.
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Figure 10. The amplitudes of the first 15 Fourier components of two different solutions on the forced response branches
following the 3 : 8 NNM branch. Panel (a(ii)) shows the larger of the two forced response branches in detail, in the projection of
forcing frequency against the amplitude of displacement of the first mode, and a green circle marks the response whose Fourier
components are shown in panel (a(i)). A black rectangle in (a(ii)) shows the region that is depicted in panel (b(ii)), showing the
smaller of the two forced response branches. The green circle in this panel marks the response whose Fourier components are
shown in panel (b(i)). (Online version in colour.)

6. Conclusion

This paper has considered the dynamic behaviour of a simple nonlinear model of a beam. It
has been shown that this system may exhibit a large number of NNM branches, i.e. the loci of
responses of the underlying conservative system. These branches describe a vast array of dynamic
behaviours, many of which are not observed when the system is forced and damped. As NNMs
are often used to gain an understanding of the forced responses, this highlights the need for a
method for determining which NNM branches relate to the forced responses, and which can be
neglected.

To gain an understanding of the mechanisms that govern the NNMs, the dynamics of the
NNM branches was described using an analytical method. This revealed two distinct classes
of NNM branch: phase-locked branches, where the fundamental components of the responses
were coupled via specific phase relationships; and phase-unlocked branches, where no phase
relationship between the fundamental components is directly enforced. This phase relationship
is key to understanding how the NNMs correspond to the forced responses.

The influence of the phase relationship between the modes was investigated by considering a
perturbation to the phase of the external forcing. The forcing was initially such that the response
was precisely that of an NNM, and hence the perturbation leads to a deviation of the response
from the NNM. The magnitude of this deviation was used as a measure of the attraction between
the NNM and the forced response. This assumes that a strongly attractive NNM will be robust
to the external forcing, and hence the deviation will be small, while a forced response on a
weakly attractive NNM will deviate further. The results of this analysis demonstrated that the
phase-locked NNM branches are strongly attractive, while the phase-unlocked NNMs are weaker.

To explain the nature of attraction between the NNMs and forced responses, the energy
transfer between the linear modes of the system was then considered. This revealed that the
phase-locked NNMs are able to transfer energy via the fundamental components of the modes,
while the phase-unlocked NNMs can only transfer energy via the harmonics. As the harmonics
are typically much smaller than the fundamental components, this mechanism for energy transfer
is much weaker in phase-unlocked responses.
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The importance of the energy transfer mechanism is then demonstrated by considering the
case where the system is sinusoidally forced. When the damping is very low, the net energy
transfer between the modes is sufficiently small that it may be achieved by some phase-
unlocked NNMs. However, when the damping is at a level that is more typical of engineering
structures, the required energy transfer is too great and the phase-unlocked NNM branches
cannot be followed. This was demonstrated using two different damping values: one that is
typical of engineering structures, where the phase-unlocked branches are not followed; and
one extremely low value, where a phase-unlocked branch is followed. It is therefore concluded
that phase-unlocked NNMs will only influence the forced responses in systems with extremely
low damping, and may be disregarded in other cases. This reduces the number of NNM
branches that need to be considered, and simplifies their use as a tool for understanding forced
responses.
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Appendix A. Parameters of the beam model

From [32], the modeshape of the ith linear mode may be written as

. =172 .
o El ., sin(8;) \* . Bi sin(B;) . Bi
0;(x) = V2 |:1 - ZE sin“(B;) — (sinh(ﬂi)) :| [sm <fx> - sinh(B) sinh <fx>:| , (A1)

where ; may be found by solving

cot(B;) — coth(B;) + 2EI% =0. (A2)

Additionally, the linear natural frequencies may be found using

EI /B \*
2 !
i =— (2 A
" )OA(L) ’ ( 3)

and the nonlinear coefficients are found from

—E L . L y _E L . L ,
‘1= 212p | Jo 616 dx 0 6161 dx |, a2=ﬂ o 60,6 dx . 016 dx |,
_F L 7L L L
a3 =512 J 6165 dx J 07601 dx | + J 665 dx J o761 dx | ¢, (A 4)
2L%p 0 | 0 0 0
—E L L L . _E L L L ,
oy = E . 0,6, dx . 6,61 dx and a5= E . 0505 dx i 0560, dx | .
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Appendix B. Amplitudes of the harmonic components

