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Abstract

This paper considers the computation of reduced-order models for systems of ordinary differential equations
that include non-polynomial non-linearities. An targeted example is the case of a geometrically exact model
of highly flexible slender structure, that includes, after space discretisation, trigonometric nonlinear terms.
With a suitable change of variables, this system can be rewritten in an equivalent one with polynomial
nonlinearities at most quadratic, at the price of introducing additional variables linked to algebraic equations,
leading to a differential algebraic set of equations (DAE) to be solved. This DAE is reduced thanks to
a normal form parametrisation of its invariant manifolds and selecting a set of master ones. Arbitrary
order expansions are detailed for the coefficients of the change of variable and the reduced dynamics, using
linear algebra in the space of multivariate polynomials of a given degree. In the case of a single nonlinear
mode reduction, a criterion to evaluate the quality of the normal form results is also proposed based on an
estimation of the convergence radius of the polynomial asymptotic expansion representing truncated series.
The method is then applied to compute a single mode reduction of three test cases — a Duffing oscillator,
a simple pendulum and a clamped clamped beam with von Karmén model —, in order to investigate the
effect of the algebraic part of the DAE on the quality of the model reduction and its validity range. Then,
the more involved case of a cantilever beam modelled by geometrically exact finite elements is considered,
underlining the ability of the method to produce accurate and converged results in a range of amplitude that
can be bounded thanks to a convergence criterion.

1 Introduction

This paper considers the computation of reduced-order models for systems of ordinary differential equations
(ODEs) that include non-polynomial nonlinearities. The main application cases are geometrically exact models
of nonlinear slender structures discretised in space by a finite-element procedure, leading to differential equations
that include sine and cosine trigonometric functions. The investigated reduction strategy consists in replacing
the ODEs by an equivalent differential algebraic set of equations (DAE) with at most quadratic nonlinear terms
and reducing its dynamics on a few invariant manifolds of the phase space using a normal form technique.

The concept of normal forms originates with the work of Poincaré [1] where the idea is, in a nutshell, to use a
nonlinear change of variable to transform the original dynamics into a new one that has a simpler form and that
can be solved more easily. The change of variable somehow absorbs the nonlinearity, leading to a new dynamics
being linear in the best case. However, if the initial system has so-called resonance conditions, the new dynamics
will always contain some nonlinear terms called the resonant terms: the new dynamics is still nonlinear, but
simpler than the original one thanks to invariance properties. This properties also naturally lead to reduce the
dynamics by selecting only a subset of master (normal) variables, associated to a reduced dynamics, the change
of variables enabling to recover the initial variables in terms of the reduced set of normal variables. Additional
details about the theoretical framwork of the normal form theory can be found in [2, 3, 4, 5, 6].

The present invariant manifold reduction technique is linked to the nonlinear normal mode concept, that
extends the (linear) eigenmode definition to the nonlinear range. It is similar: one selects a reduced set of
master coordinates that enable to efficiently compute the dynamics around a given resonance. For a conservative
system in free vibrations, a NNM is defined equivalently as an invariant manifold of the phase space [7, 8, 9] or a
family of periodic solutions [10, 11], also known as a Lyapunov subcenter manifold [12, 13, 14]. With dissipation
included in the model, the invariant manifold definition still holds [15, 9] and coexists with other concepts
[16, 17]. Historically, the concept of NNM / invariant manifold has been first proposed and tested on models
of systems with a few degrees of freedom (either toy mass-spring models [18, 8, 11] or structures expanded



on a few linear modes [19, 20]) and its only recently that large finite-element discretised models of structures
have been addressed without the preliminary modal expansion step to diagonalise the linear part [21]. This
leaded to several software packages [22, 23] able to reduce the dynamics in free vibrations with possible internal
resonances [24, 25, 26, 26, 27, 28, 29], but also in forced vibrations around primary and secondary resonances
in direct and parametric forcing [30, 31, 32]. The present use of the normal form technique to compute the
invariant manifold and the reduced dynamics is one choice among others, another one being the so-called graph
style [21, 33, 34, 35, 36], used by Shaw & Pierre in the seminal work about NNM defined as invariant manifolds
[7, 37]. A review of model reduction for geometrically nonlinear structures can be found in [21] with more recent
references in [32, 38]. Some works also considers application to nonlinear PDE solved with the finite element
method [39]. .

In this work, we assume that the initial dynamics can be written under the form of a quadratic differential
algebraic equations (DAEs). Considering a quadratic DAE system offers a formalism that allows to easily
express asymptotic expansions analytically and simplifies the writing of the normal form associated computations.
Though being considered restrictive at first sight, it is possible to find an equivalent quadratic DAE to a given
ODE system that contains any classical elementary transcendental functions (exp, log, sin, cos, power...), at
the price of introducing new variables, as explained in [40, 41, 42]. DAEs are for example the starting formalism
of the Manlab numerical continuation package that uses the asymptotic numerical method on quadratic DAE to
compute their solutions as a parameter is varied [43], or can be used for time integration [44]. Considering the
computation of reduced-order models for DAE using invariant manifolds has been considered recently in [45]
with the spectral submanifold framework. However, in this work the authors transform the DAE into an ODE by
taking the derivative of the algebraic equation with relation to time as many times as necessary. In the present
work, the quadratic DAE is kept as such during all the procedure for the normal form computation. Moreover,
using a quadratic DAE as a starting point for invariant manifold reduction has also been considered recently in
[32] to treat the case of systems forced in the vicinity of a secondary resonance, with no emphasis on the effect of
the algebraic part of the system on the model reduction, which is especially one of the goal of the present work.

