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Arbitrary order expansions for the automatic reduction and solutions of nonlinear vibratory systems
have been developed successfully within the realm of the direct parametrisation of invariant manifolds.
Whereas the method has been used with high-order expansions and large dimensional systems, this
article proposes to look at the same problem from the opposite point of view. By using low-dimensional
systems, symbolic computations, analytical developments and numerical verifications, this contribution
analyses the reduced dynamics appearing in cases where a single master mode is involved, reviewing
typical scenarios in nonlinear vibrations: primary resonance, sub- and superharmonic resonances and
parametric excitation. To achieve this task, the normal form style is preferentially used. A symbolic
open-source package is also provided to generalise the presented results to other styles, higher orders, and
different scenarios. It is shown how the low-order terms allow recovering the classical solutions given
by perturbation methods, and how the automated expansions allow one to generalise the analysis to
arbitrary orders. When analytical solutions are not tractable anymore, numerical solutions are employed
to underline how converged solutions are at hand when the validity limit of the expansions is not reached.
All the results presented in this paper can thus be used to better understand the nonlinear dynamical
solutions occurring in nonlinear vibrations, as well as from a system identification perspective, since the
normal form is the simplest dynamical system displaying a given resonance scenario.

Keywords: nonlinear oscillations, normal form, parametrisation method, geometric nonlinearity, nonlinear resonance,
asymptotic expansion, symbolic calculation

Introduction

Since its introduction in an abstract framework in (Cabré et al. 2003a; Cabré et al. 2003b; Cabré
et al. 2005; Haro et al. 2016), the parametrisation method for invariant manifolds has been
extensively used in order to produce arbitrary order expansions for model order reduction of
systems with smooth nonlinearities. It has been employed in the field of nonlinear vibrations
in (Haller and Ponsioen 2016), allowing demonstration of the existence and uniqueness of spectral
submanifolds (SSMs). Since then, it has then been successfully extended for reduced order
modeling of large dimensional problems discretized by the finite element (FE) procedure, see
e.g. (Jain and Haller 2022; Li et al. 2022; Vizzaccaro et al. 2022; Opreni et al. 2023; Martin et al.
2023; Vizzaccaro et al. 2024).

Another powerful result given by the method is also to unify the two main approaches that
have been used in the past to compute nonlinear normal modes (NNMs). The centre manifold
technique has been exploited in the works by Shaw and Pierre to derive reduced-order models
based on invariant manifold theory (S. Shaw and Pierre 1991; S. Shaw and Pierre 1993; S. W. Shaw
et al. 1999), whereas the normal form approach has been proposed in (Jezequel and C. Lamarque
1991; Touzé et al. 2004; Touzé and Amabili 2006) in order to derive similar results. The exact link
between the two approaches has been only recently uncovered by using the parametrisation
method for invariant manifolds, which highlights that the two techniques are in fact two different
styles of parametrisation that can be used to solve the invariance equation.
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Whereas previous works on the subject focus on direct applications to large dimensional FE
problems to underline the impressive gains in computing time that can be expected from the
application of the method, this contribution aims to give more insights into the results that can be
awaited from a broad use of the method to derive accurate, high-order, analytical results obtained
thanks to symbolic computations on low-dimensional systems. To that purpose, a symbolic
package which relies on the previous developments of the MORFE project (MORFE stands for
Model Order Reduction for Finite Element problems) is released with the present article in order
to help the analyst in producing automated solutions up to arbitrary order. This paper illustrates
how such outputs can be used to analyse the high-order reduced dynamics in different scenarios,
and using ad hoc assumptions. In particular, it will be clearly shown how the first-order solutions
are completely equivalent to solutions from standard perturbation methods. When the solutions
are analytically tractable, they will be symbolically analysed to show how one can easily get
more accurate approximations that take into account the next orders. Finally, when the analytical
solutions are too lengthy, it will be illustrated how one can then use numerical solutions to
reach convergence to a reference solution, once the validity limit of the local expansions is
not exceeded. The purpose of all these developments is thus to show the continuity that exists
between low-order perturbative techniques and high-order numerical solutions, showing to
the analyst how the method can be used in an integrated manner, providing both analytical
approximations for the design and system understanding phase, and accurate numerical solutions.

The development and release of symbolic softwares for computing high-order normal form
solutions, centre manifold approximations or automated perturbative techniques, is not new and
has been largely documented in the past, see e.g. (Elphick et al. 1987; A. Roberts 1997; Leung
and Q. Zhang 1998; Yagasaki 1998; Yagasaki 1999; Yagasaki and Ichikawa 1999; Huseyin and
W. Zhang 2000; W. Zhang et al. 2000; Leung and Q. Zhang 2003) for different proposals. However,
we believe that embedding the normal form development into the more general framework of
the parametrisation method, and proposing a symbolic software to automatically derive such
high-order solutions, including also the graph style parametrisation, is a necessary development
to give more physical insights into the powerful results obtained when treating large dimensional
systems. Moreover, we show in the course of the article that the results analysed are general and
can be used to better understand the reduced dynamics of large-scale problems, as well as to
propose arbitrary order analytical solutions for nonlinear vibration problems. Moreover, thanks
to the original treatment of the non-autonomous forcing term recently proposed in (Vizzaccaro
et al. 2024), the analysis can be enlarged to a high level of forcing and can treat any classical
resonance scenario occurring in nonlinear vibrations: primary resonance, subharmonic and
superharmonic resonance, parametric resonance, etc.

Another purpose of the analytical developments presented in this contribution is to give a
detailed explanation of the different variants of normal forms that have been used in the literature
on nonlinear vibration, by proposing a unified presentation that also explains their advantages
and drawbacks. Indeed, while complex normal form (CNF) is generally in use in the mathematical
literature, see e.g. (Haragus and Iooss 2011; Iooss and Adelmeyer 1999; Jezequel and C. Lamarque
1991; Gabale and Sinha 2009; A. J. Roberts 2014; Haller and Ponsioen 2016; Waswa and Redkar
2020), a real normal form (RNF) has been introduced in (Neild and Wagg 2011; Neild et al. 2015)
and analyzed in (Vizzaccaro et al. 2022; Opreni et al. 2023) in the context of the parametrisation
method. Furthermore, another variant of the normal form has been used in (Touzé et al. 2004;
Touzé and Amabili 2006; Touzé 2014) in order to keep real oscillator-like equations throughout
the process. This third variant is called the oscillator normal form (ONF) and has been fruitful in
order to make a direct link with the calculations of invariant manifolds using the centre manifold
technique as proposed by Shaw and Pierre, see e.g. (Touzé et al. 2021).

The software used to automatically produce the outputs of the high-order expansions
presented in this paper is called MORFE_Symbolic. It is based on the implementation of the
parametrisation method for nonlinear vibrating systems used in the MORFE project (Opreni
et al. 2022). A key feature is also the treatment of the forcing term and the time dependence
of the invariant manifolds, when harmonic excitation is considered (for the case of stochastic
forcing, the reader is referred to (Wang and A. Roberts 2012)). This automatic treatment proposed
in (Vizzaccaro et al. 2024), allows very general results that are not limited to a first-order expansion
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in the forcing amplitude as proposed in (Breunung and Haller 2018; Ponsioen et al. 2018; Ponsioen
et al. 2020; Jain and Haller 2022; Opreni et al. 2023). In particular, the nonlinear dependence upon
the forcing amplitude can be taken into account with the method proposed in (Vizzaccaro et al.
2024), such that all types of resonance scenarios including the superharmonic can be analysed.
The code MORFE_Symbolic also allows one to start from a differential algebraic equation (DAE),
extending again the range of dynamical scenarios that can be analysed. This feature will be
illustrated here in the case of the parametric excitation. A repository that contains different
versions of the symbolic code is published in connection with this manuscript, where both Julia
and Mathematica versions are released. The Julia version has the advantage of not using any
proprietary software. However, today’s symbolic computation capacities of the Julia package are
not as efficient as those of Mathematica. Because of that, the more involved examples studied in
this paper were treated with the Mathematica version, or using a mix of both codes, due to
processing time.

As a final introductory remark, most of the results presented in the paper aim to analyse
reduced-order dynamics by systematically understanding the effects of the terms produced by
asymptotic expansions. The code MORFE_Symbolic, to which a short introduction is given in
Appendix A, can also be used in a very general manner to produce many more different cases than
the ones analysed here. We think that such a tool is a key requirement for the reinterpretation of
the grammar of nonlinear oscillations. Another interesting feature of the results produced by the
normal form approach is the creation of a dictionary of the simplest dynamical systems that
contain a typical feature in nonlinear vibration. Such a dictionary can be very efficiently used
in the realm of system identification with data-driven techniques. Thanks to the automated
symbolic calculation, the method can be used to derive the dynamical systems that will produce
the feature of e.g. a superharmonic resonance or a 1 : 2 internal resonance with the minimal
number of monomials.

The outline of the paper is as follows. Section 2 is a pedagogical introduction to the different
variants of normal form styles, which underlines some key features of the different techniques.
Section 3 contains most of the analysis by focusing on cases where the reduced dynamics contains
a single master mode. Typical scenarios in nonlinear vibrations are analysed: primary resonance,
super- and sub-harmonic resonance and parametric excitation. Section 4 extends some of these
results by accurately quantifying the effect that a slave mode can have on the reduced dynamics
with a single master mode. In order to restrict the length of the paper, this section is deliberately
shorter than the previous one and closes with an illustrative example.

2 Variants of normal form styles

This pedagogical introductory section aims to explain the different possible styles of normal
forms that have been proposed in the literature for nonlinear vibratory systems. To that purpose
and to make the presentation as simple as possible, the case of the unforced and undamped
Duffing oscillator equation is considered, as it is sufficient to understand the different variants.
The findings extend naturally to coupled nonlinear oscillators, which are studied in the next
sections.

The starting point is the conservative unforced cubic Duffing oscillator

i+ o?u+hu’=o0. (1)

The three main variants that will be emphasised in this presentation are: the complex
normal form (CNF), the real normal form (RNF) and the oscillator normal form (ONF). The
complex normal form is recommended by mathematical textbooks (Iooss and Adelmeyer 1999;
A.J. Roberts 2014), and has been used for example in (Jezequel and C. Lamarque 1991; Haller and
Ponsioen 2016; Waswa and Redkar 2020). A pedagogical introduction with application to Duffing
and Mathieu equations is also provided in (A. J. Roberts 2014). The starting point is to write
Equation (1) at first-order, with a diagonalised linear part that contains the eigenvalues {+iw}. By
doing so, complexification is enforced and the link to an oscillator-like equation is lost. This is the
main reason why alternative procedures have been proposed in the vibration literature (namely
RNF and ONF), in order to ease the realification and keep the link with oscillator equations.
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To rewrite the system with a first-order diagonal linear part, the following linear change of
coordinate can be applied

[Z‘] ) [(1,) —iw] [ZJ (2)

where v = % has been introduced. Note that other linear transforms with different normalisations
can be applied here. Equation (1) then becomes

L . h

U1 = ioy + l% (y? + 3yfy2 + 3y1y§ + yg) , (32)
. . . h

Yo = =iy = im— (4 +3Y1y2 + 3y1y; + ;) - (3b)

In particular, one can see that, whereas only one monomial u® is present in Equation (1),
eight monomials are in Equation (3). Note also that Equation (3b) is the complex conjugate of
Equation (3a). This is the direct consequence of the fact that the initial problem, Equation (1) is
second-order in time such that, when rewriting it as a first-order dynamical system, one of the
two equations, namely v = 4, is tautological.

The normal form procedure can be unfolded on Equation (3). It starts with introducing a
nonlinear change of coordinates between modal coordinates (y;, y2) and normal coordinates

(z1,22) as
_ 3 2 2 3
Y1 = 21+ a112] + a122722 + A132125 + 142, (4a)
_ 3 2 2 3
Yo = Zp + A212] + 222722 + 232125 + A247;. (4b)

In Equation (4), no quadratic monomials are present because the original system only contains
cubic terms. The normal dynamics is also introduced as

Z1 = iwz; +fl12? +fl22§22 +f13212§ +f14z§, (52)

2y = —i0zy + fn7) + fo22i22 + fo32125 + foazs, (5b)

where the linear part is preserved because the nonlinear change of coordinates Equation (4) is
identity-tangent.

The sixteen unknown coefficients {a;;} and {f;;}, i € {1,2} and j € {1, 2,3, 4}, are found by
plugging Equations (4) to (5) into Equation (3), and comparing coefficients for each monomial of
the normal coordinates. This leads to the four following equations, related to Equation (3a),
which are known in the literature as order-three homological equations (note that homological
equations are then automatically derived for each higher order):

h
For zi’ ¢ (lo+io+iw)ayy + fir = iway + i2—, (6a)
1)
3
For zfzz ¢ (o +iw —iw) ap + fi2 = iways + i2—, (6b)
1)
2 o . .3h
For z1z5 :  (iw —iw — iw) ai3 + fi3 = iwa3 + 12—, (6¢)
1)
For zg i (o —iw —iw) ajg + fia = ivas + i2—, (6d)
1)

while another four, not reported here for the sake of brevity, are derived from Equation (3b).
Equation (6) is an underdetermined system of four equations for eight unknowns, admitting
an infinity of possible solutions. Equations (6a) to (6d) can be solved easily for a1, a;3 and ay4, by
imposing fi1 = fis = fi« = 0. This choice is the classical one to derive the normal form of the
system, with the idea of simplifying as much as possible the normal dynamics Equation (5). Once
the coefficients of the change of coordinates are determined, if Equation (4) is replaced into
Equation (3), terms of order higher than 3 will appear in the expressions, such that another
change of coordinates, similar to Equation (4) but with higher order terms, could be made,
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generalizing the procedure up to arbitrary order. At each time, new homological equations are
derived in order to solve for the coefficients of the system.

A trivial resonance relationship occurs in Equation (6b) since a;, vanishes, such that one
cannot select fi; = 0. This is a direct consequence of the eigenspectrum composed of a purely
complex conjugate pair {+iw}. The three variants of normal form styles discussed herein depart
on the choices made in order to solve Equation (6), which can also be viewed as a more or less
stringent interpretation of the resonance relationship. This is detailed now for each of the three
normal form styles.

The complex normal form style

The complex normal form (CNF) style is the classical treatment proposed in mathematical
textbooks to deal with purely imaginary complex eigenspectrum, see e.g. (Iooss 1988; Haragus
and looss 2011; Wiggins 2003; Jezequel and C. Lamarque 1991). Referring to the simple case of
the Duffing equation, it amounts to cancel the three non-resonant monomials z3, z;z3 and z;
in Equations (6a) to (6d) with the choice fi; = fi3 = fis = 0. For the only resonant monomial
zfzz, then one imposes aj2 = 0 and fi2 = 3ih/(2w). This follows from a strict interpretation
of the resonance relationship stemming from the homological equations at each order. The
generalisation of the resonance relationship to arbitrary order can be found in many classical
books, see e.g. (Poincaré 1892; Iooss 1988; Guckenheimer and Holmes 1983; Manneville 1990;
Murdock 2003), and reads, for a dynamical systems of dimension n with eigenvalues {1, ..., 4,},
and for a monomial of order p:

A = Z m;d;, with m; >0 and Z m; = p. (7)
i=1

i=1

For conservative mechanical systems with an eigenspectrum composed of pairs of purely
imaginary numbers, trivial resonance relationships appear at each odd order in the normal form
computation. Focusing on the simple case of the Duffing equation with cubic nonlinearity, an
interesting feature of the CNF is that, for each odd order, only one resonant monomial stays in
the normal form, as a consequence of these trivial resonances. Symbolic calculation of the normal
form up to arbitrary order is possible thanks to the code MORFE_Symbolic, which has been used
to develop the calculations shown in this paper. As an illustration, we give below the CNF for the
Duffing equation up to order 11:

51h* , , 1419K° , 5 47505h* 5,  438825h° ; s
1 172 172

. . . 2 . 2

Z1 = lwz1 + 1%2122 - 124_0)3 zZ5 + 127—6052 z 1 10,y7 + lngZIZZ, (83)
51h? 1419h° 47505h* 438825h°

s . 2, s 2.3 . 3.4, 4.5 - 6.5

22 = —lwzy — lﬁzlzz + 124—0)32122 -1 27w5 Z1%9 WZIZZ - Ta)gzlzz. (Sb)

. +1
As announced, one can observe that only one resonant monomial of the form zf zg stays

in the normal dynamics for each odd order 2p + 1. Equation (8b) is the complex conjugate
of Equation (8a), and one can also observe the change of sign in each successive odd order
coefficients. For the sake of completeness, the nonlinear change of coordinates is reported
in Appendix B.