The amplitudes of the harmonics components, described in equations (4.7), may be computed

using
3A1 faz 5 oy 3 sl
Hiyp= - (20U, + 23), Hyp= o2
1 r+1(2 12+ 2) V2= 4Gr+ DGr— 1)
2
a3 ) a3U1U2 3a 2
His= U U2, His=-———2, His=—2A1A3UUy, B1
13= g 1 Weerr+ 1)) T T4 ST ®1)
Bar U2 L o
H :71, :7u3/
W= arrner+3)’ YT 3
and
—3A1 fap, 3 0y 5 —a2A3U? )
Hyj=——0 (=2 - Hyp=——""1 Hys= A ,
21 r+1(4u1+2u1u2), 227 T4 1 3) 23= 7 Mt
asUzl, Bag AU U3 3aslh U3
24= T s 25 = T A 4\ 2,6 = 7 aNimL . A’ 4 (BZ)
A7 16(r + 1) ’ 43r—1) © T 4r+ 1)(Br+1)
3
asU;
Hyyp=—2
2= 3
where A; is defined by
0 if:ii=r,
Aj= (B3)

(r—0"1 ifi#r

1

Note that it has been assumed that r = 5 is not a solution.

References

1.
2.

10.

11.

Ewins D. 2000 Modal testing: theory, practice, and application. Exeter, UK:Research Studies Press.
Kerschen G, Peeters M, Golinval J-C, Vakakis AF. 2009 Nonlinear normal modes, part
I: a useful framework for the structural dynamicist. Mech. Syst. Signal Pr. 23, 170-194.
(doi:10.1016/j.ymssp.2008.04.002)

. Rosenberg RM. 1960 Normal modes of nonlinear dual-mode systems. J. Appl. Mech. T. ASME

27,263-268. (doi:10.1115/1.3643948)

. Rosenberg RM. 1962 The normal modes of nonlinear n-degree-of-freedom systems. J. Appl.

Mech. T. ASME 29, 7-14. (d0i:10.1115/1.3636501)

. Cooke CH, Struble RA. 1966 On the existence of periodic solutions and normal mode

vibrations of nonlinear systems. Q. Appl. Math 24, 177-193. (d0i:10.1090/qam /201732)

. Rand RH. 1971 A higher order approximation for non-linear normal modes in two degree of

freedom systems. Int. ]. Nonlinear Mech. 6, 545-547. (d0i:10.1016 /0020-7462(71)90049-7)

. Rand RH. 1973 The geometrical stability of non-linear normal modes in two degree of freedom

systems. Int. . Nonlinear Mech. 8, 161-168. (d0i:10.1016/0020-7462(73)90033-4)

. Slater JC. 1996 A numerical method for determining nonlinear normal modes. Nonlinear Dyn.

10, 19-30. (d0i:10.1007 /BF00114796)

. Ansari KA. 1986 On the importance of shear deformation, rotatory inertia, and Coriolis

forces in turbine blade vibrations. J. Eng. Gas Turb. Power 108, 319-324. (doi:10.1115/
1.3239906)

Nayfeh AH, Chin C, Nayfeh SA. 1995 Nonlinear normal modes of a cantilever beam. J. Vib.
Acoust. 117, 477-481. (doi:10.1115/1.2874486)

Vakakis AF. 1997 Non-linear normal modes (NNMs) and their applications in vibration
theory: an overview. Mech. Syst. Signal Pr. 11, 3-22. (d0i:10.1006/mssp.1996.9999)

68109107 21 Y 205 -4 204g Biobulysiigndiaaposieforeds:


http://dx.doi.org/doi:10.1016/j.ymssp.2008.04.002
http://dx.doi.org/doi:10.1115/1.3643948
http://dx.doi.org/doi:10.1115/1.3636501
http://dx.doi.org/doi:10.1090/qam/201732
http://dx.doi.org/doi:10.1016/0020-7462(71)90049-7
http://dx.doi.org/doi:10.1016/0020-7462(73)90033-4
http://dx.doi.org/doi:10.1007/BF00114796
http://dx.doi.org/doi:10.1115/1.3239906
http://dx.doi.org/doi:10.1115/1.3239906
http://dx.doi.org/doi:10.1115/1.2874486
http://dx.doi.org/doi:10.1006/mssp.1996.9999