In this paper, we propose a method to compute a reduced-order model of an autonomous quadratic DAE
using a polynomial change of variable, a reduced dynamics and a normal form style for the parametrisation
of the invariant manifold. The computations are carried out using linear algebra in the space of polynomials,
allowing to express multiplication and derivation operations with matrices with a particular block structure.
The equation to be assembled to compute the normal form at a given degree can then be easily assembled,
avoiding tedious handwritten and/or symbolic computations and facilitating its numerical implementation up to
an arbitrary polynomial order for the change of variables and the reduced dynamics.

The application of the method concerns in particular nonlinear mechanical systems modeled by the finite-
element method with any type of nonlinearity, provided a quadratic recast can be found, thus including algebraic
equations linked to the introduction of additional variables and/or constraints. A typical example is pendulum-
like equations, that involve sine functions in the nonlinearity, or more generally, geometrically exact beam
models where one has to take into account the displacement and the rotation of the cross section [46]. This is in
contrast with the test cases of cantilever beams discretised with 3D finite-element presented in [27, 29], where
only quadratic and cubic nonlinearities have to be considered since the finite-element degrees of freedom are
only displacements and no cross section rotations. Additional applications concern electrical systems and power
networks where machine dynamics and power balance appear naturally as quadatic DAEs [47].

As the normal form is an asymptotic expansion, it usually starts to diverge at high amplitudes and it can
be useful to have validity bounds for the reduced model. Criteria have been proposed for the normal form
in [48] and recent developments involve interesting discussions on the validity range of the different styles of
parametrisations [49]. In this paper, we propose a simple validity limit estimation for single mode reduced-order
models based on the d’Alembert and Cauchy criterion for convergence testing of power series.

The outline of the paper is as follows: first the proposed method and formalism are described in Section 2.
Then a detailed application on a Duffing oscillator is given in Section 3. Section 4 considers the application of
the proposed method to a simple pendulum system with various forms of parametrisations. Next, a simplified
model of a clamped clamped beam is studied in Section 5. Finally, Section 6 shows the applicability of the
proposed method by considering a cantilever beam discretised with geometrically exact finite-elements. The
paper ends with some concluding remarks.

2 Description of the normal form computation

2.1 Definition of the formalism

In this paper we consider autonomous and conservative dynamical systems that can be represented by an
autonomous quadratic DAE written under the following form:

Ay = Ly+ Q(y,y) (1)



where y € R¥ is the vector of dynamical variables, L a linear operator (constant N x N matrix with real
coefficients) and A a (possibly singular) linear operator (constant N x N matrix with real coefficients). @ is a
quadratic operator (vector of bilinear forms of size N) and 6 = d o /dt is the time derivative operation.

The vector of degrees of freedom y(t) contains the state variables of the system (usually positions and
velocities) along with Lagrange multipliers (if the dynamical system has constraints) and/or auxiliary variables
needed to recast the original dynamics under a quadratic DAE, that may bring singularities in A because of the
added algebraic equations. Although this formalism seems restrictive at first glance, it can actually account for
many nonlinear systems and allows to carry analytical development further as explained in the introduction.
This formalism is in particular used in the Manlab package as an input to compute periodic solutions using a
combination of the harmonic balance method and the asymptotic numerical method [43].

In the remainder of the paper, we assume that the origin y = 0 is an equilibrium point (i.e. @(0,0) = 0), and
we study the dynamics around that point. If this is not the case, then the procedure described in Appendix A
can be used.

2.2 Linear eigenmodes

The (right) linear eigenmodes of the quadratic DAE are defined by the solution of the following eigenvalue
problem:

(M —L)Y =0 (2)

where A are the complex eigenvalues (possibly infinite due to the algebraic equations in the DAE) and Y the
(right) complex eigenvectors (mode shapes). These eigenmodes are used for the linear part of the change of
variable appearing in the normal form computation. Similarly, the (left) linear eigenmodes are defined by:

XTAA-L)=0 (3)

where X represent a left eigenvectors. Those (left) eigenmodes are used as projectors during the normal form
computation in the case of internal resonance. Note that since the operators L and A are real, the spectrum will
contain only real or complex conjugated eigenvalues. Note that if the operator A is singular, then (real) infinite
eigenvalues will appear in addition to the classical spectrum. These eigenvalues are associated with the algebraic
equations that can be identified as constraints on the variables of the systems.

2.3 Normal form strategy
2.3.1 Normal form parametrisation

We consider an autonomous quadratic DAE in the form of Equation (1). In the normal form computation, we
aim to find:

e (i) a nonlinear change of variable y = W (z), where W is a columns vector whose components are polynomials
(N components).

e (ii) a reduced nonlinear dynamics Z = f(z), where f is a columns vector whose components are polynomials
(n components) which we would like to be as simple as possible (i.e. containing as few terms as possible)

The variables in y are expressed as a function of the new variable z = (z1, 29, ..., 2,,) called complex normal
variables. The invariant manifold is parametrised using the normal form style parametrisation [36, 33], which is
contained in the change of variable y = W (z).

For a complete normal form computation (no reduction), the variable in z should be associated to all pairs of
complex conjugated eigenvalues of the linear eigenproblem in Equation (2), and in this case the computation is
equivalent to computing the Poincaré-Birkhoff normal form [50].