An essential property of the CNF solution for conservative systems is that an analytic
backbone curve is easily computed for any order. This property is known and has been, for
example, already used in (Breunung and Haller 2018). Let us recall why this property is essentially
linked to the CNF style. In order to derive physical characteristics of the original system, or
even just to compute numerical continuation solution on the reduced dynamics, a realification
procedure needs to be applied to the complex normal form as given e.g. in Equation (8), see for
example (Haro et al. 2016; Vizzaccaro et al. 2022; Opreni et al. 2023) for general discussions.
Different realification procedures can be used, choosing for instance cartesian or polar coordinates.
A key feature of the CNF is to provide very simple expressions when realification with polar
coordinates is employed. Let us introduce the polar form of the normal coordinates as

2 =1/2pe®, (0a)
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zy=1/2pe 4, (9b)

where it should be noted that p and « are functions of time, even though this dependence is not
made explicit to lighten the notation. Since only one resonant monomial (zf +IZ§ for the first
equation and z‘f z‘g *! for the second equation), is present for each odd order, a simple calculation
shows that, whatever the order of the expansion used for the normal form, the dynamical
equation for the amplitude p simply reads p = 0. This is a direct consequence of the existence of
the Lyapunov subcenter manifold (LSM), that is densely filled with a family of periodic orbits that
are parametrised by their amplitude p. The equation for the phase then contains all the important
dynamical terms, and reads, for example, up to order 11:

3h , ©51h* , 1419k , 47505h* , 438825R° |,

d:“H'%p _28w3p + 213w5p T o187 Pt 2219

(10)

Note in this case that a simplification by p is made in this last equation; this explains why an
odd order 2p + 1 in the normal form gives rise to a power p?” in the resulting equation for
the phase. Since p is constant then this equation can be directly integrated and reveals the
frequency-amplitude relationship of the conservative problem, also known as the backbone curve.
With the help of the symbolic processor MORFE_Symbolic, high-order backbone curves can be
easily derived; an example is given below up to order 11:

3h , 51h* , 1419K° , 47505h*  438825h° |,
23w2p _28w4p + 213w6p T 9188 P+ 221,10

WNL =0 |1+

(11)

Note that this property is particularly important and meaningful since it applies to the solutions
derived by the parametrisation method using CNF. Consequently, even when dealing with FE
problems that involve a very large number of degrees-of-freedom (dofs), an analytical backbone
curve can be derived when reducing the problem to a single NNM with CNF, meaning that no
extra calculation (like a continuation procedure) is needed to obtain the amplitude-frequency
relationship for the conservative problem (Breunung and Haller 2018).

It is important to highlight, however, that the above backbone curve is written as a function
of the amplitude p of the normal variables z; and z,, and not that of the maximum value of the
physical displacement, which we denote uy,,y in what follows. In order to obtain the physical
displacement amplitude, the normal coordinates’ polar representation can be inserted into the
nonlinear mapping displacement equation. Substitution of Equation (9) into Equation (B.1a),
limited here at order 3 for the sake of brevity, yields

3h

p> cos 3a — oo p> cos a. (12)

u=pcosa+
P 320?
Since all cosines are in phase, the maximum displacement amplitude is simply given by the
sum of their coefficients, obtained for @ = 0. This procedure is easily extendable to any order and
is automated in MORFE_Symbolic. Up to order 11, the relationship between the maximum
physical displacement amplitude u,, and the amplitude of the normal coordinate p is

B 5h, 25h* , 2781h*  90493h* , 3234957k |,
Umax = P 1_25(02'0 +28w4p - 2150)6'0 + 20,8 P = 225,10

(13)

With Equations (11) to (13) it is possible to find coordinate pairs (wNL, Umax) that yield the
backbone of the systems parametrized by p. Despite the distinction between upn,x and p, it
is interesting to note, nevertheless, that these two quantities coincide up to the second order,
which implies that Equation (11) can be used as an approximation for the backbone for small
displacement amplitudes.

As an illustration, let us show, for this simple example of the conservative cubic Duffing
oscillator, the convergence of the backbone curve for different orders o of normal form expansion.
Figure 1 shows backbone curves obtained with CNF in the way described above up to order
o0 = 25. They are compared with the backbone in terms of u,y found using an exact solution
based on Jacobi elliptic functions, available for example in (Salas and Castillo H. 2014).

52
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Figure 1 Backbone curves for the Duffing oscillator up to order o = 25 with a complex normal form style and
parameter values set as w = 1, h = 1. The backbone curves are compared with an analytical solution
based on Jacobi elliptic functions (Salas and Castillo H. 2014). (a) Comparison in terms of the maximum
displacement upax. (b) Comparison as a function of the amplitude p of the normal variable.

From Figure 1(a) it can be seen that there exists a maximum validity range for the approxima-
tions given by the normal form expansion, corresponding in this case to a displacement amplitude
of approximately umax = 0.8. This is in line with the fact that the normal form relies on a local
theory, and this upper bound for validity limit has been explored for example in (C.-H. Lamarque
et al. 2012). Figure 1(b) shows the same backbone as a function of the amplitude p of the normal
variable. Since Equation (13) gives umax as a function of p, and since the analytical solution
with Jacobi elliptic functions is given for the amplitude #y,y, Equation (13) needs to be inverted
to plot the reference solution. This has been done in Figure 1(b) together with a first-order
approximation um,x = p which is frequently used in perturbation methods. This highlights
the difference between un,x and p as amplitudes are increasing. In this case, the first-order
approximation upm.x = p can be used for amplitudes up to about p = 0.5, but higher orders cannot
be neglected thereafter. It should be noted that Equation (13) is no longer valid once a certain level
of amplitude is reached, as can be seen by the sudden deviation of the black curve on Figure 1(b)
from where it is graphically expected to go. This deviation occurs at approximately p = 0.9,
which corresponds to umax = 0.85, and is clearly beyond the validity limit of the approximation.

As a last point of discussion, the effect of a viscous damping term in the Duffing equation is
investigated. The damping is appended to Equation (1) with a modal damping factor ¢, and gives

it + 28wt + w*u + hu® = 0. (14)
The damping affects the eigenvalues, which now become

Mo = —¢w tioyl - & = w(-& £ if), (15)

where § = /1 — &2 has been introduced in order to ease the analytical expressions. A small
damping assumption is made such that (i) underdamped oscillations are considered (¢ < 1), and
(i) the resonance check in the normal form procedure is done on the imaginary (oscillatory) parts
only, as proposed in (Touzé and Amabili 2006; Haller and Ponsioen 2016; Vizzaccaro et al. 2022)
for nonlinear vibratory systems. Due to the increase in length we consider the CNF up to order 7
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only:

3 3h% (17 — 1482 + 4iE5
21 = (idw — Ew) z1 + i—zfzz - 86(0352 57D )

3.2
20w 172
3h° (378E° — 488 — 142082 — 531i8¢ + 378i6&> — 207i68° + 946) , ;
! 64055% (9E* — 922 — 4) Z212, (16)

the second equation for z, being the complex conjugate of this one, i.e. Z, = Z;. The linear term is
due to the change in the eigenvalue. The same resonant monomials are present in the normal
form since the resonance relationships are verified based on the assumption of small damping.
Only the coeflicients are slightly modified by the damping ratio £. Proceeding with realification
as in the undamped case, it is possible to find the following two equations, by considering the real
and imaginary parts of Equation (16) once z; and z, are substituted by their polar representation:

32Eh? (28% - 3) 3R (428 — 2382 — 59)

s _ 5 _ 7

=Pt e (17300 30570 (1350 (14 38D (172)
3h 3h* (128 - 17) 3h° (189£° — 24&* — 71082 + 473)

=6 2 4 s, b

400t 0’ T 26w (14365 2505 (1436%) (1+38)  © (17b)

Equation (17a) gives the decay rate of the oscillation amplitude. Note that up to the first order,
the equation can be integrated to give the usual exponential decay predicted by the linear theory.
A nonlinear damping ratio éyp, can be defined by dividing Equation (17a) by —pw. A nonlinear
instantaneous frequency wyy, can also be derived from Equation (17b) through ¢ = wnr, which
yields the two equations

3%h? (282 -3) ,  3°h3 (428 — 2387 - 59)

= - - 6
&N = §(1 27820 (1 + 352)p 21282096 (1 +362) (1+ 3§Z)P (18a)
3h_ , 3h*(128°—17) , 3h°(1898° — 24" — 7108 +473)
= 1 '
WNL 560( t szl T 2652t (1+36%)" 2115206 (1 + 302) (1 + 382) p (18b)

Equation (18b) can be viewed as a damped backbone curve that smoothly perturbs from the
undamped case when & # 0 (Touzé and Amabili 2006; Llave and Kogelbauer 2019). It gives an
analytical formula for taking the damping into account in the backbone curve and quantitatively
compares conservative and damped cases. Equation (18a) underlines that the linear viscous
damping creates a nonlinear decay rate. However, its effect is only apparent at large amplitudes
since the nonlinearities are of order p* or higher.

In order to better understand the evolution of the above quantities, the terms inside the
brackets in Equations (18a) and (18b) are plotted as a function of p for w = 1and h = 1 in
Figure 2(a) and Figure 2(b). From the figures, it is possible to notice that the inclusion of damping
does not significantly alter the shape of the backbones up to p = 0.8, which corresponds to the
validity limit of the asymptotic expansion.

It is also worth mentioning that, in contrast to the undamped case, obtaining the maximum
physical displacement u,x as a function of amplitude p is not feasible analytically, since the
coefficients of the nonlinear mappings are now complex. Both cosines and sines appear in the
equation for u(p) (analogous to Equation (12)), hence there is no simple analytical solution
for umay.

As a summary, the CNF shares a number of advantageous characteristics. It has a lot of
symmetries, leads to the most parsimonious representation of the normal dynamics, and analytical
backbone curves are directly attainable with polar realification. The only drawback is that
the normal dynamics is expressed with complex coordinates. In order to obtain normal form
calculations that stay in a real formulation, different variants have thus been proposed in the past.

2.2 The real normal form

The real normal form (RNF) has been first introduced by Neild and Wagg (2011); Neild et al. (2015);
Liu and Wagg (2019); Nasir et al. (2021); Wagg (2022), and reformulated in the context of the
parametrisation method in (Vizzaccaro et al. 2022; Opreni et al. 2023). Note that the denomination
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Duffing oscillator with increasing values of the damping ratio &: (a) damped backbone curve and (b)
nonlinear damping ratio. The results are obtained using a complex normal form style, for the parameter
values w =1and h = 1.

RNF is not used by Neild and Wagg who called the method DNF for direct normal form, see
e.g. (Elliott et al. 2018). In their case, the adjective direct was used to mean that the normal
form technique is directly applied to second-order problems in time that are under study for
mechanical vibration. Also in their approach, the developments were slightly different from the
one presented herein since the target was to obtain time-domain approximations of the solutions.
On the other hand, the method has been named RNF in (Vizzaccaro et al. 2022) in order to keep
the adjective direct to refer to calculations that affect the physical, and not the modal coordinates.

The main idea of the RNF consists of keeping two monomials as resonant in Equation (3a). In
addition to the term z7z,, which is trivially resonant and kept in the CNF, the monomial z;23 is
also defined as a resonant one. This implies that in Equation (6) the choice to zero coefficient
fi2 is not made, but rather coefficient ay; is set to zero. In such way, fi» = i3h/(2w), changing
the final expressions for Equations (4) to (5). The origin of this choice lies in the fact that the
goal of the calculation proposed in (Neild and Wagg 2011; Neild et al. 2015) was to apply the
normal form computation to second-order problem, which gives additional constraint to the
developments. Since the second derivative of the mapping with respect to time needs to be
computed, the homological equations need to be written with these terms, and squares of the
eigenfrequencies appear naturally in the resonance relationships. This can also be seen in
the homological equations derived in (Vizzaccaro et al. 2022) that have been rewritten only
for the displacement mapping, by using the relationship that exists at any order between the
displacement and the velocity mappings. In this case, the ill-conditioning of the term in front of
the mapping, which is due to resonance relationships, appears with squared values. Rewriting the
resonance relationships Equation (7) with squares leads to

n 2 n
(M)? = (Z m;l; ) , with m; >0 and Z m; =p, (19)
i=1 i=1

which is indeed the resonance relationship used to derive the RNF. For the sake of illustration,
the RNF of the Duffing equation is here given up to order 7, it reads

3h , 15K* ., 3K , . 267H* , . 3K ,,

3h
4= oz + 2z + oz, — sy — g saizy 4 i o212, — 212, (20a)
) 3h 3h _3K? 15K? 3K3 267h3
. _ 2 2 3.2 2.3 4.3 3.4
Zy = —iwzy — i—272p — i—2125 + i 27z, + i z27Z, + i z212, — i 7,25, (20b)
20 20 2303 243 27w 27w
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2.3

while the nonlinear mapping is given in Appendix C. As a consequence of the choice retained for
fulfilling the resonance relationship, the same monomials now appear on the two lines of the
normal dynamics. Interestingly, the cubic order terms share the same coefficients. This property
is useful in order to retrieve an oscillator equation when coming back to real coordinates using a
cartesian representation. We define the cartesian real coordinates (ay, a;) as

a; = z1 + 2o, (21a)
zZ1—2
ay = 2 (21b)
i
By stopping the RNF developments in Equation (20) at order three, one can see that the dynamics
for a; is simple and reads d; = —wa,. Consequently, an oscillator equation can be written for the
cartesian coordinates (ay, a;) as

.. 2 3h 5 i
d1+o0a;+—(aj+a,—)=0. (22)
4 w?

Whereas the CNF was conveniently realified with polar coordinates, the RNF is better suited
for realification using cartesian coordinates, thanks to the symmetry properties appearing in the
coefficients of Equation (20). Unfortunately the nice property d; = —wa, is completely linked to
the fact that cubic coefficients are all equal. From order 5, this property is lost, but realification is
still easy to manage since the two different coefficients sum up and hence can be factorized.
Equations (20) to (21) yield

, . 9h* . 9h* 3, 9h*
a = —wa a. a a —a
! 27 256003 1T 12803 172 T 25603 2
1350 405h* , 5 405h* , o 135K
- a9y — ——aa, — a a, — a,, 23a
409605 12 409605 12 409605 1% 409605 Z (232)
_ N 3h 3, 3h , 21k* . 21K* L, 21R*
) = wda —d —daid, — a; — a;d, — aia
2 YT a0 40 2T 25603 1 128w3 12 256003 2
33p% , 99md ,  99R* ., O33R
+ a; + aas + aa,+ ———aqa,. 23b
102405 1 102405 127 1024005 12 102405 2 (23b)

From these two equations, one can try to recover an oscillator-like equation. Deriving the
first equation with respect to time, replacing d, by the second expression, and stopping the
developments at order 5, one obtains:

- 2 3h 5 2 150 3 2 4y _
dy+way + - (a3 + ara;) — 2802 (a] + 2aja; + ajay) = 0. (24)

This underlines that, for order 5 and higher, a closed-form expression involving only a; is not
possible anymore such that two equations need to be kept with both a; and a,. Equation (23) or
Equation (24) can then be solved with a perturbative approach or a numerical continuation
method to derive the backbone curve.

All these results show that the RNF can be advantageously used with Cartesian coordinates
for realification. It can be easily automated since the choice of resonant monomials derives from
a broader interpretation of the resonance relationship. Arbitrary order solutions are at hand
and can be computed thanks to MORFE_Symbolic. However, the resulting equations are not
oscillator-like from order 5. Besides, it seems that no simple and exact solution allows giving an
analytical backbone curve at arbitrary order, as was the case for the CNF. To draw out such a
solution a few more assumptions need to be made, following for example the approximations
used in (Neild and Wagg 2011; Neild et al. 2015). This is illustrated in Appendix C.

The oscillator normal form

The oscillator normal form (ONF) has been first introduced in (Touzé 2003; Touzé et al. 2004; Touzé
and Amabili 2006; Touzé 2014), with the main idea of keeping oscillator equations without using
any complex formulation. To that purpose, the linear part is not made diagonal with complex

Journal of Theoretical, Computational and Applied Mechanics } May 2025 ‘ jtcam.episciences.org 10

52


https://jtcam.episciences.org

A. DE F. STABILE et al.

Normal form analysis of nonlinear oscillator equations

entries, but stays under its anti-diagonal formulation, see (Touzé et al. 2004). To better understand
how the ONF can be interpreted from the previous example where complexification is used, the
key point is to understand that all complex monomials appearing due to the complexification
of a real one, need to be kept in the analysis, in order to make possible the come back to
oscillator-like equations. For the Duffing equation, the real monomial u* in Equation (1) gives rise
to 8 monomials for y; and y, as shown in Equation (3). Since all these are mandatorily needed to
be able to reconstruct u3, it means that no terms in Equation (6) will be cancelled. The choice
ay; = a2 = ayz = ayq = 0 is selected. As a consequence, the Duffing Equation (1) is under its
oscillator normal form. In ONF, the trivially resonant monomial is u? and cannot be cancelled,
but many other terms, which are not linked to trivial resonances, can be cancelled in the process.
In particular, all quadratic terms are not resonant and can be eliminated thanks to a nonlinear
change of coordinate, see (Touzé et al. 2004) for general discussions and (Touzé 2014) for examples
and classification of nonlinear terms thanks to this interpretation of the resonance relationship.

One of the main advantages of the ONF is thus to keep oscillator-like equations throughout
the process. The nonlinear change of coordinate is given between two real coordinates that are
homogeneous to a displacement and a velocity, whereas this interpretation is lost when using
complex formulations. This choice came along with other advantages. For example, only the ONF
allows drawing out a term-by-term comparison of the NNM calculation using either the centre
manifold technique as proposed by Shaw and Pierre, or the normal form approach, see e.g. (Touzé
et al. 2004; Touzé et al. 2021) for such discussions. Thanks to the ONF, a direct comparison with
the quadratic manifold method with modal derivatives has also been made possible. Indeed, since
real coordinates are used in the two approaches, term-by-term comparisons are at hand, which
allows understanding that the quadratic manifold is a simplification of the general formula given
by ONF, see (Vizzaccaro, Salles, et al. 2021; Shen et al. 2021; Touzé et al. 2021) for more details. A
final advantage of the ONF is that it can be rewritten from physical coordinates, which allows
deriving a non-intrusive version of the reduction technique using the normal form, which has
been named DNF for direct normal form, see (Vizzaccaro, Shen, et al. 2021; Opreni et al. 2021).