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hill TL, Cammarano A, Neild SA, Wagg DJ. 2014 Out-of-unison resonance in weakly
nonlinear coupled oscillators. Proc. R. Soc. A 471, 20140659. (d0i:10.1098 /rspa.2014.0659)
Shaw S, Pierre C. 1991 Non-linear normal modes and invariant manifolds. |. Sound Vib. 150,
170-173. (d0i:10.1016 /0022-460X(91)90412-D)

Shaw S, Pierre C. 1993 Normal modes for non-linear vibratory systems. J. Sound Vib. 164,
85-124. (d0i:10.1006/jsvi.1993.1198)

Haller G, Ponsioen S. 2016 Nonlinear normal modes and spectral submanifolds:
existence, uniqueness and use in model reduction. Nonlinear Dyn. 86, 1-42. (doi:10.1007/
s11071-016-2974-z)

Peeters M, Viguié R, Sérandour G, Kerschen G, Golinval J-C. 2009 Nonlinear normal modes,
part II: toward a practical computation using numerical continuation techniques. Mech. Syst.
Signal Pr. 23,195-216. (d0i:10.1016/j.ymssp.2008.04.003)

Kerschen G, Peeters M, Golinval J-C, Stephan C. 2013 Nonlinear modal analysis of a full-scale
aircraft. J. Aircraft 50, 1409-1419. (d0i:10.2514/1.C031918)

Renson L, Noél JP, Kerschen G. 2015 Complex dynamics of a nonlinear aerospace
structure: numerical continuation and normal modes. Nonlinear Dyn. 79, 1293-1309.
(d0i:10.1007 /s11071-014-1743-0)

Kuether R], Allen MS, Hollkamp JJ. 2015 Modal substructuring of geometrically nonlinear
finite-element models. AIAA J. 54, 691-702. (doi:10.2514/1.J054036)

Kuether R], Deaner BJ, Hollkamp JJ, Allen MS. 2015 Evaluation of geometrically
nonlinear reduced-order models with nonlinear normal modes. AIAA ]. 53, 3273-3285.
(doi:10.2514/1.J053838)

Lacarbonara W, Carboni B, Quaranta G. 2016 Nonlinear normal modes for damage detection.
Meccanica 51, 1-17. (d0i:10.1007 /s11012-016-0453-8)

Dick A]J, Balachandran B, Mote CD. 2008 Intrinsic localized modes in microresonator
arrays and their relationship to nonlinear vibration modes. Nonlinear Dyn. 54, 13-29.
(d0i:10.1007 /s11071-007-9288-0)

Yan Y, Wang W, Zhang L. 2011 Applied multiscale method to analysis of nonlinear
vibration for double-walled carbon nanotubes. Appl. Math. Model. 35, 2279-2289.
(doi:10.1016/j.apm.2010.11.035)

Bellet R, Cochelin B, Herzog P, Mattei P-O. 2010 Experimental study of targeted energy
transfer from an acoustic system to a nonlinear membrane absorber. J. Sound Vib. 329,
2768-2791. (d0i:10.1016/j.jsv.2010.01.029)

Hill TL, Cammarano A, Neild SA, Wagg DJ. 2015 Interpreting the forced responses of a two-
degree-of-freedom nonlinear oscillator using backbone curves. J. Sound Vib. 349, 276-288.
(doi:10.1016/j.jsv.2015.03.030)

Kuether RJ, Renson L, Detroux T, Grappasonni C, Kerschen G, Allen MS. 2015 Nonlinear
normal modes, modal interactions and isolated resonance curves. J. Sound Vib. 351, 299-310.
(doi:10.1016/j.jsv.2015.04.035)

Shaw AD, Hill TL, Neild SA, Friswell MI. 2016 Periodic responses of a structure with 3:1
internal resonance. Mech. Syst. Signal Pr. 81, 19-34. (doi:10.1016/j.ymssp.2016.03.008)

Hill TL, Neild SA, Cammarano A. 2016 An analytical approach for detecting isolated
periodic solution branches in weakly nonlinear structures. ]. Sound Vib. 379, 150-165.
(doi:10.1016/j.jsv.2016.05.030)

Hill TL, Neild SA, Cammarano A, Wagg DJ. 2016 The influence of phase-locking on
internal resonance from a nonlinear normal mode perspective. J. Sound Vib. 379, 135-149.
(doi:10.1016/j.jsv.2016.05.028)