In this paper, we consider model order reduction, therefore the reduced normal variable z will contain
elements associated to selected pairs of complex conjugated eigenvalues of the linear problem. In the case of a
single mode reduction, the variables z contains only two elements z = (21, 22).

In order to find an explicit expression for the change of variable W (z) and the reduced dynamics f(z), we use
multivariate polynomials in the variable z up to a given degree D. W (z) and f(z) can then be defined by their
coefficients matrix W and f relative to a monomial basis. In order to find the coefficients of the polynomials, we
substitute the polynomial expansion into the original DAE (1), and we balance the coefficients of each monomial
in order to obtain a set of equations defining the coefficients W and f. The remainder of the sections describes
this procedure in detail.



2.3.2 Polynomial representation

The representation of the change of variable W(z) and the reduced dynamics f(z) uses multivariate polynomials
of the variable z. In the aim of computing a normal form up to a given degree D, we consider the space of

polynomials of degree D in n variables z = (21, 22, ..., 2,) with complex coefficients, denoted Cp[z]. It is a
vector space (over C) with dimension M = (g?':;!)! , and we introduce the (canonical) monomial basis B(z)
composed of the elementary monomials b, (z) = 2% = 2™ z5™2 -+ 2% with ap, = (i, - .. Qs ) € N?
such that Y7, apr < D, for m € [0, M —1]:

B(z) = [bo(2), b1(2),---,bu(2), .., bar—1(2)]" (4)
The elements of the monomial basis are sorted by increasing total degree. In particular, we set by(z) = 1
(constant monomial), by (2) = 21, ba(2) = 29, ..., and b, (2) = z, (linear monomials).

A polynomial A\(z) € Cplz] will be written using its coordinates relative to the basis B(z) as:

M2) =X+ Az 4+ Az F Ang12E F oo A 2{m 252 g%mn o Ay 2P
M—1 5)
=) Ambm(2) = AB(2)
m=0
where A = [Ag, A1, ..., An—1] is the (row) vector of coefficients for the polynomial A(z) relative to the basis

B(z).
Next, we consider W(z) a (column) vector of N polynomials, whose components are denoted W7(z) for
€ [1, N]. Using the basis B(z), we can identify the vector of polynomials W (z) € C¥[z] with an N x M
matrix of complex coefficients, denoted W € My« (C), such that:

bo(Z)
M—1 b1(2)
W(Z) =W B(Z) = Z mem(z) = (W07 W1, Wg, ey WM—I) bQ(Z) (6)
m=0 :
bar—1(2)

where W,,, € C¥ is the vector of coefficients associated to the monomial b,,(2) and also corresponds to the m + 1
column of the matrix of coefficients W. The elements of the table of coefficient W are denoted W, € C, where
the subscript (m) refers to the monomial basis and the superscript (j) refers to the component of the vector
W (z). Using this notation, W,, is a column vector containing the coefficients associated to the monomial b,
and W7 is a raw vector containing all the coefficients for the polynomial W7(z).

In the following the will consider linear operator of RY that acts on the vector W(z) along with linear
operator of (Cg[z]. Both of those operation can be represented using matrices, acting to the left (resp. to the
right) of the coefficient matrix W for operator of RY (resp. for operator of CN[2]).

2.3.3 Derivation and multiplication of polynomials

In the following, two particular operations on polynomials will be required to rewrite the equations of motion:
taking the derivative of a vector of polynomials w.r.t a variable z;, and multiplying a vector of polynomials by a
given “scalar” polynomial. These operations are linear operations in the space of multivariate polynomials of
degree D and can be represented as matrices that act onto the coefficients of the input vector of polynomials.

We consider first the derivative operation 0., for 1 < j < N applied to the (column) vector of polynomials
W (z). Following the results presented in Appendix B, it can be expressed as:

9.,W(z) = Wo.,B(z) = WV’ B(z) (7)

where V7 is an M x M constant matrix of integers representing the operation 0., relative to the basis B(z).
Equation (7) simply states that the components of the derivative 9., W (2) relative to the basis B(z) are given by
the matrix of coefficients W'V/. The derivation operation 9., reduces the degree of the input polynomial by one,
therefore the derivation matrices V7 are (block) lower triangular matrices (with blocks of zeros on the diagonal).

We now consider the multiplication of a (column) vector of polynomials W (z) by a scalar polynomial A(z).
Following the results presented in Appendix B, the product can be expressed as:

AW (z) =W Y AnA™B(z) (8)

”

where A™ is an M x M constant Boolean matrix representing the operation “multiply by b,,(z)” relative to the
basis B(z). The components of the product relative to B(z) are given by the matrix of coefficients W~ A, A™.



Note that some information about the monomials of degree greater than D is lost at this point because those
monomials do not belong to the space Cplz] and do not appear in the basis B(z). This, however, is not a
problem since we aim at computing a normal form up to degree D. If m = 0, we have A° = I}, (the identity
matrix of size M). For m > 1, the multiplication operation “multiply fy b,,(z)” increases the degree of the
input polynomial by deg(b,,(z)). As a consequence, the multiplication matrices A™ are (block) upper triangular
matrices (with blocs of zeros on the diagonal).

The sequence of matrices VEforl<k<nand A™ for 0 <m < M —1 are very convenient to represent
the derivation and multiplication operations. They operate to the right of the matrix of coefficients of a given
polynomial. They all are sparse matrices with a special block structure due to the grading of polynomials
according to their total degree; they can be computed and stored prior to the normal form computation once the
number of normal variables (n) and the degree of polynomial approximations (D) are known.