However, numerous drawbacks are linked to this formulation. First, it is difficult to translate
the choice on the resonant monomial as a broader algebraic interpretation of the resonance
relationships, as it has been possible for the RNF with Equation (19). As a consequence, it appears
very difficult (and maybe not possible) to generalise the ONF to arbitrary order and automate
its computation. As an illustration of these complications, one can refer to (Shami et al. 2022)
to see how the ONF with resonant quadratic terms can be computed up to order three. As a
consequence, the ONF will not be much commented on in the rest of this paper, and is not
included in MORFE_Symbolic.

High-order solutions for single-degree-of-freedom systems with
forcing and damping

This section extends the analysis using normal form expansions to illustrate how this formalism
allows an understanding of the main features of nonlinear oscillations. Primary and secondary
resonances will be analysed. The first case under study is a Duffing oscillator with quadratic and
cubic nonlinearities, derived to explain how the even order nonlinear terms can be cancelled and
how the high-order terms on the backbone can be analysed in terms of hardening/softening
behaviour.

Duffing oscillator with quadratic and cubic nonlinearities

In this section, the results of the previous section are generalised to a Duffing equation with
quadratic and cubic nonlinearities:

il + 0*u + gu® + hu’ = 0. (25)

Using the automated symbolic development provided by MORFE_Symbolic, the complex
normal form (CNF) can be written up to arbitrary order. The first step consists in diagonalising
the linear part using Equation (2), then the nonlinear mappings and the reduced dynamics are
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computed, by applying the procedure that is illustrated by Equations (4) to (6). For the sake of
illustration, the normal dynamics up to order 7 is shown here:

o —10g* + 9he? , —3140g* + 8388g°hw? — 1377h*w* , ,
21 = lwz1 +i———F—2Z122+ i z12,
603 43207
—523960¢° + 2186724 hw? — 1913274¢*h*w* + 114939R°w® , ,
+i Z12;. (26)
1036811

while the associated nonlinear mapping is reported in Appendix D. For the sake of brevity, only
the equation for z; is shown in Equation (26), the second equation for z; being simply its complex
conjugate. Rewriting the coefficients appearing in Equation (26) as if ), for odd p corresponding
to the odd monomial remaining:

Z1 = if(l)zl+if(3)zfzz+if(s)zfz§+..., (27)

the backbone is analytic and reads, using a polar representation for (zy, z,) as in Section 2.1,
Equation (9):

one = fO + £O (g)2 + 0 (g)4 . (28)

Given the expressions of the coefficients f(?) shown in Equation (26), one can see that,
assuming h > 0, the quadratic and cubic nonlinearities play opposite roles in defining the
hardening/softening behaviour. This has been used for a long time to predict, only from the sign
of £ the type of nonlinearity for structures, using for example the oscillator normal form,
see e.g. (Touzé et al. 2004; Touzé and Thomas 2006; Touzé and Amabili 2006; Touzé et al. 2008).
Arbitrary order expansions allow a finer understanding of the hard/soft transition, and have
already been used for rotating beams in (Martin et al. 2023).

Figure 3 shows the behaviour of the coefficients f?) for p = 3,5,7 and 9. f® changes
sign only once (for the case under study, with h = 1 fixed and varying g), meaning that the
transition from hardening to softening behaviour occurs at g = 34/h/10. On the other hand,
higher-order coefficients are polynomials of higher degrees in the coefficients g and h and thus
have numerous zeros, see Figures 3(a) and 3(b). Figure 3(c) shows the backbone curves obtained
just before and after the transition of the cubic coefficient (while the next orders do not change
sign), namely for g = 0.85 (f® > 0,and f® >0, f? <0, f? <0),and g =1 (f® < 0, and
f® >0, fD <0, f < 0). A reference solution obtained numerically by continuation is
compared to two truncations, respectively to orders 7 and 9, of the analytical backbone curve. For
g = 0.85, the negative signs of f(7) and f(® change the high amplitude behaviour of orders 7 and
9 truncations that depart from reference, needing orders higher than 9 to achieve convergence up
to the selected amplitudes. For g = 1, the positive coefficient f° plays the major role since )
is close to zero.

Two other cases where the dominant behaviour is softening are shown in Figure 3d for
g = 1.5and g = 1.65, around the change of sign of f(*). Again, in such a situation, the mixed signs
of the different truncations ask for high-order development to reach convergence. Nevertheless,
the qualitative change of behaviours is captured. Also, the validity limit of the normal form
development is probably impacted by the different values of quadratic and cubic coefficients.

For the sake of completeness, the RNF and ONF analysis are reported in Appendix E. In these
two cases, automatic analysis of the backbone curve up to high order is more difficult.

3.2 Effect of forcing and damping

In this section, an analysis of the forced and damped Duffing oscillator with high-order normal
form expansions is developed. The goal is to show how normal form approach relates to and
extends the established procedure in nonlinear vibration theory, based on perturbation methods.
All these results will then be helpful to understand and analyse reduced-order models with a
single nonlinear normal mode assumption. The starting point is thus a forced-damped Duffing
oscillator

K . .
i+ w’u+ 28wu + hu® = > (e“m +e_’Qt) , (29)
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Figure 3 Hardening/softening behaviour for the Duffing oscillator with quadratic and cubic nonlinearities. A

complex normal form style is used with parameter values set as w = 1, h = 1. (a) Behaviour of the
coefficients () as a function of g. (b) Zoom on the area highlighted by the black dashed box in (a). The
vertical dashed lines indicate the values of g for which the backbones have been calculated. (c-d) Backbone
curves for different values of g. A reference solution obtained by numerical continuation is compared to
the backbone curves obtained with CNF up to orders o =7 and 0 = 9.

where the forcing has already been rewritten with complex notation, while a viscous damping is
introduced with the damping ratio £. We start by considering the case of a forcing frequency Q
which is far from the primary and secondary resonances.

Non-resonant excitation

The case of an out-of-resonance forcing frequency Q leads to a minimal number of resonant
monomials in the normal form, since only the trivial resonances are considered. Thanks to
the efficient treatment of the non-autonomous forcing term presented in (Vizzaccaro et al.
2024), an arbitrary order expansion in terms of the power of the non-autonomous term is also
implemented in MORFE_Symbolic. This key feature allows computing and analysing the
high-order terms produced by the forcing in the normal form, a case that is not considered for
example in (Breunung and Haller 2018; Opreni et al. 2023; Jain and Haller 2022), where only
linear terms of the forcing are included.

The method proposed in (Vizzaccaro et al. 2024) to deal with the forcing term is to make the
system autonomous by adding two additional coordinates, namely z3 = e™* and z, = e7/¥,
augmenting the size of the original system but keeping the added coordinates unchanged. More
precisely, the state variables of the augmented system become y = [u,0, z3,24] ", while the
augmented normal coordinates are z = [z1, z2, 23, 24] |, such that only the first two physical
coordinates need to be sought as a parametrisation of the normal ones, i.e.

[2‘] =W(2), (30)

with W(z) denoting the nonlinear mappings. Additionally, because of the definition of the added
variables, their reduced dynamics is trivial, and already known:

z3 = Qzs, (312)
24 = —QZ4. (31b)

This leads to an efficient reformulation of the parametrisation method asking for slight modifica-
tions in the algorithm as compared to the autonomous case. When a single master mode (NNM)
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is selected, the reduced dynamics depends on four coordinates (z1, 23, z3, z4), which can be easily
reduced to (zy, z;) only by replacing z; = e*'?** and z4 = e 7.

Another key feature of the method proposed in (Opreni et al. 2023; Vizzaccaro et al. 2024), to
handle the external periodic forcing, is to compute the parametrisation for only one value of the
external forcing. Rigorously speaking, the parametrisation needs to be computed for each forcing
frequency, as proposed, for example, in (Jiang et al. 2005), to produce exact solutions. However, to
alleviate the associated computational burden, the parametrisation can be computed for a single
excitation frequency Q,, and this ROM can be used to draw out rapidly frequency response
curves (FRC), assuming that the dependence upon Q is small. This strategy is also adopted here
to propose analytical solutions obtained with symbolic computations that lend themselves well to
analysis.

The complex normal form (CNF) up to order three for the forced, undamped (¢ = 0) Duffing
oscillator Equation (29), and for this out-of-resonance case, is computed at a single excitation
frequency Q, = Q. It reads

3hi?

10 (QF = R Ao (32)

.. 3h o,
21 = iwzy + i—2zizo + i
20

where again only the first equation is shown, the second equation for z; being the complex
conjugate. At this order, only two resonant monomials are present in the CNF. The first one,
zfzz, has already been commented on in Section 2.1 in Equation (8). The second one, z1z3z4,
depends on the forcing, and scales with the amplitude of the forcing squared, x?. This monomial
is very interesting since it appears only due to the complete treatment of the forcing shown
in (Vizzaccaro et al. 2024). Since z3 = e**** and z4 = e7**, the monomial can be interpreted as
having a direct consequence on the nonlinear oscillation frequency. In particular, it shows the
dependence of the free oscillation frequencies upon the forcing amplitude. For such conservative
dynamics, the system’s response is characterised by a quasi-periodic behaviour, stemming from
the contributions of the free oscillations and of the forced response, whose effect is completely
embedded into the nonlinear mapping equations. As commented next, the free oscillation term
is generally related to the transient and is damped out when losses are taken into account.
Interestingly, the monomial z;z3z4 corresponds to a trivial resonance and will thus be present
in all normal form dynamics that are considered in the next sections (primary and secondary
resonance). It is thus further analysed, in particular for secondary resonances, since in this case
the forcing is not assumed to be small such that the dependence of the oscillation frequencies
upon forcing amplitude is not negligible.

The nonlinear mapping up to order 3, that corresponds to Equation (32), reads:

h 3h 3h h 1 K
u= (Zl + Zz) + (ﬁli’ — 4—(022§22 — 4—0)22125 + @zg) — (ma(l’g + Z4)
B 3hk 2, . 3hk 2
2(Q% —w?) (Q+0) (Q+30) 2T 22— 0?) (Q-0) (Q-30) 1
3hk
+m2122(23 +Z4)) (33)

In the above equation, note that the sums and subtractions of variables z3 and z4 can be written
as cosines and sines. The velocity mapping is not shown here for the sake of brevity, and also
because it can be retrieved from the derivation of Equation (33) with respect to time; see the
remark in Appendix B. Note also that Equation (33) has been truncated to O(x?) terms only to
make it more concise.

Equation (33) shows that the autonomous deformation of the associated invariant manifolds,
already present in Equation (B.1), is recovered but there are also additional non-autonomous
deformations, driven by the added coordinates z; and z4. The linear terms in z; and z4 in the
first line of Equation (33) account for a rigid-body rotation of the invariant manifold, already
commented on in (Opreni et al. 2023). Then the terms of the next two lines show that together
with this rigid-body motion, the manifold shows deformations along the phase of the forcing,.
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The symbolic code MORFE_Symbolic can be used to derive higher-order approximations of
the normal form and nonlinear change of coordinates in this case of non-resonant excitation.
Interestingly, since only trivially resonant monomials are in the normal form, the dynamics will
be composed of two different terms. First, the autonomous terms with resonant monomials will
strictly follow those appearing in the unforced case, see Equation (8) for an example up to order 9.
In addition to these, all the trivially resonant monomials will reappear, multiplied by a factor of
the form zg zf; with p > 1. Higher order results are not shown here but can be automatically
produced via MORFE_Symbolic.

Finally, the effect of the viscous damping term is investigated to close this case of non-resonant
excitation. With the damping, the eigenvalues of Equation (29) are A1, = —fw + iw/1 — & =
w(—¢& = i8), see Equation (15). The CNF up to order three for the non-resonant response is then

3ihk?
460 ((Q?% — w?)? + 4820%Q2)

21 = (idw — Ew) z1 + i

h
» zfzz + 212324, (34)

20
the second equation for z; being the complex conjugate of this one. The real part in the first
monomial shows that these oscillations are damped out. Consequently, as commented in (Opreni
et al. 2023), the reduced dynamics is trivial and all the effects are embedded in the nonlinear
mapping, where only the terms related to z; and z4 remain.

3.2.2 Primary resonance

The case of a resonant forcing with Q ~ o is discussed next. In this case of primary resonance,
we compute the parametrisation at the value of the damped oscillation frequency dw (imaginary
part of the eigenvalue), such that Q,, = §ew. With this choice and taking the damping into account,
the complex normal form (CNF) at primary resonance up to order 3 becomes

21 = fizy +fzzfz2 + f3z3 +f42fz4 + fsz12025 + foz12324 +f7222§ +ﬁgZ§Z4, (35)

where only the first equation is given, the second on z; being the complex conjugate. The
coefficients f;, j=1,...,8, read:

3h K 3hk
= /‘{ 5 = ._, = —’—, =] 6
fizh f=inss BEoigy T igms (26 + i) (36a)
. 3hx _ 3hk?
5= s (28 - ie) Jo = e e (o ) (36b)
3hi? 3hi3
fr= fi=i (36¢)

i , .
328305 (28 — if)* 128547 (28 — i£)? (26 + if)

Additionally, the nonlinear mappings for this case are given in Appendix F. Note that, as
opposed to the non-resonant case, the coefficients of the normal form are not a function of the
forcing frequency Q. This is a direct consequence of the choice Q, = dw. A different choice could
be introduced here, for example by selecting Q,, = w, which appears closer to the assumption
made in perturbative techniques. Indeed, these two choices are almost indistinguishable for most
practical cases where the small damping assumption is met such that § = 1. Since the analysis
developed here does not necessarily assume small damping, it appeared more coherent to expand
around Q, = dw, which also leads to simpler expressions for the coefficients. For comparison
purposes, the coefficients obtained with the expansion around Q, = w are given in Appendix G.

The first two monomials in Equation (35) are respectively the linear term and the cubic
nonlinear stiffness that were already present without forcing. The third term corresponds to
the direct resonant forcing. The next two monomials, zfz4 and z;z,z3, correspond to nonlinear
parametric-like excitation terms. In the sequence, z1z32, is the trivially resonant monomial
already commented on in the previous section. Its coefficient f; scales as O(x?), like the next
monomial that introduces a second harmonic forcing through z2. Finally, the last coefficient f;
scales as O(x®) and is a higher-order effect of the direct forcing.

These reduced dynamics are automatically derived in the context of the parametrisation
method up to high-order and are used to analyse the primary resonance of finite element models,
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see e.g. (Vizzaccaro et al. 2022; Opreni et al. 2023; Vizzaccaro et al. 2024; Jain and Haller 2022; Li
et al. 2022). The purpose here is to give some insights into these results, which are obtained using
high-order solutions that are realified with polar or cartesian representations, by analysing the
wealth of all the terms involved in the solution. Note that for obtaining the normal form given in
Equation (35), no specific assumptions on damping or forcing have been made and the solutions
are not stopped at first order for these two terms, as commonly assumed in perturbative solutions.
Hence the solution given by Equation (35) contains a priori more information.

To give more insights to Equation (35), polar coordinates are introduced as

+i6 et

P
212 = Ee %34 =

An autonomous system can be derived for the amplitude p and the phase i/, defined as i = 0 — ¢,
where ¢ = Qt is introduced to make the system autonomous with ¢ = Q. The resulting system
reads

(37)

p =Ag+A]cosy + Aj siny + Aj cos (2¢) + Aj sin (2¢), (38a)
py = By + B¢ cos §/ + BS sin i + B cos (2¢/) + B sin (2¢)). (38b)
The coefficients in Equation (38) have explicit expressions as functions of the coefficients f;

in Equation (35), which have been split into to their real part ij and imaginary part ij . The
expressions read:

3 3
p p
Ao = pfi+ T+ PR By = pf{ + -f; + pfy = P2,
2 2 2 2
p p P P
AL =2+ TR TR 2 A =2f] - T+ T 2
2 2 2 2 (39)
P P p p
Bi=2f + T fi+ Sf+2f,  Bi=-2(+Tf - - 2f
A5 =pf A3 = pfy
B; = pfj. B} = —pf}".