Neild SA, Champneys AR, Wagg DJ, Hill TL, Cammarano A. 2015 The use of normal
forms for analysing nonlinear mechanical vibrations. Phil. Trans. R. Soc. A. 373, 20140404.
(doi:10.1098 /rsta.2014.0404)

Wagg DJ, Neild SA. 2015 Nonlinear vibration with control, pp. 261-312. Dordrecht, The
Netherlands: Springer International Publishing. (doi:10.1007/978-3-319-10644-1_6)

Hill TL. 2016 Modal interactions in nonlinear systems. PhD thesis, University of Bristol
(doi:10.13140/1rg.2.1.2720.9368)

Doedel EJ. 2008 AUTO-07P: Continuation and Bifurcation Software for Ordinary Differential
Equations. Montreal, Canada: Concordia University.

Neild SA, Wagg DJ. 2011 Applying the method of normal forms to second-order nonlinear
vibration problems. Proc. R. Soc. A 467, 1141-1163. (d0i:10.1098 /rspa.2010.0270)

68109107 21 Y 205 -4 204g bioBulysiigndiaaposieforeds:


http://dx.doi.org/doi:10.1098/rspa.2014.0659
http://dx.doi.org/doi:10.1016/0022-460X(91)90412-D
http://dx.doi.org/doi:10.1006/jsvi.1993.1198
http://dx.doi.org/doi:10.1007/s11071-016-2974-z
http://dx.doi.org/doi:10.1007/s11071-016-2974-z
http://dx.doi.org/doi:10.1016/j.ymssp.2008.04.003
http://dx.doi.org/doi:10.2514/1.C031918
http://dx.doi.org/doi:10.1007/s11071-014-1743-0
http://dx.doi.org/doi:10.2514/1.J054036
http://dx.doi.org/doi:10.2514/1.J053838
http://dx.doi.org/doi:10.1007/s11012-016-0453-8
http://dx.doi.org/doi:10.1007/s11071-007-9288-0
http://dx.doi.org/doi:10.1016/j.apm.2010.11.035
http://dx.doi.org/doi:10.1016/j.jsv.2010.01.029
http://dx.doi.org/doi:10.1016/j.jsv.2015.03.030
http://dx.doi.org/doi:10.1016/j.jsv.2015.04.035
http://dx.doi.org/doi:10.1016/j.ymssp.2016.03.008
http://dx.doi.org/doi:10.1016/j.jsv.2016.05.030
http://dx.doi.org/doi:10.1016/j.jsv.2016.05.028
http://dx.doi.org/doi:10.1098/rsta.2014.0404
http://dx.doi.org/doi:10.1007/978-3-319-10644-1_6
http://dx.doi.org/doi:10.13140/rg.2.1.2720.9368
http://dx.doi.org/doi:10.1098/rspa.2010.0270

35. Cammarano A, Hill TL, Neild SA, Wagg DJ. 2014 Bifurcations of backbone curves
for systems of coupled nonlinear two mass oscillator. Nonlinear Dyn. 77, 311-320.
(doi:10.1007 /s11071-014-1295-3)

36. Nayfeh AH. 1983 The response of single degree of freedom systems with quadratic
and cubic non-linearities to a subharmonic excitation. J. Sound Vib. 89, 457-470.
(doi:10.1016/0022-460X(83)90347-4)

37. Zhang Y, Dykman MI. 2015 Spectral effects of dispersive mode coupling in driven mesoscopic
systems. Phys. Rev. B 92, 165419. (doi:10.1103 /PhysRevB.92.165419)

68109107 21 Y 205 -4 204g Biobulysiigndiaaposieforeds:


http://dx.doi.org/doi:10.1007/s11071-014-1295-3
http://dx.doi.org/doi:10.1016/0022-460X(83)90347-4
http://dx.doi.org/doi:10.1103/PhysRevB.92.165419

	Introduction
	Periodic responses of a nonlinear beam
	A branch of nonlinear normal modes
	Additional nonlinear normal mode branches

	An analytical investigation of the two-mode beam model
	The second-order normal form technique
	Computing the nonlinear normal mode branches

	Phase considerations
	Perturbing a forced response on a nonlinear normal mode
	Energy transfer between modes
	Harmonics of a nonlinear normal mode

	Forced responses
	Conclusion
	References