2.3.4 Homological equation

Substituting the change of variable y = W(z) into the initial quadratic DAE (1), and recalling that the reduced
dynamics is written as Z = f(z), leads to the following invariance equation [21, 32]:

A8W

5, (A)f(2) = LW(z) + QW (2), W(2)) 9)

We consider the polynomials W (z) € C¥[z] and f(z) € C%[z] to be represented by their matrix of coefficients
W (N x M matrix) and f (n x M matrix):

W(z) =W B(z) and f(z) = f B(z) (10)

Using the results of the previous section, the left-hand side of Equation (9) can be rewritten as:

n M-1 n
ATLE() =AY SEEIFG) = AW Y Y L VIATB(:) = AWEB() "
j=1 J m=0 j=1

This shows that the operation %—[j f is represented by the matrix = = Z%:_Ol > iy [, VI A™ relative to the basis
B. The operator Z is a combination of the elementary operators V/A™ corresponding to the operation b (2)0,
(i.e. derivation w.r.t. z; followed by a multiplication by the monomial b,,(2)).

Let us now consider the right-hand side of Equation (9). Using the multiplication matrices defined in the
previous section, it can be rewritten as:

M-1M-1
LW(2) + QW (2), W(2)) = (LW + 3N Q(Wm,ws)bmw> B(z) (12)

m=0 s=0

where by, is the (row) vector associated to the monomial b,,(z) (i.e. containing a 1 in position m and zeros
elsewhere). Note that the product b, A® actually corresponds to extracting the m-th line of the matrix A, and
that the product Q(W,,, W)b,, A® will generates an N x M matrix of coefficients.

Gathering the previous results, the homological Equation (9) can be rewritten as an equality between vectors
of polynomials as:

M—-1 n M—-1M-1
AW DN VIATB(z) = <LW+ SN Q(Wm,Ws)bmAs> B(z) (13)

m=0 j=1 m=0 s=0

By equating each coefficient of the monomials b,(z) in B(z), the previous expression can be re-written as an
equality between N x M matrices of coefficients (each column r + 1 corresponding to the coefficients of the
monomial b,.(z) for r € [0, M — 1]):

M-1 n M—1M-1
AW DS N CFLVIAT = LW + > Y QW We )by A® (14)
m=0 j=1 m=0 s=0

Doing so, the tedious task of balancing of the coefficients of a given monomial “by hand” is now replaced by
equating columns of matrices between the left and right-hand side of Equation (14). The equation for a particular
monomial b,.(z) for 0 <r < M — 1 can be assembled simply by looking at the r + 1-th column of the matrices in
Equation (14).



2.4 Resolution procedure

We aim now at giving explicit expressions for the equations to be solved in order to find the coefficient matrices
W and f. The special block structure of the operators V7 and A™ allow us to proceed sequentially by increasing
degree.

2.4.1 Degree 0 (constant part)

We first consider the coefficient of the constant monomial bg(z) = 1. The corresponding equation to be solved
is obtained by equating the first column of Equation (14). The only terms appearing in the left-hand side are
related to the constant part of the reduced dynamics and the only term appearing in the right-hand side are
related to the constant part of the change of variable. The equation reads:

A RBW, = LWy + Q(Wo, Wo) (15)

j=1

Since the equilibrium point of the initial DAE system is the origin, an easy way to solve this equation, and avoid
the coupling with higher degree coefficients (W;)1<j<p, is to take fj =0 for 1 < j <n and Wy = 0.

At this point the constant terms can removed from the general homological Equation (14), which can be
rewritten as :

M-1 n M—-1M-1
AW DN S VAT = LW+ > Q(Wen, We )b A® (16)
m=1 j=1 m=1 s=1

2.4.2 Degree 1 (linear part)

Next, we consider the coefficients of the linear monomials b.(z) = z, , related to the r + 1-th column of both
sides of Equation (14), for 1 <r < n. The only terms appearing in the left-hand side are related to the linear
part of the reduced dynamics, and the only terms appearing in the right-hand side are related to the linear part
of the change of coordinates. For a given r € {1,n}, the equation for the coefficients of monomial b,.(z) reads:

Azn:fgwj = LW, (17)

=1
and can be rewritten as:
(Aff = L)W, + Y fiW; =0 (18)
J#T

Recalling that we would like the reduced dynamics to be in its simplest form, we can choose fJ = 0 for
1 < j#r <n and we can choose any eigenmode to solve the remainder part of the equation e.g. W, =Y,. and
fr = Ar. In the case of a reduced normal form, the number n of normal variables should be even, and one has to
choose the complex conjugated pairs of eigenmodes associated to the physical modes of interest included in the
reduced-order model.

This step actually corresponds to a linear change of variables that renders the reduced dynamics uncoupled.
At this point, the reduced dynamics can be written as:

Zr = A 2p (19)

for 1 < r < n, and the change of variables reads:
O (20
r=1

where Y, and A, are the chosen eigenshapes and eigenvalues.