Deriving a closed-form expression for the FRC from the fixed points of Equation (38) is
difficult because of the presence of the second harmonic excitation, which creates the terms with
arguments 2¢. From the analysis of the monomials in Equation (35), the second harmonic terms
are only created by z3, such that the coefficients A, A3, BS and Bj are directly proportional to f;.
To simplify the analysis, the usual assumption that a small forcing is enough to lead to large
amplitude solutions in case of primary resonance can be made, such that one could neglect the
terms in k* and x* in Equation (35). With this assumption, which leads to disregarding f;, f; and
f3, and using sin® i/ + cos? i/ = 1, one can obtain the following relationship as an expression for
the frequency response curve:

Ay AS ABS — ASBy\?  [ABS — ASB,\?
_0+101 10)+(01 10): (40)

A} A AB - AB) AiB] - AiB)
With this equation, it is still too cumbersome to derive an explicit expression for the
amplitude p as a function of the excitation frequency Q for direct comparisons with a perturbative
solution. To proceed, we assume that the damping ¢ is small, as it is usually done in a perturbative
scheme. Neglecting all high-order terms of the damping in the expressions of the coefficients f;,
j=1,...,5;leads to these expressions:

3h
fl=to, fl=o ff=0 fl=- fi=0 (412)
;K R _ ;_ 3hx R _ 7 3hx
=0 =0 fi= 5 =00 = (41b)
such that an explicit expression for the FRC, with a small damping assumption, reads
o L 330 9hp® 160" |(3hp? — 162 \* 2202 42)
= pw — k| — w?. 2
P POTP R, 3hp? — 16w? 3203 P 4
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This expression is still more complete than the one given by a first-order perturbative solution
like the method of multiple scales (MMS). In particular, it involves f; and f5 coefficients, which
are linked to the monomials zfz4 and z;z,z3 in Equation (35). Note that these two monomials
refer to a nonlinear parametric excitation that is generally overlooked. Neglecting these two
terms leads to considering only the first three monomials in Equation (35), and to the classical
first-order perturbative solution of the FRC, see e.g. (Nayfeh and Mook 1995), page 166. This
can be justified on the coefficients by assuming the same hypotheses as in the perturbative
solution. Namely that, additionally to k and &, the nonlinear coefficient h is also small, such that
when expanding Equation (42) in power series and considering only the leading order terms, the
classical result is found:

3h / K2
Q=w+p>="+ — 202,

This development shows the wealth of the automated high-order solution provided by the
complex normal form, which can be simplified in order to retrieve the results of the first-order
multiple scales expansion. Of course, higher-order perturbative expansions should give back the
same term, but the change of paradigm in the approach proposed here is to give automatically
high-order expansions that can then be analysed by introducing asymptotic and ordering between
the different terms, leading to explicit analytical expressions in the simplest cases.

Figure 4 illustrates the previous derivations by comparing analytical and numerical results.
Figure 4(a) first compares analytical expressions based on the different approximations. The first-
order multiple scales solution, Equation (43), is compared to the solution given by Equation (42),
for classical parameter values corresponding to usual assumptions: w = 1.5, h = 1, small damping
with £ = 0.02, and k = 0.1, leading to a maximal vibration amplitude p close to 1, in order to
see the effect of moderate amplitudes. It shows that neglecting the two monomials z3z4 and
212223 in Equation (35) has an important effect on the prediction of the maximum amplitude,
underlining that, when p is close to 1, a first-order perturbative solution is not accurate enough.
The explicit expression Equation (42) is also compared to the implicit analytical expression given
by Equation (40) and with an implicit solution for the fixed points of Equation (38), computed
symbolically after replacing numerical values for the system parameters, showing that, at this
level of amplitude and for these parameter values, the assumptions leading to Equation (42) are
accurate enough.

1.2 1.2 - : ‘3 - - - - -
I 10@z,e) —
1.1 i 1.1 o) — b
1 14 O(z;,s;) —_ 1
0.9 09l QG — 4 1
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0.5 | 057
0.4 | 0.4
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Figure 4 FRCs for the primary resonance of the damped cubic Duffing oscillator. Parameter values are w = 1.5, h = 1,

£=10.02 and k = 0.1. (a) Comparison of the analytical FRCs given by Equations (40), (42) and (43) and one
obtained by symbolically solving for the fixed points of Equation (38) after replacing the numerical values
of the parameters. (b) Comparison of numerically computed FRCs, obtained from MORFE_Symbolic using
Matcont (Dhooge et al. 2004), with a reference solution, also obtained by continuation, and with the
first-order multiple scale solution given by Equation (43), denoted as MMS.

Figure 4(b) compares numerical solutions to show the convergence of the high-order normal
form, as well as the effect of the nonlinear mapping. For the sake of illustration, the first-order
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multiple scales solution is also shown. Whereas the amplitude reported in Figure 4(a) is that of
the normal coordinate p, Figure 4(b) is given for the maximum displacement of the physical
coordinate u, denoted as un,y. Note that, as compared to the calculations for the backbone curves
shown in Section 2.1, it is not possible here to recover an easy analytic expression relating p
to the physical displacement through the nonlinear mapping, because the forcing terms are
not in phase with the autonomous ones. It should be highlighted, however, that the analytical
expression (first-order perturbative solution) given by Equation (43) assumes (at first order),
Umax = p- The numerical solutions are computed numerically with a continuation procedure
embedded in the package Matcont (Dhooge et al. 2004). Four different truncations of the normal
form expansion are shown. Following (Vizzaccaro et al. 2024), the selected truncation order is
denoted as O(z?, ¢7), meaning a maximal order p in the z = (zy, 23, 23, z4) coordinate and g for
the non-autonomous (z3, z4) variables. In this example, the case p = q is selected for convenience,
and p = q = 3 corresponds to Equation (35). These results show that, for such level of amplitude,
the first-order multiple scales solution is far from the full-order solution. The order 3 expansion is
also not accurate enough, while convergence is almost achieved at order 9. Besides, the effect of
the nonlinear mapping is very important, as can be seen by comparing the order 3 solutions
when parameterised in amplitude by p or the maximum displacement wy,y.

All this development underlines the wealth of the symbolic solution, which can be analysed
in order to produce, whenever possible, analytical expressions that can be more complete than
first-order perturbative solution. This also highlights the fact that, when amplitudes are close to 1,
one needs to resort to numerical approximations since low-order approximations are not accurate
enough.

3.2.3 Superharmonic resonance

In this section, the 3 : 1 superharmonic resonance of the Duffing oscillator is investigated thanks
to high-order normal form approximations and analytical expressions. Equation (29) is considered
as starting point and the forcing frequency Q is such that Q ~ w/3. The complex normal
form (CNF) up to order three is obtained from MORFE_Symbolic, and the expansion point for
computing the parametrisation has been selected as ;, = w/3. The choice Q, = §w/3 has not
been selected in this case since it does not yield substantial simplifications to the coefficients. It
reads:

, 243ihx® 729hi? 5

3h
21 = Azy + i—2z529 + 212324 — zx,
P T80 T T 166w (982 +16) 0T 128607 (3E — 4i)3 °

(44)

where the notations of the previous sections are used, and the second equation for z, has
been omitted since it is the complex conjugate. The associated nonlinear mapping is given in
Appendix H for the sake of completeness. As compared to the primary resonance, Equation (44)
contains fewer terms. On the other hand, only one more resonant monomial as compared to the
non-resonant case shown in Equation (32), is present. The added monomial is zg, which is indeed
the resonant term due to 3 : 1 superharmonic resonance, since z3 = e and Q ~ o /3.

At this order three of the development, no terms in the reduced dynamics involve powers
of the forcing coordinates, such as z7 that was for example in Equation (35) for the primary
resonance. Consequently, no higher harmonics of the forcing will appear in the solution, such
that analytical expressions for the frequency response curve could be easily derived at this order.
Using the polar coordinates, redefining the phase as iy = 8 — 3¢ in order to render the system
autonomous, and searching for fixed points such that p = ¢ = 0, the following relationship is

derived:
B, + A;sin () + A, cos () = 0, (452)
B; — A, sin (1) + A; cos (1) = 0, (45b)

where A,, A;, B, and B; have explicit expressions as functions of the coefficients of the normal
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dynamics Equation (44):

645 (982 +16)° w168 (982 +16)% w7

3h 243hi?
B, = —péw, B;=pdw—3pQ+p’— + .
r=opte. Bi=poo = 3p0t b P S 07 + 16) o

_ 6561hK°E (16 — 3¢7) a 729hi> (27 — 65%)

(46)

Squaring each line of Equation (45), summing and using sin® {/ + cos® i/ = 1 in order to eliminate
the angle 1/ leads to the following relationship that gives the frequency response function, i.e. the
amplitude p as a function of the forcing frequency Q:

AP+ A% = B2+ B (47)

From this last equation, an explicit expression for the frequency response curve is derived, and
the coefficients from Equation (46) are substituted to obtain:

3h 3°hk? 312p2x6
3pQ = pdw + p° + * — p2E202. 8
PRZPOOTE Bsw P25 (98 + 16) 00 \/21252w14 oe+16) co 4

This expression for the FRC of the superharmonic case is very close to the one obtained using
a first-order multiple scales expansion. It is however more general since no small damping
assumption has been made yet. Using a first-order expansion on the damping term ¢, following
the guideline used in the previous section, gives:

3°hi? N \/312h21<6

28&)5 - 224&)14

3pQ = po + p3% + - pEto?, (49)
this last expression being exactly equivalent to the one reported in (Nayfeh and Mook 1995) using
the first-order method of multiple scales (MMS). At this level of the asymptotic expansion (order
3), the normal form of the superharmonic solution is thus equivalent to a first-order perturbative
solution. This is logical because in the present situation, the amplitude k can no longer be
considered small, an effect that is accounted for in the multiple scales solution by assuming that
the forcing appears at the order zero of the solution, since a secondary resonance is considered.

The terms which are outside the square root in Equation (48), represent a shift of the
traditional backbone curve with forcing amplitude. Interestingly, this dependence only comes
from the monomial z;z5z4. The expression that describes this curve is

3h N 3% hx?
23800 246 (982 +16) w3

3wNL = dw + p° (50)
When x = 0, this last equation recovers the backbone curve of the primary resonance (see
Equation (18b) truncated at the third-order), which is simply shifted and scaled to one-third of the
eigenfrequency. For a fixed value of k # 0, it aligns to a backbone passing through the maximum
of the FRC, as illustrated in Figure 5(a).

Additionally, it is possible to derive an expression for the curve that connects the maxima of
the superharmonic FRCs, which can be viewed as a generalised backbone curve for this resonance
scenario. It is obtained as a curve parameterised by x: for each forcing amplitude, there is a value
for p such that the frequency in Equation (48) is single-valued, and a corresponding value of Q:

312,256
p(k) = >
21252(4)16§2 (952 + 16)
Sw 31236 33hi?
Q(k) =—+ s+ .
3 28301782 (982 +16)° 236 (9€% + 16) w°

(51)

Equations (48) to (49) are used to plot the FRCs in Figure 5(a) for three different values of
forcing amplitude: x € {0.5,0.7,0.9}. The other parameters are fixed as w =1, £ = 0.2, h = 3.
The figure also shows different shifted backbones for the problem. The generalized backbone
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Figure 5 FRCs for the 3:1 superharmonic resonance of the damped cubic Duffing oscillator. The results are obtained
using a complex normal form style, and parameter values are setas w =1, h = 3, £ = 0.2. (a) FRCs in
the frequency-amplitude of the normal coordinate plane. Note how the forcing-dependent backbones
follow the shift of the curves with increasing x. In the legend, the grey lines indicate which equation has
been used to calculate each curve, while different colors are associated with different x values. For k = 0
there is no FRC, only the forcing-dependent backbone. (b) Three-dimensional view of the FRCs and of

the frequency response manifold. The curve that unites the peaks of the FRCs is also shown as a red
dash-dotted line.

curve, following the peaks of the FRCs and given by Equation (51), is shown in red dash-dotted
line. In Figure 5(a), the two expressions for the FRC, respectively without assumption on the
damping, Equation (48), or assuming a first-order, Equation (49), are also shown, underlining
the minimal difference that is brought about by considering accurately the damping ratio as
compared to the first-order perturbative solution. Note that, for illustrative purpose, values of p
largely exceeding 1 have been selected. Furthermore, the range of frequencies shown is large and
exceeds the vicinity of the superharmonic resonance, with values approaching the region where
the primary resonance influences the response. Therefore, the illustrative character of Figure 5(a)
should be kept in mind, where parameter values such that a clear shift of the FRCs could be
observed were chosen purposefully.

The curves are also plotted in 3D space in Figure 5(b), by adding the forcing amplitude x as
an additional coordinate. A frequency response manifold, given by Equation (47) is represented in
order to highlight the set on which the solutions are. The generalised backbone curve given by
Equation (51) is represented as the red dash-dotted line joining all the maxima of this surface.

Figure 6 completes the analysis for this case, presenting the FRCs in terms of physical
displacement amplitude, uy,ax, and for higher orders of parametrisation. The curves therein are
obtained, such as in the primary resonance case, by numerical continuation with the package
Matcont (Dhooge et al. 2004), since it is not possible to find an analytical expression relating
Umax to p. The figure also shows the multiple scales solution given by Nayfeh and Mook (1995, p.
176). It should be noted that, in contrast with the case of primary resonance, this solution does
not simply assume that up,x = p. Indeed, the time series of the displacement is given as

u=pcos(3Qt—-y)+ ﬁ cos Qt, (52)

with y being a phase defined in the reference, in the same page mentioned before. The curve
corresponding to this solution was found by calculating the maxima of this expression over a
period of oscillation for different values of p. Note that, since the damping is small, the difference
between this curve and the one of the O (2%, ¢*) parametrisation is only due to the nonlinear
mappings relating u to p. Consequently, even though the same FRC in terms of p is found for
both of them, the approximation given by the normal form computation up to order 3 is more
accurate in this case, thanks to the correction brought about by the mapping. Nevertheless, an
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order three expansion is still not enough when compared to the response of the full system,
i.e. higher order terms need to be taken into account to converge to the exact solution, which
happens at order seven.

- - - T T T : :
0.65 0(2%, %)
[ 0(z°,¢%)
0.6 |- 07", ¢7)

r MMS
0.55 Reference
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%.3 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38
Qlw

Figure 6 FRCs for the 3:1 superharmonic resonance of the damped cubic Duffing oscillator. Parameter values
are 0 = 1.5, h = 1, £ = 0.002 and x = 0.5. Comparison of numerically computed FRCs, obtained from
MORFE_Symbolic and solved using numerical continuation, with a reference solution, also obtained by
continuation but on the original equations, and with the first-order multiple scales solution (MMS).

At this point it is interesting to highlight that the solution obtained by the CNF converges to
the reference one only in the vicinity of the superharmonic resonance, but starts to show slight
discrepancies outside this region, see e.g. for Q/w > 0.35 in Figure 6. This is inherent to the
local nature of the normal form solutions, that are developed for specific resonances, and which
should not be expected to converge for the whole range of forcing frequencies. Specifically,
the reference solution starts to be affected by the primary resonance when Q/w > 0.35. This
effect is not captured by the normal form solution, no matter the maximal order chosen for the
parametrisation.

3.2.4 Subharmonic resonance

In this section, the 1 : 3 subharmonic resonance, where the excitation frequency is in the vicinity
of three times the natural frequency o, is investigated, for the Duffing equation with cubic
nonlinearity, Equation (29). The complex normal form (CNF) up to the third order for both
autonomous and non-autonomous variables, with the expansion point for the parametrisation
being Q, = 3w is

N h o, N 3ihk? 3hk (36 —4i)
zZ1 = z —2Z:Z 212324 — —0————————2923.
oA 27 16805 (16 +982) 77 86w3 (16 +982) 27

3i

20w
Again, the equation for z; is not reported for the sake of brevity, being the complex conjugate.
The nonlinear mapping up to order 3 is reported in Appendix I. The normal form dynamics looks
similar to the superharmonic case, only the last monomial being changed, since now the resonant
monomial with the assumption Q = 3w is z2z3. The term z%z, refers to the cubic nonlinearity,
while the second monomial z;z3z4 is the trivially resonant term, scaling as the square of the
forcing amplitude x?, and making clearly appear the hard non-resonant excitation that is key for
secondary resonances.

Proceeding similarly as in the superharmonic case to find an analytic expression for the FRC,

the system to solve can be put in the following form, this time with ¢ = 30 — ¢:

(53)

B, + A; sin (¥) + Ay cos (¥) = 0, (54)

B; — A, sin (1) + A; cos (1) = 0, (55)
with:

A = 32hi 2 3hk (562)

s A = 5
P 24503 (16 + 9£2) 1= A 22503 (16 + 9£2)
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Q 3h 3hx?
B, = —pfw, B;=pdw-p—+p’ + : 6b
r pgw 1 p w p3 p 2350) p245w5 (16+9§2) (5 )
Solving the system, it is possible to find the following expression for the FRC:
A?+A2=B!+B. (57)

Substituting coefficients A,, A;, B, and B; into this expression yields a biquadratic equation
in p. A peculiarity of the subharmonic resonance is to give rise to detached solution branches or
isola, that are not connected to the main solution branch (Nayfeh and Mook 1995). Consequently,
deriving the existence condition for such solutions is important in this context. The derivation of
this condition from the biquadratic equation is reported in Appendix J. Only the result is shown
here, the boundary for the region where solutions can exist being given by

63hx? 2°6wE* (16 + 982
Q=350+ ‘ + al §). (58)
278w’ (16 + 9&?) hx?
From Equation (57) it is also possible to derive an explicit expression for the FRC:
Q 3h 3hi? 32h2x?
= =dw+ 24 + 2 g2p2,
3~ 2T 850" T 28505 (16 + 982) \/285%6 (eromyf (59)

As in the superharmonic case, the terms outside the square root in Equation (59) can be
interpreted to understand the shift of the primary resonance backbone curve for this subharmonic
scenario, including the effect of the monomial z;z3z,. Its expression is given by

(NL 3h 3hk 2

— =8+ 2+ .
3 2T 850" T 21505 (16 + 982)

(60)

Also, by requiring Equation (59) to be single-valued, a generalised backbone curve that
connects the minima of the FRCs’ isolas can be obtained as:

24w 6E\16 + 9&2
p(k) = 3h ,
‘ (61)
20758 (16 + 98%) 3%hi?
QG =300+ hx? - 24507 (16 +98%)°

The FRC can be further simplified by adopting a small damping hypothesis. Similarly to the
previous superharmonic case, this assumption allows us to recover exactly the solution given by
the first-order multiple scales development (Nayfeh and Mook 1995):

Q 3h 5, 3h’ \/32h2K2 2 £292, (62)

3 @+ B0 * 28> * 21252w6p

The small damping assumption allows for an additional simplification in the expression of

the boundary of the existence region, Equation (58), that also results in the same formula as the
one found with a first-order multiple scales solution:

63hk?  2°07¢

Q=30+ STl gs + s

(63)

It should be noted that Equation (63) is quite close to the second expression in Equation (61)
once it is simplified to retain only first-order terms in the damping:

32hk?  2°07E

Q=30+ +
@ 286w> hx?

(64)
The two curves have different interpretations, however. While Equation (63) gives the possible
combinations of parameters Q and k such that non-trivial solutions might exist, Equation (64)
only gives the frequency value at which the minimum of the FRC occurs as a function of x. Both
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Figure 7 1:3 subharmonic resonance of the damped cubic Duffing oscillator. Results obtained using a complex
normal form style, with parameter values as w = 1.5, h = 1 and ¢ = 0.02. (a) Comparison of the existence
condition and the curve following the FRCs minima in (Q, x?) space. (b) FRCs for x = 5,10, 15. The figure
also shows the shifted backbones and generalised backbone joining the FRCs minima. In the legend,
the grey lines indicate which equation has been used to calculate each curve, while different colors are
associated with different k values. For k = 0 there is no FRC, only the forcing-dependent backbone.

expressions are plotted in Figure 7(a), with parameter values fixed as w = 1.5, h = 1 and & = 0.02.
It is worth mentioning that the curve defining the FRC minima lies inside the existence region
given by Equation (63), as should be expected.

Equations (59) to (62) are used to plot the FRCs in Figure 7(b). For the figure, the forcing
amplitude assumed three values: x € {5, 10, 15}, each of which is associated with blue, dark green
and light green curves, respectively, while the other parameters remained the same as in the
previous plot. The figure also shows the shifted backbones given by Equation (60) for the three
different forcing values; and for k = 0. The generalised backbone that connects the minima of the
FRCs, whose expression is found in Equation (61), is also shown, in red dash-dotted line.

Numerical results are also presented for this situation in Figure 8, where the FRCs in terms of
physical displacement amplitude un,x are plotted. Once again, the numerical continuation package
Matcont (Dhooge et al. 2004) is employed to find the FRCs stemming from MORFE_Symbolic
and that of the full system. Additionally, a first-order multiple scales solution is also presented.
Its displacement time series is obtained from

1
u=pcos—- (Qt—y)+ % cos Qt, (65)
3 w* —

Q
with y defined in (Nayfeh and Mook 1995), page 180. The difference between the multiple scales
solution and the one from the O(z?, £*) parametrisation is even more pronounced in this case, as
compared to the superharmonic resonance scenario. Again, the nonlinear mappings arising from
the parametrisation method prove essential to obtain accurate approximations of the full system.
Comparing the curves from the Figure 8, it can be seen that convergence is more difficult to
reach. However, an order 9 parametrisation seems to be an acceptable approximation to the
reference curve in the displayed frequency range.

3.3 Parametric excitation

In this section, the case of a parametric excitation is considered. The starting point is a damped
cubic Duffing equation with a forcing on the right-hand side that depends on the displacement,
reading:

ii + 280t + w*u + hu® = ku cos Q. (66)

There exist several parametric instabilities for different values of the excitation frequency €, that
are generally reported in a so-called Strutt-Ince stability diagram, see e.g. (Nayfeh and Mook 199s;
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Figure 8 FRCs for the 1:3 subharmonic resonance of the damped cubic Duffing oscillator. Parameter values
are w = 1.5, h = 1, £ = 0.002 and x = 1. Comparison of numerically computed FRCs, obtained from
MORFE_Symbolic with higher orders and solved by continuation, with a reference solution, also obtained
by continuation, and with the first-order multiple scales solution (MMS).

Grandi et al. 2021). Here, the analysis is restricted to the primary parametric resonance when the
excitation frequency is close to twice the eigenfrequency, Q ~ 2w. The package MORFE_Symbolic
relies on the generic treatment of non-autonomous terms proposed in (Vizzaccaro et al. 2024),
which can handle a first-order differential-algebraic equation (DAE). Also, the starting point
assumes that a quadratic recast of the equations of motion has been performed, by adding new
variables to express the initial problem with only quadratic nonlinearities (Guillot et al. 2019).
Equation (66) is thus rewritten as follows to be automatically treated by MORFE_Symbolic:

u=o, (67a)
0 = —280v — U — hury + ur,, (67b)
0=r —u? (67¢)
0=r == (zm+a), (67d)
23 = iQz3, (67€)
z4 = —iQzy. (671)

The complex normal form (CNF), up to the third order, is given in the equation that follows. The
expansion point for the parametrisation is selected as Q,, = 2w.

4 = fiz1 + fozizs + fozozs + fizi1 2374 (68)

Again, note that, as compared to the out-of-resonance scenario shown in Equation (34), the only
added monomial to be considered for the parametric excitation is z,z3, which is indeed resonant
since Q ~ 2w. The coefficients f;, j = 1,..., 4 in Equation (68) are

. . 3h
fi=h =—-¢o+iwd, = Y (69a)
LK KX(5-1)
b=y i (690)

Note in particular that in the present case, f5, f5 and f; are purely imaginary, which is a consequence
of the starting point Equation (66). However, in a more general context of parametrically excited
systems, these coefficients can have a non-vanishing real part. This is observed for example in the
case of continuous structures where an external forcing leads to a parametric excitation, as the
case studied for example in (Opreni et al. 2023) (beam with in-plane forcing where the parametric
excitation leads to transverse vibrations), and in (Frangi et al. 2025) (parametric excitation due to
electro-mechanical coupling). Hence, for the sake of generality, all the introduced coefficients are
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considered to be complex, with f; = ij +i ij to distinguish real and imaginary parts. This point
is further addressed in Section 4.2 where a parametrically excited two-dofs system is considered.
Note finally that f; scales with x?, it is thus a second-order term with respect to the forcing,
which is neglected with first-order assumptions used in (Breunung and Haller 2018; Jain and
Haller 2022; Opreni et al. 2023), and also neglected in first-order perturbative solutions, such as
the MMS and the method of varying amplitude, as can be seen in (Benacchio et al. 2022).

Substituting z; = p/2e'? and z, = p/2e7%, defining ¢ = 20 — Qt = 20 — ¢ to make the system
autonomous, we obtain a first-order autonomous dynamical system

p =B, +A,cosy+ A;siny, (70a)
gl// =B; — A, siny + A; cos . (70b)
where the introduced coefficients are written as a function of the real and imaginary parts of the

fi (respectively denoted as ij and ij ) as:

3
p
Ar=pfs  Br=pf'+ TR +pf (712)

Q p
Ai=pfy,  Bi=pfi —p5+ T h +pfy. (71b)

Following the same procedure as in the previous superharmonic and subharmonic cases, an
implicit expression for the branches of solutions (FRC) is

A%+ A% =B+ B (72)

Once the values of A,, A;, B, and B; are substituted, it is possible to factor out p from all the
terms, resulting in an equation of the form p?f(Q, p) = 0. Thus, p = 0 is always a fixed point of
the system, which is a known result in parametrically excited systems (Nayfeh and Mook 1995).
The non-zero solution for the amplitude p, that yields an explicit expression for the bifurcated
solution branches, can be found by solving for f(Q, p) = 0, which gives

QZ
v -g'(p)Q+lg(p)I* - I =0, (73)

where the complex g(p) = g®(p) + ig'(p) has been introduced as
R, PR, R [ P
o) =+ S g i (g St 1) 70

The solutions to Equation (73) are

2 2 2
Q=z(ﬁ+%ﬁ+ﬁ{)iz\/|ﬁ|2—(]qR+%JgR+]gR), (75)

which is an explicit expression for the FRC of the parametric excitation. In the present case for
the coefficients f; given in Equation (69), this equation is

3h , K*(8-1) K2
Q = 2w (1 + gzl * R +2 Si25 Ew?. (76)

To simplify Equation (76), a first level of approximation can be found by neglecting high order
terms on the forcing, i.e. the third term that scales with x? in the first bracket disappears. This
term comes from the monomial z;z5z4 and is a second-order term for the forcing, which is
neglected in usual perturbative solutions. With this assumption, the expression for the FRC
simplifies to

3h K2 -
Q =2wd 1+mp + 2 m—gw. (77)
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Figure 9 Parametric excitation with parameter values set as w = 1 and h = 1, and a complex normal form analysis.

(a) Marginal stability curves or Floquet tongues for & = 0, 0.05, 0.1, 0.2. (b) FRCs for different levels of
approximation. The damping factor is set as £ = 0.2 and the forcing amplitude as k = 1.

Following that, the solution given by a first-order multiple scales development can be retrieved
by further imposing a small damping assumption, where only the leading order term in ¢ is kept
and 6 = 1 is set. The FRC is then

3h K2
23w2p2) 24/ Sigr b (78)

The bifurcation points from which the non-zero solution emerges are found by letting p = 0
in Equation (76). Let us call Q,j these two period-doubling points, where a Hopf bifurcation
occurs since a fixed point loses stability and a limit cycle emerges. They read, for the simple case
of Equation (66)

kK2(5-1) K2
Qa,b =2wd (1 + W) +2 240)252 — §2w2. (79)

These two equations can be represented as a function of the forcing amplitude x and give the
marginal stability curves (or Floquet tongues) where the parametric excitation gives rise to
non-zero solutions. They are presented in Figure 9(a) for different values of £, and retrieve the
usual result where the minimum of these tongues increases with the damping ratio. Interestingly,
the curves are not symmetric, a feature already reported with MMS solutions, see e.g. (Thomsen
2003), such that their shapes in the low-frequency range lead to crossing points, see Figure 9(a).
About the bifurcated branches, their stability can be analyzed through a linear stability analysis.
The detailed calculations for this case are presented in Appendix K.

A further level of refinement of the solution can be obtained by pushing the normal form
development up to order four. In this case, the expression for the FRC becomes more complicated,
but has the same form as Equation (40). For the sake of conciseness, the explicit expressions are
not reported here, but are compared to the solutions given by Equations (76) to (78) in Figure 9(b),
where the stability calculations developed in Appendix K are also included by indicating the
unstable sections of the FRC with dashed lines. In the Figure 9(b), the influence of different terms
on the FRC expression can be appreciated. While passing from the multiple scales solution to the
complete order three normal form development, the effect of not considering small damping
(8% ~ 1) is responsible for displacing the bifurcation points, see Figure 9(b). Additionally, the
effect of the z;z3z4 monomial is given by a shift in the midpoint between the two bifurcation
points, generated by the term proportional to x? inside the bracket in Equation (78). Interestingly,
the two bifurcated branches of the FRC do not close with a third-order approximation in the
normal form. This can be easily seen from the equations since the term under the square root is
constant, see also Figure 9(b). This result is however particular to the starting point used in this
study and the fact that the f; coefficients reported in Equation (69) are purely imaginary. A case

Q:Za)(1+
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FRCs for the parametric resonance of the damped cubic, parametrically excited Duffing oscillator. Common
parameters for both figures are @ = 1 and h = 1. Comparison of numerically computed FRCs, obtained
from MORFE_Symbolic, with a reference solution obtained by numerical continuation. (a) Backbones for
small levels of forcing and damping, with & = 0.01 and x = 0.043. (a) Backbones for higher levels of forcing
and damping, with £ = 0.2 and k = 0.9.

with non-vanishing real parts is shown in Section 4.2 to extend the analysis. Note that, in the
presented first-order perturbative solution, the solution branches are closing by using the actual
forcing frequency Q in the equations, as done for example in (Thomsen 2003) for the MMS and
in (Benacchio et al. 2022) for the method of varying amplitude, a particular feature of these
methods. In the present formulation, where the expansion is centered around fixed frequency Q,,
a fourth-order normal form needs to be computed in order to recover the expected solution with
closing bifurcated branches.

This resonance scenario is also studied numerically in Figure 10. The FRCs for the physical
maximal displacement u,,y are obtained from the output of MORFE_Symbolic, which is then
solved numerically with a continuation procedure using the package Matcont (Dhooge et al.
2004). They are compared to the full system solutions, taken as reference, and obtained by
numerical continuation directly on the initial problem. Two sets of parameter values are selected
to highlight different features of the solutions. In Figure 10(a), parameter values are set as w = 1,
h =1, &=0.02 and x = 0.043. In this case, the order 3 solution is omitted, since its bifurcated
branches do not close. Full convergence is obtained for an order 11 development. In Figure 10(b),
the values of both the forcing and damping are severely increased to k = 0.9 and ¢ = 0.2, while
keeping w = 1 and h = 1. This choice has been selected in order to better underline their effect
on the bifurcation point and illustrate how these particular features are retrieved by the CNF
solution. The numerical results show that the prediction of the bifurcation point given by the
CNF is confirmed. MMS solutions and order three developments completely overpredict the
maximum amplitude, such that higher orders are mandatorily needed. Note, however, that, with
this choice of parameters, the CNF does not converge to the exact solution. Even though all
the features are correctly retrieved, an underestimation in the maximum amplitude persists,
underlining that the validity limits of the method have been reached. Also, a small shift in the
bifurcation points that could not be captured by the CNF is visible.

Theoretical results, high-order developments on two-dof systems

This section aims to illustrate, with simple examples involving a two-degrees-of-freedom system,
how the presence of a slave mode can modify the dynamics of the master mode. Three different
cases with a master reduced dynamics considering a single NNM are considered. First, a generic
two-dof system without internal resonance is considered in order to highlight the effects of the
linear and nonlinear characteristics of the slave mode on the dynamics of the master mode. Then,
a parametrically excited two-dof system is considered. Finally, a mechanical system that serves as
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an illustrative example is used to highlight the previous findings.

Case without internal resonance

A conservative two-dof system with quadratic and cubic nonlinearities is considered as the
starting point:

.. 2 1.2, 1 1,2, 31 3,21 .2 1 2,11 .3 _
il + WUy + gy Uy + giUalz + gootty + by uy + hyuius + hyuius + hyyu; =0, (80a)

.. 2 2.2, 2 2.2 .12 3,12 2 2 2,12 .3 _
Uiy + wyuy + gy Uy + g Uitz + gootty + hij uy + hijuius + hiuiu; + hy,u, = 0. (80b)

Note that, when needed, modal damping of the form 2¢;w;i;, for j = 1,2, can be added to
take losses into account. Also, external forcing can be appended to the right-hand sides. Since
the internal forces of mechanical systems are generally derived from a potential energy, some
symmetry relationships exist between the quadratic and cubic coefficients, see e.g. Appendix A
in (Touzé et al. 2021) for a general discussion. In the present case, the quadratic coeflicients
satisfy

9%2 = 29%1» and 9%2 = 2952» (81)

meaning that only four free coefficients are at hand for quadratic terms. Of the 8 possible cubic
nonlinear coefficients, only 5 are free since the following three relationships are fulfilled:

1 2 1 2 2 1
hiiz =3h111,  hipp = hipp,  and  hiy, = 3hy,,. (82)

Assume that mode 1 is the master mode, and that no internal resonance exists between w; and
w-. In that case, the reduced dynamics contains a single pair of master coordinates, (z1, z2). Since
the analytical expressions become too lengthy for an easy interpretation, we begin with the case
of a system with only cubic nonlinearities, such that all gf] coefficients vanish, for p,i, j = 1, 2.
The reduced dynamics, up to order 5 is then

1 2 2y (K2 )2 1 )2
. + 3hin +3i (410 - 507) (h1}) T (h111)
41 = oz + i zizp + 31 NP DY 3

w1 w1 (907 = w5) (0] — ©5) 16wy

z?z%. (83)

This result has been obtained with MORFE_Symbolic using the complex normal form style, and
the assumptions given by Equation (82) have been taken into account. The nonlinear mappings
that relate the original coordinates (uy, vy, Uy, v2) to the normal complex master variables (zy, z3),
are reported in Appendix L.

It is interesting to observe that only two cubic coefficients appear in the reduced dynamics:
hl,, and h? . While h, refers only to the cubic term in u; and logically appears in Equation (83),
the other cubic coefficient which plays a role is h? . Because of the symmetry relationship Equa-
tion (82), this coefficient is related to two different monomials: the invariant-breaking term ui’ in
the second equation, and ufu; in the first equation. The invariant-breaking term is the only
one (in such two-dofs scenario) responsible for the loss of invariance of the linear eigenspace.
Consequently, only h?,, is responsible for the curvatures of the invariant manifold in phase
space. This is also evident in the equations governing the geometry of the manifolds, which are
contained in the nonlinear mappings reported in Appendix L. Notice that enforcing h?,, = 0
in Equation (L.1) leads to u, = v, = 0, showing that the manifold has no extra curvatures in
the direction of the second mode. Finally, looking in detail into the analytical equations of the
nonlinear mappings shown in Appendix L, one can see that these expressions only depend
on hl ., h%,, and hl,,. Again, it appears logical that hl,, is involved since it is linked in the
first equation to the second trivially resonant monomial u;u3 (but also to monomial u?u; in the
second equation due to symmetry), following the terminology introduced in (Touzé et al. 2004;
Touzé 2014; Touzé et al. 2021). Interestingly, the present calculations underline that up to order
5 this term has an effect only on the nonlinear mappings, but not on the reduced dynamics.
However, once higher-order developments are pursued, the other missing coefficients start to
appear, first in the nonlinear mappings and then in the reduced dynamics equations. As a final
remark on higher orders, we highlight that the monomials present in the reduced dynamics are
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Figure 11

the same as the ones examined for the Duffing equation, due to the simple rule of construction of
the resonance. In the present case, only terms of the form zf +1z§ , with p > 1, will stay in the
reduced dynamics, while the coefficients are modified by the presence of the second oscillator.