2.4.3 Higher degree (nonlinear part)

We now turn to the resolution for higher degree monomials. We consider a given monomial b,.(z) of degree
d < D. Again, the equation to be solved can be assembled by looking at the r + 1-th column of the homological
equation. Based on the structure of the operator Z (see e.g. Equation (36) in the Duffing example in Section 3),
we can clearly see that several terms are now participating in the left-hand side of the homological Equation (16):



e The “diagonal block” associated with (degree preserving) operators z,,0., = VIA™ for 1 < j,m < n.
These terms are related to the degree d coefficients of the change of variable and the linear coefficients of
the reduced dynamics (this is where the so-called resonance conditions appear)

e The first “upper diagonal block” associated with the operators b, (2)d., = V/A™ for all m such that
deg(b,,) = d. These terms are related to the degree d coefficient of the reduced dynamics and to the linear
coeflicient of the change of variables.

e The remainder “upper diagonal blocks” associated to the operators by, (2)d., = VIA™ for all m such
that 1 < deg(b,,) < d. These terms are associated to the degree p (1 < p < d) coefficient of the reduced
dynamics (and to the degree d — p of the coefficients of the change of variables). These terms arise only due
to the fact that the reduced dynamics cannot in general be put into linear form because of the resonance
conditions. Note that these terms are known at this point of the resolution procedure and therefore are
only participating in the right-hand side of the equation to be solved (along with the terms arising from
the quadratic operator Q).

The equation for the coefficient of a general monomial b,.(z) of degree d can be written as:

n n n o n
O oA AW+ DAY, + > fir AW, = LW, + > Y QW W) (21)
k=1 j=1 p j=1k=1
—_———
Diagonal block First upper diag. block remainder upper diag. blocks

with 350 = d (app €{0,1,2,...,d}), and €], = 1 if deg[b; (2)by(2)] = deg[b,(2)], €], = 0 otherwise.
In view of resolution, we rewrite the previous equation under the following form:

n n

(O A= L)W, + > fIAY; =D Y QW Wi) = > fir AWy, = R, (22)
p

=1 j=1k=1

with o, = ZZ:1 ayp ;. Note that the right-hand side is known at this point and will be denoted R,.. In the
left-hand side we see appear the so-called resonance condition in the coefficient o,: if 0. = A4, for a given s, then
the operator o, A — L in the left-hand side of Equation (22) becomes singular. The resolution proceeds as follows:

e if 0, A — L is not singular, then we can take fJ =0 for 1 < j < n (we do not include any new terms in the
reduced dynamics) and we obtain the coefficient for the change of variables as:

W, = (6,A— L) 'R, (23)

e if 0, = ), then the only terms we need to keep are the terms f5i AY;, (where Yy, i € [1, R] are the possibly
multiple eigenshapes associated to the eigenvalue Ag, i.e. the resonant modes) to account for the component
of the right-hand side parallel to the kernel of 0, A — L (i.e. parallel to the Ys,), and we can set all the
other fI =0 for 1 < j # s; < n. To close the system, we impose that the vector of coefficients W, is
orthogonal to the kernel of ¢, A — L generated by the left eigenvectors X,,, which generates an additional
R equations. The system to be solved can be written as:

orA—L AY,, ienr) 0 Wr -
X7 cnmA 0 of [ =10 (24)
0 1 fﬁj,ﬁ[lﬁ] 0

At each degree d < D there is My systems of equation to be solved corresponding to all the monomials b,.(2)
of degree d. The procedure is carried out sequentially by increasing degree until a reduced normal form of degree
d is eventually computed.

2.5 Validity limit estimation for single mode reduction

We propose here a simple estimation of the validity limit when the reduced dynamics contains only two complex
conjugate variables (single mode reduction). The normal variables z; and z5 can be rewritten under polar form
as z1 = pe'? and 2o = pe~ " with p € RT and 6 € R.

If we consider a particular component W7 (z) of the change of variable (or of the reduced dynamics), it will
be written under the form of a series in the variable p with coefficients depending (periodically) on the variables
0, and can be generally written as:

Wi(z) = W(p,0) = 3 aul6)p" (25)
d=0



If the series is computed to a high enough degree D, then the convergence radius of the series can be estimated
using the traditional Cauchy or d’Alembert criterion [51], giving the maximum limit po (resp. pa) for the
(infinite) series to converge. The criteria are defined as:

1

— = lim a}/d (26)
pc d—+00

1

— = lim 24! (27)

PA d—+o0 Qg

Most of the time only even or only odd terms appear in the series and the d’Alembert criteria have to be adapted,
e.g. for a series containing only even terms, the criterion becomes:

1 . a214-2
— = lim *

2
p124 l—+o00 a9 ( 8)

The computation of the convergence radius for each variable can be realised for several values of the variables 6
over [0, 27] to give a global estimation of the convergence of the results.

When the reduced dynamics contains more than two variables, other convergence criteria can be used, such
as looking at the singularities of the homological operator as in [48]. One can also look at the singularities of the
Jacobian of the reduced dynamics J = 9, f to obtain information about the validity limit of the normal form
expansion.

2.6 Comments

The method to compute the normal form is presented here starting from the general form of a quadratic DAE.
This formalism has the advantage of being quite general and allows to push analytical development further. In
addition, this formalism is also used in the Manlab package [52] and it is convenient to reuse the same input for
the normal form computation.

We would like to point out, however, that the method can actually be applied to any polynomial DAE.
Indeed, only the right-hand side of the homological equation will be affected, and the multiplication matrices
can be used as many time as necessary to reach the degree of the polynomial nonlinearity. For example, if the
quadratic operator @ is replaced with a cubic operator K, then the polynomial K(W(z), W(z), W(z)) can be
written as:

K(W(2),W(z),W(z)) = <Z SN KW, W, Wr)bmASA”) B(z) (29)

For a DAE that derives from a Hamiltonian, the inclusion of the reduced dynamics in the unknown is actually
not necessary, and the reduced dynamics can be computed directly by imposing that the change of variable is
canonical (i.e. preserve the symplectic form) at each degree. This should be considered in future work.