Thanks to the property of the CNF already underlined in Section 2.1, the backbone curve is
analytic up to the desired order. Since the coefficients are lengthy for orders higher than 5, only
the fifth-order is shown here, but of course, closed-form expressions are readily available for

high-order terms:

1 2 2 2 \2 1 1\2
ONL g4 %hPZ + 3 4loy — S0y hiy 17 hu 4
w1 8 w? 16 | (90? — w?)(0? — 0?) | w? 16 )

— (84)
@

Interestingly, the coefficient h?,; which appears in the cubic term might have an effect on the
hardening/softening behaviour at large amplitude. If the first-order term is unequivocally dictated
by the value of h},,, one can see that the next order depends in a complicated manner also on
h?,,, w1 and w,. This is illustrated in Figure 11(a) where three different scenarios have been
tested. In each case, a high-order backbone curve is computed from the expressions obtained
with the parametrisation method up to order 25, and is compared to a reference solution obtained
by a numerical continuation technique.
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Backbones up to order 25 for the 2-dofs system without internal resonance. The curves were obtained

; _ 1 _ 2 1
using a complex normal form style, and parameter values were fixed as w; = 1, h;;; = 1, h{,;, g;; and

g%, varying, and all other nonlinear stiffness coefficients zero (other than the ones fixed by symmetry
conditions). The backbones given by the parametrisation method are compared with reference solutions
obtained using the numerical continuation package Matcont (Dhooge et al. 2004). (a) Oscillator with
only cubic coefficients. (b) Oscillator with quadratic and cubic coefficients. Additional parameters fixed:
wy =157,k =1.

The first case is where the invariant-breaking term vanishes, i.e. hfu = 0. In such a case, the
backbone follows that of a single-dof Duffing equation. Then two other cases are selected, using
hfll =1, w1 = 1, and either w; = 1.57, or w; = 0.637. The slave mode’s eigenfrequencies were
purposefully selected such that no low-order resonance relationships are verified. Figure 11(a)
shows the obtained results. When w; = 1.57, some terms in the quintic coefficient shown in
Equation (84) are negative, such that the hardening behaviour turns back to softening at higher
amplitudes. This effect is correctly captured by the asymptotic solution to order 25 which is close
to the numerical solution up to amplitudes around 0.65. In this case, the validity limit of the
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4.2

asymptotic approach seems to decrease as compared to the case h?,, = 0. On the other hand,
when the slave mode has the lowest eigenfrequency with w; = 0.637, the hardening behaviour is
enhanced by the higher-order terms. In this case, the validity limit seems to be even smaller since
the order 25 solution departs from the reference from amplitudes around 0.45.

We now consider the effect of the quadratic terms by considering all quadratic and cubic
coefficients in Equation (80). Since the full analytical expressions begin to be lengthy, only the
third-order reduced dynamics with CNF is reported to see how the quadratic coefficients aggregate
to form the third-order coeflicient in the normal form that dictates the hardening/softening

behaviour. It reads:

2 2
3 hl 5 1 8602 _ 30)2 2

2 = iw1zy + iw; —1—121 -z (9—121 - 12 22 I 2%z, (85)
2 ] 3\ oy do] — wy \ w102

Notice that, at this order, two quadratic coefficients are of special interest. First, the “self-
quadratic” one, gj,, which is present in a single-dof Duffing analysis, see Section 3.1. Second, the
invariant-breaking quadratic coefficient g%,. Also note that the denominator of the invariant
breaking term vanishes when a 2:1 internal resonance such that w, = 2w, is met, a feature
already discussed in (Touzé et al. 2004; Touzé and Thomas 2006).

Figure 11(b) illustrates this effect of the quadratic terms by considering the increase of both
g1, and g?, with the same trend, by imposing g}, = g%, and increasing them from 0.5 to 1.5.
As expected, the quadratic nonlinearity favours the softening behaviour, and one can see that
the types of behaviour ranged by this choice are various and generally well reproduced by the
normal form analysis, up to a certain amplitude that should correspond to the validity limit of the
asymptotic development.

Parametrically excited system

This section considers a simplified two-dofs system which is representative of a flat structure
that is externally excited with an in-plane force, which leads to transverse vibrations through a
parametric excitation. In such a case, studied numerically with a cantilever beam in (Opreni et al.
2023), the external forcing transforms to a parametric excitation in the reduced dynamics. The
simplest system that can reproduce such an effect needs to contain a quadratic coupling between
master and slave modes, as is the case in beam structures, for example, (Vizzaccaro et al. 2020;
Givois et al. 2019). The model introduced in (Vizzaccaro, Salles, et al. 2021) is thus selected here,
ie.

il + 2&0y + uy + 2guiuy + huf =0, (86a)

ily + 2Ewotiy + a)guz +guf = k cos Qt, (86b)
where the forcing frequency Q is selected in the vicinity of twice the eigenfrequency of the master
mode (normalized at 1 here), Q ~ 2, in order to activate the principal parametric resonance.
Additionally, a small damping assumption is introduced to simplify the coefficients. In this case,

the reduced dynamics up to the third order, with a parametrisation computed with the choice
Q,=2,is
P 5

4 = fiz1 + fozizs + fozozs + fiz1237s, (87)

with the coeflicients

_icE pe gr (=9 g einT
fi=i=& ﬁ‘_2(i§+1)(w2—z)(4i§+w2+2)’ fi= 32(w? — 4)2

_ (i= &) (-16g%iw, +32g%IE — 6g°w; + 16g° — 12hifw; + 24hifw] — 3hw; + 12hw])
B 203 (it +1) (wz — 2) (4i€ + @y +2)

f :

(88)

The reduced dynamics equation is, as expected, the same as the one shown in Equation (68).
In this situation, however, the coefficients f;, and in particular f,, have non-vanishing real parts.
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Figure 12
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Externally forced 2-dofs system leading to a parametric resonance, Equation (86). Comparison of the
results obtained with a third-order complex normal form style and the method of multiple scales (MMS).
Parameter values set as wp; = 1.57, £ = 0.2, h=0.5,g =5and x = 0.2.

As a consequence, the term under the square root in Equation (75) depends on p and the FRC
closes at order three. This situation is illustrated in Figure 12.

From the figure, note that for the selected parameter values the bifurcated branches of the
FRC display a softening behaviour. Inspecting Equation (75) shows that the hardening/softening
behaviour is governed by the imaginary part fzI of the coefficient f;. In the present case, it can be
written explicitly as:

30:-8  3h

I _ 2 _ o
fé_gwg(‘l_wg) 2' (89)

Consequently, the hardening/softening transition occurs for this specific case when f; vanishes,
and a hardening behaviour is obtained for h < g?(6w3 — 16)/ (3w3(4 — w3)). Again, the wealth of
the proposed ROMs can be here underlined since they provide physical insights and predictive
interpretations that can be directly checked on the numerical results. Otherwise, the same
comments made in Section 3.3 also apply here. The slight shift of the bifurcation points between
the multiple scales solution and the order 3 normal form development is also retrieved and is
illustrated in Figure 12. A stability analysis similar to the one given in Appendix K could also be
applied here, but is not done for concision, and therefore not reported in the figure.

lllustrative example: a mass connected to two nonlinear springs

This last section aims at illustrating some of the results presented in the paper to the case of a
2 dof system consisting of a mass connected to two elastic nonlinear springs. This example
has been introduced in (Touzé et al. 2004) and then used in several articles as a benchmark
study (Touzé and Amabili 2006; C.-H. Lamarque et al. 2012; Breunung and Haller 2018; Liu and
Wagg 2019). The equations of motion read:

2 2, 2
® W+

il + luy + 71 (3uf +ul) + wiuuz + szul (Ui +u3) =0 (90a)
2 2, 2
® W+

ily + wiuy + ?2 (3u2 + u?) + wiuyuy + ——Luy (u? +ul) = 0. (90b)

It should be highlighted that the nonlinear stiffness coefficients can be written as a function of
the eigenfrequencies of the system, leading to simplified expressions for the coefficients that
appear in the high-order normal forms. Up to order 5, using again the CNF and showing only the
equation for z;, we obtain

401 (—3@% + a)g)

2
212

21 = iw1z1 + i
40? — w}
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Figure 13

w1 (—90720,° + 271800} w5 — 196240l w; + 5835w WS — 754wl @S + 35w,°)

+ 1
10 8 2 6 .4 4 6 2 8 10
576@1 - 1072a)1a)2 + 6520)1(02 — 177a)1a)2 + 22w1w2 — W,

725, (91)

Furthermore, using polar realification, an analytic expression for the backbone can be found
as

B —3w? + w105 )
WNL = W1 + ﬁ 1
dw] — w;
—90720;" + 271800w] w5 — 19624w] w; + 5835w; w5 — 754w} w5 + 35w10,"
+ pi-

16(40? - 03)3(90? - wi)(w? — wk)

(92)

We denote as fP) the coefficient of the monomial of order p in the normal form. The third-order
term, which governs the first curvature of the backbone curve and the hardening/softening
behaviour, has already been analysed in (Touzé et al. 2004) with the oscillator normal form,
leading to the same coefficient as (3 reported here with the CNF. Thanks to the high-order
expansions, the analysis can be pushed further by considering the variations of f*, whose
expression is stated in Equation (91), and f (M, not shown here for the sake of brevity, whose
variations are represented in Figure 13 for w; = 1 and varying w,.
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Behaviour of the normal form coefficients f(3), £ and f(?) for the two-dofs system given in Equation (9o)
as a function of w,, with w; = 1.

From the figure, it is straightforward to predict the type of nonlinearity for the order 7
backbone curve. Taking for instance w; = 1.5, the system shows a softening behaviour, since all
three coefficients {3, £ and f(7), are negative. On the contrary, for w; = 2.5, since f® and
f©) are positive, the backbone will first display a hardening behaviour, turning to softening for
large amplitudes since f(7) is highly negative and will dominate.

Figure 13 also illustrates that the coefficients have a singular behaviour when internal
resonances are crossed, a typical feature resulting from the small denominator problem. The
third-order coefficient {3 displays a singularity when a 1 : 2 internal resonance w; = 2w,
appears, a behaviour already analysed e.g. in (Rega et al. 2000; Touzé et al. 2004; Touzé and
Thomas 2006; Arafat and Nayfeh 2003). Interestingly, the order five coefficient f©® shows
in addition a singularity for the first third-order resonances, namely the 1 : 1 and the 1 : 3
resonances defined by ws; = w; and w; = 3w;. This is a direct consequence that the order five
coeflicient is built from the elimination of the cubic terms. Continuing further, the order seven
coefficient f(7) has an additional singularity at the 1 : 4 resonance w, = 4w, following the
cancellation of the quartic terms in the normal form. Finally, it is also possible to notice that for
w3z > 4 the values of the coefficients remain virtually constant, and the backbone behaviour is
hardening at low amplitudes followed by softening at high amplitudes.

Whereas most of the reported analyses have been focused on FRCs, this section closes with
numerous illustrative examples highlighting the behaviour of the invariant manifold serving as a
reduced-order subspace in the method. First, the convergence in terms of the geometry and the
effect of higher-order terms on the computed curvatures are illustrated.
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Figure 14 Phase space representation for the two-dofs system given by Equation (90). (a) Comparison of periodic

orbits calculated with an order 20 parametrisation and the invariant manifold obtained by numerical
continuation for w; = 1 and w; = 1.57. (b) Comparison of the manifolds of order 3 and 15, in blue and
orange respectively, obtained by the parametrisation method with the one found by continuation, in pink,
for w; = V0.5 and w, = V6. The black point represents the origin. (c-d) Cross-sections at v; = 0.1 and
u; = —0.2, respectively, obtained from case (b). Solutions of order 3, 5, 7 and 15 are compared to the
numerical continuation reference.

Figure 14(a) compares the exact shape of the invariant manifold, which has been computed
by numerical continuation, to periodic orbits calculated using an order 20 parametrisation, with
w1 = 1 and w; = 1.57. It can be seen that the orbits show an almost perfect agreement with
the manifold in a region surrounding the fixed point located at the origin. In the same spirit,
Figure 14(b) compares the numerical manifold obtained by continuation for w; = V0.5 and
wy = V6, depicted in blue, to different orders of the asymptotic expansions: order 3 in orange, and
order 15, in pink. It clearly highlights that, with increasing orders, the asymptotically computed
manifolds can retrieve the complex curvatures of the exact solution. To aid the visualisation,
section cuts of Figure 14(b) are presented in Figures 14(c) and 14(d), where orders 5 and 7
solutions are also included to better appreciate the convergence. Note that Figure 14(d) shows a
cross-section at u; = —0.2 which is quite far from the origin, hence explaining the observed
discrepancies.

The next case illustrates how the linear viscous damping terms might affect the shape of the
invariant manifolds, thus highlighting the difference between a conservative and a damped
manifold. Viscous damping of the form 2&;w;, i € {1, 2}, is appended to Equation (9o). Figure 15
shows the invariant manifolds computed by the parametrisation method with CNF, with system’s
parameters fixed as w; = V0.5, wy = V6 and & = & = 0.1. In Figure 15(a) the damped manifold,
in blue, is compared with the one obtained without damping, in yellow. It is possible to notice
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(b) (©

Influence of damping on the invariant manifolds for the mass connected to two springs. (a) Comparison of
the order 15 damped (blue) and undamped (yellow) manifolds obtained by the parametrisation method
with CNF style, for w; = V0.5, w; = V6 and & = & = 0.1. Two periodic orbits, in red, are also shown
for the full conservative system as well as a damped orbit of the full system, in blue. The black point
represents the origin. (b-c) Cuts at v; = 0 and u; = —0.2, respectively, obtained from (a).

that in the dissipative case, the curvatures of the manifold are importantly attenuated, which can
be better appreciated by inspecting Figures 15(b) to 15(c), which show cross-sections of the
manifolds.

Lastly, the effect of the external forcing on the manifolds is examined in Figure 16, to illustrate
the behaviour of time-dependent invariant manifolds in the context of model order reduction.
Two different orders of truncations relative to the forcing term are considered. A first case
where a first-order assumption on the forcing is adopted, following (Opreni et al. 2023; Jain and
Haller 2022) (first column, Figures 16(a) to 16(e), O(z?, €') truncation). In the second case, an
O(z%, €%) truncation is shown, highlighting the higher-order effects of the non-autonomous
terms computed thanks to the development shown in (Vizzaccaro et al. 2024) (second column,
Figures 16(b) to 16(f)).

Additionally, three cases relative to the forcing configuration are examined. In these situations,
a non-autonomous right-hand side is added to the equations of motion:

2

2, 2
W+ o
Wt $78 (uf + ug) = k1 cos Qt (93a)

2
w

ii; + 251(/)1121 + wful + ?1 (311% + ug) + a)gulug +
2

2 2
%) Wi+ o
.. . 2
iy + 2E0015 + a)gug + —22 (Sug + uf) + w%uluz S S 1 2

uy (uf +ud) =k cos Q. (93b)

In all scenarios, the forcing is considered resonant to the first (master) mode, such that Q = w;.
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(e) (f)

Figure 16 Influence of forcing on the invariant manifolds for the mass connected to two springs. In all figures,
parameter values are fixed as w; = 1, w; = 1.57 and & = & = 0.01, and a primary resonance situation is
considered. For figures (a), (c) and (e), x = 1 and an O(z>, ¢!) truncation is chosen, while for figures (b), (d)
and (f), x = 0.2 and an O(z, £%) is adopted. The path of the fixed point in phase space over time is also
represented: (a-b) Forcing perfectly aligned with the master mode. (c-d) Forcing perfectly orthogonal to
the master mode. (e-f) Forcing in both master and slave modes.
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In the first of them, corresponding to Figures 16(a) to 16(b), the forcing is perfectly aligned with
the master eigenspace. This case is obtained by setting a harmonic forcing only on Equation (93a),
ie K1 = K, k2 = 0. In this situation, when the development of the nonautonomous terms stops at
order 1, the manifolds exhibit a rigid body rotation along a path that remains on the master
eigenplane, as shown in (Opreni et al. 2023) and illustrated in Figure 16(a). Once high-order
forcing terms are considered, however, the rotation of the fixed point shows slight deviations from
the linear eigenplane due to the higher-order effects. Additionally, the motion of the manifold is
no longer a rigid body one, and shows important deformations, as can be seen in Figure 16(b).

The second case corresponds to a forcing that is now orthogonal to the master eigenspace,
obtained by setting a harmonic forcing only on Equation (93b), i.e. k1 = 0, k2 = k. The first-order
development for the non-autonomous part predicts a rigid body motion of the manifold along a
circular motion on the slave eigenplane (Opreni et al. 2023), which when projected into the
adopted representation space corresponds to a straight vertical line, as seen in Figure 16(c).
With the inclusion of the high-order forcing terms once again the manifold deforms, and the
motion path along the phase space is no longer circular. Its projection to the representation space,
nevertheless, still remains a straight line, as can be seen in Figure 16(d), which indicates that it is
entirely contained in the slave eigenspace.