3 Illustration on a Duffing oscillator

To illustrate the proposed method we consider here a detailed application to a simple Duffing equation written
as:

i+utu=0 (30)

We believe that the detailed application provides a good insight to the core aspects of the method and helps to
show how it can easily be turned into an automated procedure for high degree normal form computation. The
analytical expressions presented in this section are actually general and not limited to the Duffing oscillator; the
results can be used to compute a single mode normal form (reduced dynamics with two variables only) of any
quadratic DAE up to degree 3.

3.1 Definition of the quadratic system and eigenmodes

Defining the velocity v = 4 and the auxiliary variable 7 = u? , the Duffing equation (30) is rewritten as the
quadratic DAE (1) given in explicit form by:

1 0 0 U 0 1 0 u 0
01 0 v|=1-1 0 O v |+ | —ur (31)
0 0 O T 0O 0 1 r —u?



The (right) linear eigenmodes (A, Yy) of the previous system are:
)\1 = i,)\g = 71‘,)\3 =0 (32)

associated to the following eigenvectors:

—i i 0
i=[1], va=[1].v3=10 (33)
0 0 1

3.2 Detailed normal form computation up to degree 3

We consider here the computation of a normal form for the Duffing equation up to degree D = 3 in n = 2
variables z = (z1, z2). The vector space Cp|z] is of dimension M = 10 and is generated by the basis:

T
B(z) = [17 21, 29, 22, 2172, 25, 23, 2329, 2173, zg’] (34)

Once the basis B is known, the derivation and multiplication matrices can be computed easily by using the
definition provided in Appendix B. For this application (n = 2, D = 3) the derivation and multiplication matrices
are explicitly given in Appendix B. For each unknown polynomials there is M = 10 coefficients to be computed.
The change of variable W (resp. the reduced dynamics f) of the Duffing oscillator will therefore consists in a
3 x 10 (resp. a 2 x 10) matrix of complex coeflicients.

3.2.1 Constant and linear part

Following the procedure detailed in the previous section, the constant part of the change of variable and the
reduced dynamics are set to zero: Wy =0, fo = 0 (first columns of W and f). The linear part of the change of
variables consists in the two mode shapes W7 = Y; and W5 = Y5, and the linear part of the reduced dynamics is

taken as f1 = ()E)l> = (é) and fy = (i) = (OZ>

3.2.2 nonlinear part

We first recall here the general homological Equation (16):

M-1 n M—-1M-1
AW DS N VAT = LW+ Y0 > QW Wa)bm A® (35)
m=1 j=1 m=1 s=1

Taking into account that the constant and linear part of the normal form is known at this point, the operator
E= Z%:_ll Z?Zl 12, V?A™ can be computed (see Appendix B) and expressed as:

0 o 0o Jo 0 0 |0 0 1 0
0 0 [fs A1 i £ 7 fs fo
0 [0 X |f2 i 1 13 3 5
0 [0 0 ) 0 0 [2f3 211 2f1 0
~]o o o |o 0 2x |0 2f3 2f7  2f2
0 |0 0 |0 0 0 B\ 0 0 0
0 /0 0 |0 0 0 02X\ + X 0 0
010 0 |0 0 0 0 0 A +2X 0
010 0 |0 0 0 0 0 0 3A2

Degree 2 coefficients

The equations for the coefficients of the degree 2 monomials b,.(z) for 3 < r < 5 are given by looking at
the columns 4 to 6 of the homological equation (i.e of the operator Z for the left-hand side of the equation,
remembering that = operates to the left of the coefficient matrix ). The three equations are given by:

e Coefficient of b3(z) = 23:
2MAWs + f3 AY1 + fFAY, = LW3 + Q(Y1, Y1) (37)
which can be rewritten as:

(2MA — L)Ws + f3 AY: + f7AY> = Q(Y1, Y1) (38)



Since there is no resonance condition for this monomial, we can directly solve the equation by setting

f3 = <8) and W3 = (ZZA — L)_lQ(Yl,Yi).
e Coefficient of by(2) = 2129:
(M + A) AWy + fLAY) + fEAYs = LWy + Q(Wr, Wa) + Q(Wa, W) (39)

Again, there is no resonance condition and the resolution gives:

fi= () and Wa = ~L 7 [QUYLL ) + QY2 Vi)
e Coefficient of bs(z) = 23:
2N AW + fa AY) + f2AY; = LWs + Q(Y2, Ys) (40)
which leads to f5 — (8) and Ws = (=2iA — L)~1Q(Ya, Ya).

In the case of the Duffing oscillator, the expressions for the coefficients of the change of variables are given
by:

0 0 0
We=|o0 |, wi=|(0]|,ws=]0 (41)
1 P -1

At this order only the change of variable is updated, mainly to take into account the constraints (only the last
component the vectors of coefficients W5 to W is non zero). No additional terms are included in the reduced
dynamics, which is still linear at this point.