Finally, Figures 16(e) to 16(f) showcase the general case where the forcing is neither orthogonal
nor parallel to the master eigenspace. In this situation we chose k; = K, = k and, as can be
observed from the figures, the motion of the manifolds is a combination of the two previous
situations.

Conclusion

High-order, automated solutions for nonlinear vibrations, have been derived and analysed thanks
to a symbolic version of the parametrisation method for invariant manifold, implemented in the
package MORFE_Symbolic. The contribution aims to show how this general method can be
used efficiently to derive several useful results to understand the reduced dynamics of large
dimensional systems. It also underlines the existing continuity between low-order analytical
perturbative solutions and high-order numerical solutions. When the solutions are analytically
tractable, we have shown how they can easily reduce to known results obtained with perturbative
methods, and how they extend by considering more effects with fewer assumptions. Indeed, a key
feature of the parametrisation method is to offer high-order expansions with a single assumption
on the smallness of the amplitudes. This is in contrast with perturbative solutions where a scaling
of the different terms (nonlinearity, forcing, damping) needs to be introduced with an ¢ parameter
at the first step. This is not needed here and comes automatically from the analysis.

Most of the analyses we perform here use the complex normal form (CNF), after having
introduced the differences between three variants of normal forms that have been derived in
the nonlinear vibration literature. The symbolic package also allows derivations of solutions
with the so-called graph style, a feature that has not been investigated here but which can be
automatically computed to compare with normal form style. Analysis on primary, secondary and
parametric resonance have been exhibited, and the scope has been limited to cases where the
master dynamics contains a single master mode. We highlight that the results can be extended
and take into account many more scenarios.

In the course of the developments, the wealth of the computed solutions has been regularly
commented on, showing how they generalize previously known results limited to first orders,
and how they can converge to the exact solution by considering the effects of the higher
orders. We believe that systematically using the complex normal form, in combination with
the parametrisation method, defines a new powerful grammar for solving nonlinear vibration
problems, from low-order analytical solutions to high-order numerical solutions. Besides, normal
forms can be used for system identification since providing the skeleton of the dynamics and the
simplest dynamical system reproducing a given resonance scenario.

The only limitation of the approach is the validity limit in terms of amplitude, which has been
commented on throughout the text while analysing the results. Future work will thus consider
extending the presented results to other resonance scenarios, to build a dictionary of reference

Journal of Theoretical, Computational and Applied Mechanics } May 2025 ‘ jtcam.episciences.org 36

52


https://jtcam.episciences.org

A. DE F. STABILE et al. Normal form analysis of nonlinear oscillator equations

solutions. As an example, general solutions for 1 : 2 internal resonance could be derived to
generalise the results shown in (Gobat et al. 2021), and resonant phase lags could also be obtained
with high-order solutions to generalise the results shown in (Volvert and Kerschen 2022). Finally,
the question of accurately estimating the validity limits of the method in terms of amplitudes
should be tackled to provide the analyst with a priori and a posteriori amplitude bounds.

A Short presentation of MORFE_Symbolic. j1

This appendix gives a brief introduction to the use and output possibilities of MORFE_Symbolic.
The code is available as a repository on version control platform github, under the MORFE project,
and is accessible via the link github.com/MORFEproject/ MORFE_Symbolic. Instructions on how
to download and run the code are given there. Additionally, the code presents descriptions to all
its functions, making their inputs and outputs explicit for the interested user.

MORFE_Symbolic treats dynamical systems written in first-order format, and deals only
with quadratic nonlinearities. In such a way, quadratic recast (Guillot et al. 2019) has to be applied
as an intermediate step in case arbitrary nonlinear functions should be considered, such as is
exemplified in Section 3.3 for the parametric excitation case. At present, the code only supports
cases with mono-harmonic excitation.

Since most of the examples of interest to the authors are mechanical systems, auxiliary
functions allowing for an easier treatment in such cases, i.e. the construction of the system of
equations from stiffness, mass and damping matrices and the quick assembly of such matrices
for specific cases, have been devised. The reader is referred to the code repository, where the
examples treated in this contribution are available, in the folder test, and showcase all of the
present code capabilities.

Other than defining the equations of motion, inputs concerning the parametrisation method
also need to be given to the code, such as the number of autonomous and non-autonomous
variables considered in the parametrisation (i.e. the number of master modes), the maximum
expansion order and a symbolic list of algebraic relationships between the master modes’
eigenvalues, used to determine the resonance relationships. As an example, consider the case of
an autonomous lightly damped mechanical system with two master modes in a 1 : 2 internal
resonance. If the eigenvalues are {A;, A2, A3, A4}, and such that A; and A, refer to the first mode
and A5 and A4 to the second mode, the relationships A; & —1;, A3 & —A4 and A; = 213 need to be
given in a specific list of resonance conditions as an input.

The code also presents functions capable of performing polar realification, restricted to
some specific cases where it is advantageous, and cartesian realification. Furthermore, dedicated
functions to the output of the reduced dynamics, nonlinear mappings, backbone curve, nonlinear
damping and physical amplitudes in KIEX form are available. For cases where more powerful
symbolic capabilities than those of the Julia language are required, a function that writes output
files for use in Mathematica environment is also present, making it possible to export all of the
necessary variables for post-treatment in the software.

B Nonlinear change of coordinates for the CNF of the Duffing equa-
tion

In this appendix, the nonlinear mappings used to compute the complex normal form of the
conservative Duffing equation with only cubic nonlinearity, are given, for the sake of completeness.
The normal form up to order 11 is given in the main text as Equation (8). The nonlinear mapping
allowing one to get from Equation (3) to the normal form, up to order order 11, reads:

h 3h 3h h h? 39h° 69h°
u=1(z1+2z)+ (—zf - szzz - —z22 —zg) + ( > 1 2322
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zZ; — ZiZ
8w? 6400t 1 64wt 1TE T 3204 1%
69h? 253 39h? nh e h? 5 h? S 73h3 St 1569h32522
3204717 64004 64042 5120% 1 51200 ! 512006 172
2139h% , . 2139h° , i, 1569h% 73h° 6, A ht
—2ZZ Z1Z Z4Z Z1Z y4 — 2z
25600 1 27 51200 7! 512006 27 5120672 409608 !

3 _ 5 _
2 2

256000 1

Journal of Theoretical, Computational and Applied Mechanics } May 2025 ‘ jtcam.episciences.org 37 | 52


github.com/MORFEproject/MORFE_Symbolic
https://jtcam.episciences.org

A. DE F. STABILE et al.

Normal form analysis of nonlinear oscillator equations

107h* 1049h* . , 65379h4 5 75891h* ., 75891h4
- —2Zi2 + 52122 — z2 + g21% t o ——— z2
409608 1024w 409608 2048w 2048w
65379h* ,  1049h* , . 107h* ¢ ht ) ( h®
142 172

11
32768010 1

9
— Z:Z4 + Z:Z Z1Z5 + z
409608 102408 409608 12" 409608 2

141 7979h° 4 , 222369k o . 2798925R° ., , T727419K° .
~ 2on e 10?1 22t 02172 ~ M z2 0 %1% ~ —z 123
32768w 3276800 32768010 32768w 4096w
_ 727419K 2798925h° 2223690° 7979h° 141k
z zg + z zg zg zfzg - zlzéo
40960010 32768010 3276801 12" 32768010 3276800
K 11
+32768w1022 (B.1a)
R wzy) + i 3h . 3h 3h , 3h _5h* . 81h* ,
0= (lwz1 — lWz Z I—2ziz9 — I—2z125 — I— Z 1 2] —1——2Z2
! 2 g 1T gy 1R T g T g R 6403 1 6dw3 1
69h2 3,248 On* , ., 81h* ,  5h* . TR, 305K
+1 Z+l—ZZ—Z—Z 1 Z;—1 Z.Z
13203 12 T 1503 ° 64003 2 6400377 51205 1 51200 7
2691h3 2, 2139h% , , 2139h3 . 2691h3 5, 305K
Z z Z — Z z Z z I—2z1Z
51205 12T 156005 12T Tas600 1T Ta1205 12T 51005 2
TR, . 9n* 4 665n* 3895h* .,  98757h* 3
—l=——=2 i -2 — L 22122t l———212; — —7 z,
5120° 40960 4096w 1024w 4096w
75891k ., 75891h* , 5, 98757h* 4 ¢ 3895h4 27 4 665h* ¢
—l——=2;Z —Z z l——2,Z2 z l——212
2048007 1727 104807 12T 4006007 172 1024007 12T T409607 12
. 9Kt ; 11k> |, 1161k° |, 45437h> 4,  757245K° ¢ ,
—l—2, o332y — o2 2+ i 52125 — —92 z;
409607 32768w 32768w 32768w 32768w
3848751 , ,  T27419K° o 727419h° .  3848751h° , , 757245k’ 38
I omre 0 A% T I o212y — I g 1%y T g 18y T 5 212
32768w 4096w 4096w 32768w 327680°

45437h° , 4 1161R° 1R
——2zzti—212, —I———Z B.lb
327680° 12 " 13276809 2 T 13276807 2 (B-1b)

Note that the relationship @ = v is preserved by the nonlinear change of coordinates. Indeed,
taking the derivative of Equation (B.1a) with respect to time and eliminating the time dependence
with the reduced dynamics given by Equation (8), yields Equation (B.1b). This holds in general
and can be verified in each of the treated examples, independent of the normal form style. It is a
direct consequence of the fact that the initial problem is second-order in time, such that the
velocity mapping can be expressed as a function of the displacement mapping, see e.g. (Vizzaccaro
et al. 2022; Opreni et al. 2023; Vizzaccaro et al. 2024) for general discussions related to this point.

It is also possible to obtain the nonlinear mappings relating normal and modal coordinates,
which are here given for the sake of completeness:
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Note that the symbolic code MORFE_Symbolic allows producing these equations up to an
arbitrary order, shown here up to order 11.

Additional results for the real normal form of the Duffing oscillator

In this appendix, more details on the real normal form (RNF) are given. First, for the sake of
completeness and in order to draw out comparisons with CNF, the nonlinear mapping between
the original and normal coordinates is given up to order 5:
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These equations can be directly compared to those of the CNF in Equation (B.1). Since more
monomials have been considered resonant and kept in the normal form for the RNF as compared
to the CNF, the immediate consequence is that the nonlinear mapping for the CNF contains fewer
terms.

Next, we present some calculations and approximations in order to derive an analytical
backbone curve. To that purpose, the idea is to use assumptions and calculation procedures used
in (Neild and Wagg 2011; Neild et al. 2015), that have been reinterpreted and reworked from the
formalism derived in the present paper. The two main ideas used in (Neild and Wagg 2011;
Neild et al. 2015) consist of using a mixed formulation with the initial coordinates (u,v) and
the normal coordinates (zi, z2), and then to introduce a small bookkeeping parameter ¢ and
asymptotic expansions to solve for the backbone curve order by order. Another key point is also
to re-introduce oscillator-like equations with second-order derivatives in time. To that purpose,
Equation (C.1b) up to order 5 can be differentiated with respect to time, yielding

9h
6 =il =io (71— 2) +i— (2221 — 2522)
w

5 (C.2)
. h 4. 3 . 4. 4 . 3. 4
+i e (252121 — 108272221 — 27222 + 272,22 + 108212522 — 252523) .
Then, considering that the reduced dynamics up to order 5 is given by
3h 2
= iwz; + 12— (2225 + z125) — (52122 +22723) (C.3a)
@

_ 3h 3h2
Zy = —liwzy — IZ (22p + 2125) +i— oo (22122 +52523), (C.3b)

and introducing it on the previous equation while neglecting terms of order higher than 5, the
following relationship can be found:
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In this last equation, the first term in bracket is exactly equal to u while the second to u?,
meaning that this equation is a rewriting of the original problem (Duffing equation) where the
nonlinear mapping between the initial and normal coordinates has been made explicit. In order
to derive an analytical backbone curve, polar coordinates can be introduced as z; = p/2e'“Nt!
and z, = p/2e” N with p and wynr. constant in time, and where the phase of the harmonics is
taken to be zero. Additionally, in the spirit of perturbation methods, a bookkeeping parameter ¢
is introduced, in order to scale different orders of magnitude. Specifically, it is assumed that p is
of O(¢), while g, can be decomposed in the spirit of a perturbative solution as

2 _ 2 2 2 2 3 2 4 2 5
ONL = W1 FHEWT ) FHE W], FE W3+ E W, + o(e). (C.5)

Inserting these assumptions into Equation (C.1a) and taking two time derivatives yields

P iont . —ionLt 3 hP3 3ionLt |, ,—3ioNLt
u=¢= (e +e NL)+£m(e NLE g gTienLt)
®

2.5
5 h 1% (e5inLl’ _ 21e3inLt _ 216—3inLt + e—5inLt) , (C6)

+&&—
2048w*
and
.o P 2 iwNLt —iwNLE Zp 2 iwNLE —iwNLE
u-—eEwl)O(e +e )—¢ 50)1,1(9 +e )
i 3
3P 2 [ iont , —ionLt Shp” , 3ionLt 4 . —3ioNLE
— €| S0 (e"™f + e ) + a7 V10 (e +e )
i 3
4| P 2 [ iont , —ionLt Ohp” , 3ionLt 4 . —3ioNLE
- £ 5601’3 (e +e ) + ma)m (6 +e )
i 2.3 2.5
_ 85 /_)wz (ei(uNLt + e—i(uNLt) + 9h P CL)Z 189h P wz
(2 6402 M 2048w% M0

25h%p°
Wy
2048w* b

% (e3ifuNLt + e—3ia)NLt) 0 (eSinLt + e—Si(ONLt):| . (C7)

These expressions can be inserted, together with the polar representation of the normal
variables, into Equation (C.4). Equating the different orders of ¢ gives

2 2

£ Wi =w (C.3)
e a)il =0 (C.9)
3h
£ “’iz = ?pz (C.10)
et a)i3 =0 (C.11)
3h?
5. .2 _ 4
€ wiy= mp (C.12)
A direct solution to these equations yields the following backbone curve:
3h 3h?
2 2 2 4
=+ =—p°+ ) C.
Wy = @ 4 P 128w2p (C.13)

This expression coincides with the one given in (Neild et al. 2015). Interestingly, this solving
procedure yields a backbone curve that is directly expressed with the square of the radian
eigenfrequencies, a distinctive feature from other perturbative techniques, which appears to stem
directly from the treatment of the second-order time derivative and the choice of the RNF. Also,
in comparison to the backbone curve given by the CNF shown in Equation (11), where each new
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order appears with alternate signs, here only positive coefficients are present, meaning that
another approximation seems to be given. Note, however, that the procedure to compute the
backbone with the RNF is tedious and difficult to automatise, as compared to the analytical
solution provided with the CNF. Hence a complete comparison of both methods at arbitrary order
is not pushed further here.

Nonlinear mapping, complex normal form for the Duffing oscillator
with quadratic and cubic terms
For the sake of completeness, the nonlinear mapping for the Duffing equation with quadratic and

cubic nonlinearity, Equation (25), is here reported, up to order 5. Higher order terms can be
derived automatically and symbolically with MORFE_Symbolic.

2 2 2 2
g 5, 29 g 29° +3hw* 5 10g° — 9hw” ,
U=(21+22)+|——=z27 — 2120+ —z,| + z7 + Z1Z
(z1+22) (3@2 L @217 T 32 2) ( 240 ! 1200
10g% — 9hw? 2 2g° + 3hw? 4 2g° + 9ghw? , . 178> — 333ghw? 22,
1204 2 240t 2 10806 ! 1080° !
—68¢° + 117ghw? 178¢° — 333ghw? 2g° + 9ghw?
b 2 TR0 ey 09 U I M oy
9w® 108w® 108w®
20g* + 180g°hw? + 81h*w?* 436g* — 444¢°hw® — 351K 0*
+ z] + 3 Z12p
51840® 5760
3740g* — 9468g°hw* + 1863h*w?* , ,  3740g* — 9468¢°hw” + 1863h°w* , ,
+ Z125 + 3 Z12,
864w8 864w
436¢* — 444¢°how? — 351h%w* 20g* + 180g%hw? + 81h%w*
+29 g 2125 + g g zg (D.1a)
57608 5184w®
, , 29 , 29 , 2ig? + 3ihw? , —10ig* + 9ihw?
0= (lwzy — IwWzZy) + |1—2] — 1I— + z; + yov4
(iwz, 2) ( 30 1 30 2 83 ! 1203 172
10ig? — 9ihw? —2ig? — 3ihw? 2ig> + 9ighw? 118ig® — 279ighw?
T Rl B DV o Rk L% S 70 2z
1203 8w3 27w 54
-118ig° + 279ighw? —2ig® — 9ighw? 100ig* + 900ig?hw? + 405ih*w*
g g 3 g g 4 g g 5
212, + T a5 %2 + 7 2
540° 270 5184w
356ig* — 492ig°hw® — 243ih°w* ,  —3740ig* + 9468ig°hw? — 1863ih*w* , ,
+ zZ12y + 7 212,
19207 864w
3740ig* — 9468ig°hw? + 1863ih*w* , ,  —356ig* + 492ig°hw? + 243ih*w*
+ 2125 + z1z,
864w’ 19207
—-100ig* — 900ig>hw? — 405ih*w*
LY 51? — 2 (D.1b)

Comparing these equations to Equation (B.1), one can see how the quadratic term complexifies
the result in terms of the nonlinear mapping, which now contains all even and odd powers. Also,
letting g = 0 in Equation (D.1), one directly retrieves Equation (B.1) as expected.