Note that the column of the operator = can be updated and simplified using the known coefficients f, for
3 <r <5, leading to:

0o 0o |o 0 0 o 0 1 0

o0 [0 0 0 |7 R i

0 [0 A O 0 0 | /2 /2 : 5

0 10 0 I\ 0 0 [0 0 0 0
=_ 10 0 0 [0 M+Xr 0 |0 0 0 0 (42)
(o jo o Jo 0 2% |0 0 0 0

0 |0 0 |0 0 0 BM 0 0 0

0|0 0 |0 0 0 |0 2X\+X 0 0

0|0 0 |0 0 0 |0 0 A+2X 0

010 0 |0 0 0 |0 0 0 3Xa

Degree 3 coefficients

The equations for the coefficients of the degree 3 monomials b,.(z) for 6 < r < 9 are given by looking at columns
5 to 10 of the homological equation. Out of the four equations, two are related to (natural) resonance conditions
associated with the relations 2\; + Ay = Ay and A1 + 2\ = Ao (see the diagonal of operator Z). The four
equations are given by:

e Coefficient of bg(z) = 2} (non-resonant):
3MAWs + fEAY) + fEAYs = LW + Q(Y1, W3) + Q(W3, Y1) (43)
whic can be rewritten as:
(BMA — L)Ws + fa AV, + fEAY, = Q(Y1, W) + Q(W3, Y1) (44)
Since there is no resonance condition for this monomial, we can directly solve the equation by setting

for= () and W = (34 - 1) [QUYLL W) + QU )L

e Coefficient of b7(2) = 272 (resonant):

(2\1 + Ao) AWr + fTAY) + f2AYy = LW7 + Q(Y1, Wa) + Q(Wa, Y1) + Q(Yo, W3) + Q(W3,Ya) (45)
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which can be rewritten as:
(MA = L)W7 + f1AY1 + f7AY, = Q7 (46)

Since (A A — L) is singular, we have to keep the term f}AY; to solve the equation. The system to be
solved is given as:

MA—-L AY; 0\ [W: Q7
XTA 0 0 Fl1=1o0 (47)
0 0 1 f? 0

e Coefficient of bg(z) = 2125 (resonant): as for the precedent term, the equation is rewritten as:
(A2A — L)Ws + fa AV, + f2AYs = Qs (48)

Since (A2A — L) is singular, we have to keep the term fZAY> to solve the equation. The system to be
solved is given as:

MA-L AY, 0 Wy Q7
XTA 0 0 f2l=10 (49)
0 0 1 fi 0
e Coefficient of bg(2) = 23 (non resonant): as for the first term, the equation is rewritten equation as:
(BAoA — L)Wy + gAY + [EAY2 = Qo (50)
The resolution gives fg = (8) and Wy = (=3i4 — L)1 Q.
The numerical results for the Duffing oscillator can be summarized as:
[ 3 (¢ 3 (7 1 (1
W(;:é -3 7W7:Z 1 ,Wszz 1 ,Wgz—g 3 (51)
0 0 0 0

and

= () 5-36) 2= 2(0) 4=

At degree 3, two terms are added to the reduced dynamics to take into account the resonant terms appearing
naturally in the homological equation. The change of variable is also updated in order to take into account the
curvature of the invariant manifold.

3.2.3 Sum up normal form Duffing order 3

For the normal form of the Duffing equation (written as a quadratic DAE) up to order 3, the change of variables
is given by:

1
<1
22
u 0711‘000§%f?&17§ z,lz
y=|v|=WE=wBkF=|0| 1 1| 0 0o o -2 =z 3 2 152 (53)
r of o of] -1 2 -1l 0 0o 0o o0o/]| 3
21
Z%ZQ
leg
23
and the reduced dynamics by:
1
21
22
2
: 3%
== (3] 5 N 08Ol 8 Y 0| =
2
Z%ZQ
leg
%3
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which is simply rewritten as:

z iz + L2
(Q(?%f%> (55)
z9 —1z29 — 52122

If we set 21 = pe’? and zy = pe~ ", then the change of variable is rewritten as:

u 2psind + psinO(sin® 0 — 2)
W(p,0)=[v | =|2pcosd+ p*cos(—3cos® 6 + 12) (56)
r 4p?sin® 6

and the reduced dynamics can be rewritten as:
p=0+o(p’)
. 3
0=w= 1+§P2+0(PS)

The first equation in the reduced dynamics is related to the conservation of energy in the system, and the second
equation says that the angular frequency only depends on the amplitude p, and is therefore a constant (since p
is constant). It directly gives the expression for the backbone curve of the Duffing oscillator parametrised by the

parameter p: (w(p), maz(p))-

3.3 Normal form at higher degree and convergence results

In this section we aim at assessing the validity of the normal form results and give some information about the
convergence of the series. A reference solution can be computed analytically for the free Duffing oscillator using
Jacobi elliptic functions. The evolution of the natural frequency as a function of the initial amplitude ug (zero
initial velocity) is given by the following (see [53]):

/14 ud (57)
w =
exact 2K(m)
ug

2(1+u2) "
backbone curves and compute the error. In addition to the exact solution, we also consider a single harmonic
approximation u(t) = ug coswt (Harmonic Balance Method, HBM) for comparison purposes; in that case the
approximated angular frequency for the Duffing oscillator is given by:

/ 3
Whbm = A/ 1+ Zu% (58)

The normal form for the Duffing oscillator is computed using the proposed method for degree 3 up to 31
and the results are compared to the reference solution in Figure 1. The backbone curves are compared on the
left part of the figure and one can observe a very good agreement between the normal form and the reference
results for low to moderate amplitudes. The normal form precision is obviously increased for higher degree. The
relative error to the exact solution is depicted on the right part of Figure 1 and one can see that increasing the
degree of the normal form reduces considerably the error.

Even if the HBM solution (with a single harmonic) seems to have a better global behaviour from the backbone
point of view, it can be seen in the error graph that a normal form with high enough degree is actually orders of
magnitude more precise (in its convergence domain).