RNF and ONF developments for the Duffing oscillator with quadratic
and cubic terms
This appendix completes the analysis as of the Duffing oscillator with quadratic and cubic terms,

Equation (25), by providing the results for both real normal form (RNF) and oscillator normal
form (ONF). The case of the RNF is considered first, and the reduced dynamics up to order 5 reads:

o —10g* + %he* , —10¢* + %he*
Z1 = lwz1 + szlzz + ITZIZZ
—1940g* + 6228g°hw? — 405h*w*
+1 g g zi’z%
43207
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—1060g* + 3060g°hw? — 81h?w*
+i J 2169 - 23z, (E.1)
w

with the second one being its complex conjugate. Additionally, the nonlinear mapping for the
displacement is

g 5, 29 g 2)+(292+3hw2 5 2g° +3ho? 3)
2 2

u=(z1+2z0) +|—=—=z{ — =z1z0+ —z z + z
3027w 3022 2404 ! 240% 2

358¢° — 495ghw®

2g° + 9ghw224358g3 — 495ghw? 54 —26g° + 4Zgha)22222 N 2z
108006 ! 10806 1 3w 172 108w 2
2g° +9ghw* , 20g* + 180g°hw? + 81h*w?* ,  212¢* — 268g°hw* — 63h*w*
2 3 zZ] + 3 Z12p
108w5 5184w 192w
212¢g* — 268g°hw? — 63h*w* 20g* + 180g%hw? + 81h%w*
4229 J 2125 + J J 7], (E.2)
19208 51848

while the one for the velocity is simply its time derivative.

As compared to the results given by the CNF reported in Section 3.1, one can observe that the
cubic coefficient for both CNF and RNF has the same expression, such that the prediction of the
transition hardening/softening behaviour shall happen for g* = 9hw?/10. However, for the next
order, note that in Equation (E.1) the two quintic coefficients in front of z3z% and z2z} are not the
same. Combined with the fact that deriving an explicit analytical backbone curve for the RNF
for arbitrary order requires further assumptions, see the analysis reported in Appendix C, we
conclude that it is more difficult to analyse the successive sign change of the different coefficients
to infer the trend of the backbone curve in the RNF as compared to CNF.

For the ONF, the result reported here is limited to the third-order because its automation
appears cumbersome and has therefore not been implemented in MORFE_Symbolic. Indeed,
attempts to compute higher orders even in simple cases have shown that the processing of the
term is more complex, see e.g. (Shami et al. 2022) for an example of processing the cubic terms
with a second-order internal resonance. On the other hand, calculations up to order three have
global analytical expressions reported in (Touzé et al. 2004; Touzé and Amabili 2006). Using these
general formulae, we obtain the nonlinear change of coordinates

u=U-g/(30°)U* - 29/ (30*)V?, (E.3)

for Equation (25), while the second equation of the nonlinear mapping for v is not reported for
the sake of brevity, since it can be easily recovered using v = 1. The dynamics in the normal
coordinates (U, V) up to order three is

U+ o®U + (h - 2¢%/(30%)) U? - 4¢°/ 30*)UV? = 0. (E.q)

Since oscillator equations are enforced by the method, two monomials are present in Equation (E.4),
U3 and UV2. A backbone curve for Equation (E.4) can be derived with a first-order perturbative
method, yielding the nonlinear oscillation frequency wny, as a function of the amplitude a
as (Touzé et al. 2004):

oL = o(1+Tad?), (E.5)
where I' combines the two coefficients of the cubic monomials and reads:
T = (=10¢% + 9hw?)/ (24w*). (E.6)

The prediction of hardening/softening behaviour transition point for the first-order term of the
backbone curve is thus also predicted with ONF to occur at g* = 9hw?/10.

Nonlinear mapping, complex normal form for the forced-damped
cubic Duffing oscillator: primary resonance

This appendix gives the nonlinear mappings for the forced cubic Duffing oscillator in a situa-
tion of primary resonance. The parametrisation is pushed to order 3 only, but higher order
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parametrisations can be easily obtained with MORFE_Symbolic.

ix ix h 3
u=\z1+z29+ Z3 — Z4 |+ |- z
( P 4ESw? + 8i52w? 0 4ESw? — 8i82w? 4) ( 4(20? — 28%0? — 3iE6w?) |
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1507 — 410202 2 T 168w (—F'ot + 165°0" + 201880 + 5880t 13
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3hx (Ew — 4idw)
88202 ((w — 2i6w) (Bw? + 28%0? + iE80?)
3hk ((w + 4idw)
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3ihk? (£w + 10idw) 2 h i
T 1070 (b0 + 100) (b — 2100)° (2 + 2i00) 4 1 (Bw? — 26207 + 3iE0w?) 2
3hké 2
2%2%3
1652w (bw +idw) (éw + 2idw)
3ihx (Ew + 10idw) 22
" 1660 (Pt — 165%0" + 201880 + 5i8380%) 2
3ihk? (w — 10i6w) )
T 645%0° (£ — 100) (£ — 2i00) (Fo + 2i0w) 2
3ihx?
32830 (bw +ibw) (Ew + 2idw)
9hK? (Ew + 10idw) 22
6452(02 (w + i8w) (fw — 2idw)? (E20? — 852w + 6iEw?) ¢
. hi? (718 w® — 8728%w? + 340i£5%0° + 106250 r
2565303 ((w — idw) ((w + 2i8w)* (£o + 4idw) (F2w? — 88202 — 6iEdw?)
3hi? (Ew? — 248%w* + 2iE50?) ,
T 256540 (For — i0w) (Fo — 2i00)° (Fo + 2idw)’ >
3hi? (FPw? — 248%w* — 2iE50?) ,
T 2565%0* (£ + 0w) (w0 — 2i00)° (Fo> + 2i0w)
hic? (=718 w® - 8728%w® — 340i£8%w® + 10£250w°) s
+25653a)3 (Ew + idw) (Ew — 2i8w)* (Ew — 4idw) (E2w? — 88%w? + 6iE8w?) 24)
k (6w — ifw) kéw + ikéw )

212223

212224

5212324

2222324

(F.1)

0= ((—ga) +idw)zy + (—€w — idw)zy + 0 (Eo + 2100) z3 + o0 — 81707 Z4

N 3h 5 3h(éw+idw) ,
4¢w — 8idew 1" 45w (Sw +iéw) 172

3hk (226w + 3iéw) 2
" 166w (Foo + 2i6w) (Bar? — 862a? — 6iE6a?) 12
3hké ((w + idw) 2 3h (bw + iEw) 222

" 166%0 (Fw — ibw) (Ew — 2idw)* 4T e (o + 15@)
3hk ((w + idw) (Ew — 4idw)

T 3520? (Fo — 2i00) (Boak + 28%7 + i6a?)
3hk ((w — idw) (Ew + 4idw)
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B 15hk? (£ — 10iSw) 2
646202 (£ + 2i60)2 (E200? — 88202 — 6iESw?)
3hk? (Sw — ikw)
+ 212324
328403 (Ew — idw) (Ew — 2idw)*
3hk? (fw — i6w) (106w — ifw) w2+ 3h 3
645%w3 (b + idw) (o — 2i6w)? (fw + 2i8w)  © 4Ew +8idw ™ *
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h . . 24223
160%w (éw + idw) (éw + 2idw)
3hk (226w — 3iw) )
+ - - 2524
160w (Ew — 2idw) (E2w? — 85%w? + 6iESw?)
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3hk* ((w +idw) (100w + iéw) 2922
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3hk? (Sw + iEw)
+ 222324
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B 15hk? (Ew + 10idw) .
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3hi? (—3i8w* +3928%w? — 180iE8°w* — 106%50°) 2
2565%w3 ((w + 2i8w)* (£o + 4idw) (F2w? — 882w? — 6iEdw?)
3hi3 (Ew + idw) (F2w? — 248°w? + 2iE50w?) 22,
256540 (£ — idw) ((w — 2i8w)? (Fw + 2i8w)°
3hi® (Ew — ibw) (Ew? — 248°w? — 2iE5w?)
2568401 ((w + idw) (Ew — 2idw)? (Ew + 2idw)
3hi? (3i8 w3 + 3928 w? + 180i8%w® — 10£25w°) 3)
V4
2565403 (£ — 2i6w)* (£ — 4idw) (Pw? — 88%w? + 6iE80?)

2
22324

(F.2)

G Reduced dynamics coefficients, complex normal form for the

forced-damped cubic Duffing oscillator at primary resonance
computed for Q, =

This appendix gives coefficients of the complex normal form (CNF) of the forced-damped cubic
Duffing oscillator in a primary resonance scenario. Differently from the main text where the
parametrisation has been computed at the value Q, = §w, here we show the analytical obtained
result when the parametrisation is computed for Q, = . The eight coefficients of the resonant
monomials shown in Equation (35) are then

3 _ . 3h K _ 3hx (1 -0 +if)
fizhe fe=iggo h=rigs fi= 16£6%0°
_ 3h(1-6-if) _ 3ihk® (1 - 0)
= s T Thmsas (G1)
3ihk? (&2 + 168 — 5 — i+ 1) 3hK? (£ - iSE+ 20 +iE - 2)

T 6482535 8 51283547

Note that considering a small damping hypothesis, these coefficients are equivalent to those
given by Equation (36). However, in the general case, the expressions differ slightly and are
longer in the present case.

Nonlinear mapping, complex normal form for the forced cubic
Duffing oscillator for the 3:1 superharmonic resonance

This appendix gives the nonlinear displacement mapping for the forced cubic Duffing oscillator
when a 3:1 superharmonic forcing is considered. The parametrisation is pushed to order 3 only,
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but higher order parametrisations can be easily obtained with MORFE_Symbolic. The velocity
mapping can be obtained as the derivative of the displacement.

9ik 9ik ) ( h 5

13— 4w 2 At v e ) T\ G GBEB - r2) w2 !
3h ) 243ihx )
TR -+ )2 T BBE—4) (3 (<610 + 6F 1) — 65 — 1) 0t 1
243ihic ,  3h(£-id)
T B(3F+41) (3 (<60 +6E+1) 460 —14) 0t 14T T aiser 122
243hx 243hk 2187ihx? ,
T 4082 +16) w0t P T L0 1 16) w0t T 6a(—3E + 4i)E (316 + i) w13
243hk? 2187ihx* , h 5
T3 (0F 78 —16) w08 P T Ga(3E + 41)E (310 — D) 8 A T A (3E (B4 E) - 2) aF 2
N 243ihk 2y
8(3€ — 4i) (38 (6i6 + 6F — i) + 65 — 14) w* 27
243ihx 2
T 8(3E+4i) (3E(6i0+ 65 +1) — 66 — 14) i 2°
N 2187ihx? 2+ 243hxk?
64(—3E +4i)2 (3i6 — i) w® 77 32(9E + 782 — 16) w®
2187ihx? 729ihx’ s
 64(3E +4i)2 (3i6 +1) wb 2z + 128(3& — 4i)3 (E(i6+&) -6 1) 83
N 19683hx> 19683hx>
128(3& — 4i)3 (3¢ + 4i)w® Zst 128(3& — 4i) (3¢ + 4i)3w®
729hK> (i6 + E— 1) ,
" 2568(3E + 40360

u:(21+22—

292324

2322

(H.1)

I Nonlinear mapping, complex normal form for the forced cubic
Duffing oscillator for the 1:3 subharmonic resonance

This appendix gives the nonlinear displacement mapping for the forced cubic Duffing oscillator
when a 1:3 subharmonic forcing is considered. The parametrisation is pushed to order 3 only, but
higher order parametrisations can be easily obtained with MORFE_Symbolic. The velocity
mapping can be obtained as the derivative of the displacement.

ix ix h 3
“= (Zl TR T Gt 4w T 23— d)? Z‘*) " (4 GEB-D +2) a? !
3h ) 3ihx ,
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h 3 3ihk 9
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T B(3F— 4i) (£(2i6+ 2+ 31) — 66 — 6) w? 2t
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ihxk? hi3

2 3
— Z9Z, — z
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N 3hi? 2, 3hi? 9

Z2Z Z3Z

128(3& — 4i) (38 +4i)3w8 ™" 7 128(3¢ — 4i)3 (3 + 4i)w® >
hi 3

(L1)

T 128(3E — 4i)3 (9% — 400w’ 4

J Detailed calculation of the existence region for the 1:3 subharmonic
resonance

This appendix is concerned with the derivation of the expression that gives the boundary of the
region such that nontrivial solutions exist for the 1:3 subharmonic resonance of the cubic Duffing
oscillator. The starting point is Equation (57). Upon substitution of coefficients A,, A;, B, and B;,
it is possible to find a biquadratic equation in p:

9r* N 3h Seo — Q), 27h*K? ,
640202’ T | 150 3] " 2565205 (16 + 982) | ¥
N————r

a b

9h2k* 3hi? (-

2
S — —
’ ( “73 ) " 25657010 (16 + 9£2)* ¥ 8607 (16 + 9£2)

(&u - %) + 80 = 0.

c

For the existence of real solutions, two conditions have to be satisfied, namely b < 0 and
A = b% — 4ac > 0. After algebraic manipulations, the first condition yields
27hx?

Q> 30w+ 6450% (16 + 987)' (J.2)

while the second gives

63h? . h(Q —-35w)

2 2 .2
K™= K°+280° <0, (.3)
204852010 (16 + 9£2)° 165w° (16 + 9£2)

which is in itself a biquadratic inequality in k. The above expression is negative if k? is between
its two roots, such that the boundaries of the existence region are given by

63hK> Q-38 Q - 36w)?
* @ i\/( O g3, (.4)

645E0° (16 +982)  &w 202

Explicitly isolating Q gives the sought expression for existence condition of subharmonic

resonance as:

63hK? 326w’ E% (16 + 9¢%)
+
1285w° (16 + 9£2) hx?

Q =30w + . J.5)

Note that Equation (J.5) automatically guarantees that Equation (J.2) is verified.

K Linear stability analysis for the parametrically excited oscillator

This Appendix is concerned with the linear stability analysis of the bifurcated branches for
the case of parametric excitation, see Equation (66) in Section 3.3. The dynamical system from
Equation (70) serves as the starting point. Assuming p # 0, substituting the coefficients from
Equation (71), and considering the fixed points p = i/ = 0, it can be rewritten as

3
p .
PR+ LB+ P+ pfi cosy + pfy sing = 0 (K.12)

2
zflf—Q+%fzuzf;—zngsim//+2ﬁcos¢=o. (K.1b)
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Then, in order to perform the linear stability analysis, the Jacobian

r 2
I~ fRe LRy Ry fReosy + flsing —pfRsiny + pfl cosy K20)
pf] —2f3Rcos¢—2f313in¢
[ o (9_5 _ 5230 _ "2(5‘1))
— . Pz @ ngc?w 32038252 , (K.2b)
1P %50 Tacw

of the vector field of the dynamical system from Equation (70) is calculated, where the coefficient
expressions from Equation (69) have been substituted and Equation (K.1) has been used in order
to simplify the Jacobian. Then, calculating its eigenvalues corresponds to solving the following
two quadratic equations in A:

, 3h K2
At 2bodp'o o 15

- E0? =0, (K.3)

which has been obtained from det(J — AI) = 0 by substituting Q from Equation (76). If the plus
sign is considered first, one has

K2

3h
A=—-fw+ \/fzwz + p2—— 5o\ Teais? Ew?. (K.4)

In this case, the real part of at least one eigenvalue is always positive, since the term under the
square root is larger than £w. Thus, the right branch of the FRC, corresponding to the plus sign
in Equation (76), is unstable. Analogously, for the minus sign case, the eigenvalues are

, 3h /
— 2,02 _ _ £2 2

Therefore, using a similar argument, the left branch of the FRC is stable. From the stability of the
bifurcated branches, the one from the main branch can be deduced due to the topology of the
attractors in phase space: it is unstable between the bifurcation points and stable outside them.
Note that the above analysis assumes a hardening Duffing oscillator with A > 0. In the softening
case with h < 0, the FRC is bent to the left, and the analysis before has just to be changed: the
unstable branch corresponds to the left bifurcation point, with smaller frequency, while the stable
branch corresponds to the right point with higher frequency.

L Nonlinear mappings for the two dofs system, free of internal
resonance
The nonlinear mappings for the two dofs system with only cubic coefficients and no internal

resonance are given below. Calculations were pursued up to order 5, and only displacement
mappings are given since velocity ones can be obtained as their time derivatives.

1 1 1 1
hin 3 3hiy 3hiy, 2 hin s
U =(z1+2z) +|—z Z5z9 — 21z + —Z
2°1 1 2 2 2

8wy 4a)1 a)l 8w

5
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2 1 1
(Sh 1a)1+9h 10)1 h; 10)2
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2 2 4 2 2 2 2 1 1 1
N 696h7,, w] — 120h],,"wiw) — 351h a)l +390h; 11 22 a)z 39h;
576&)1 — 640a) + 640)

6()
111 2. 4
Z122

2
~1968h% "} + 24003, > wPw? +621hl11 wi - 690hl11 wlw? +69hL ol

28808 — 32000 w? + 320w 1

2 2 4 2 2 2 1 1 2 2 2 1
. 1968h111 W +240h111 a)lwz +621h111 690h111 W75 +69h111 2223
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2888 — 32008 w3 + 32w1w
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