To study the limit of validity of the results, we use the normal form at degree 31 to compute an estimation of
the convergence radius of the various series (reduced dynamics and change of coordinates) using the d’Alembert
and Cauchy criteria presented in Section 2.5. The estimated convergence radius is plotted against the normal
form degree in Figure 2. One can see that both the d’Alembert and Cauchy criteria seem to converge and that
they give very similar convergence radius estimation. This indicates that the normal form series are indeed
convergent in their validity domain. Note that the convergence of the Cauchy coefficients seems to be slower
than the d’Alembert’s one, but both criteria lead to roughly the same estimated convergence radius. In this
case, it is the series associated with the auxiliary variables that leads to the smallest convergence radius (using
the d’Alembert criteria). This allows for an estimation of the convergence radius p* of the series, and hence an
upper validity bound on the amplitude u (see Figure 1. This means that even if we increase the degree of the
normal form, the quality of the results will not be improved for amplitudes above the validity bound.

Since the coefficients of the series depend on the variable 6 (recall z; = pe? and zo = pe~%), which can be
seen as a parameter describing the time along the period of the solution, the radius of convergence also depends
on 0, and its evolution is depicted in Figure 3 for the d’Alembert and the Cauchy criterion. The estimated
radius of convergence is taken as the minimum over 6 of the convergence radius of all series (change of variables
and reduced dynamics) using the d’Alembert criteria.

where K is the elliptic integral of modulus m = This reference solution will be used to compare the
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Figure 1: Comparison between exact solution and normal form (degree 3 to 31) for the Duffing oscillator. Left
plot: evolution of the fundamental angular frequency w as a function of the initial amplitude ug. Right plot:
relative error (in %) on the angular frequency between the exact and normal form solution. Single harmonic
HBM results are also included for comparison purposes
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Figure 2: Left plot: Evolution of the d’Alemberts coefficients as a function of the degree d (for 6§ = 0). Right
plot: Evolution of the Cauchy coefficients as a function of the degree d (for § = 0).

4 Application to the Simple Pendulum system

In this section, we present the application of the normal form computation to the case of a free (unforced) simple
pendulum, composed of a unit mass m = 1 attached to a massless rod of unit length [ = 1 inside a constant
vertical acceleration field g = 1.

With this example, we would like to show that the results of the normal form depend on the parametrisation
used to recast the original dynamics under a quadratic ODE. Having in mind the application of the normal form
to a geometrically exact beam finite-elements model where quaternions are used for parametrisation of rotations,
we will first present the simple pendulum system using several types of motion parametrisation, resulting in
different kinds of quadratic DAE able to represent the same mechanical system. A comparison is then drawn
between the different models relative to the accuracy and the validity range of the normal form results.

4.1 Presentation of the parametrisation

The easiest way to represent the motion of the pendulum is to consider the angle  between the rod and the
vertical direction. In this case, the kinetic (T") and potential (U) energy are given by:

T = %927 U = —cos# (59)

13



045 0.7
Red}{ced dynamics w Reduced dynamics w
0.445 | szz:ﬁ;\: position u
S velocity v
< 0441 aux.ilia!y variable r X L 065 auxilia\lr/y variable r
2 Estimated convergence radius 2 Estimated convergence radius
5 0435 S
B ® os6f
8 o043f 8 \ |
c c
o) S | ‘ |
§ 04251 5 055 I ‘
g g i |
S oaz2f S ‘ |
3 - 3 osf /\ /
T 0415 S— - T A\ _
£ 7 e \. /N /
g oaf — - g
— — - 045
0.405 -
0.4 . . . . . . 0.4 | h | | | .
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 3: Evolution of the estimated convergence radius p4 and pc as a function of the angle 6 (position along
the period) for the different series of the reduced dynamics (w = #) and the change of variables (u,v,r). Left:
d’Alembert coefficients, Right: Cauchy coefficients

and the equation of motion can be written as:
0+sinf =0 (60)

Several parametrisation are proposed here for the simple pendulum based on the approach used to recast the
original system under a quadratic DAE. They can be sorted into three categories:

e A direct Taylor expansion of the sine terms at various order, followed by the definition of the needed
auxiliary variables to have a quadratic system. These systems will be termed “Taylor X” where X is the
degree of the Taylor expansion of the sine.

e A Lagrangian approach base on the family of parametrisation py = cos(6/n), ps = sin(6/n) for a given
n € N, subject to the constraint pg + p3 = 1. For n = 1, one recovers the Cartesian parametrisation, n = 2
correspond to the quaternion-like parametrisation, and n > 3 gives rise to a series of other parametrisations.
Those systems will be termed “Chebichev n”.

e A mixed approach where we directly substitute the parameters (po,p3) in the equation of motion, and use
an ODE to define the sine function. These systems will be termed “ODE Sine n”.

Details about each kind of parametrisation is given in the following.

4.1.1 Taylor X

To transform the equation of motion into a quadratic DAE, one can use a Taylor expansion of the sine function
around the equilibrium point (up to a reasonable order) so that the nonlinearity becomes polynomial so that the
system can then be recast under a quadratic DAE easily. To exemplify this procedure, we consider a Taylor
expansion at order 5 for the sine function. In this case, the equation of motion is approximated by the following:

. 93 95

0+0——+-—=0 61

+ 6 * 120 (61)

Introducing two auxiliary variables a = #? and b = a2, the equation of motion can be rewritten under the form
of a quadratic DAE as follows:

f=w (62)
w:—9+%9—% (63)
0=a—6° (64)
0=b—a’ (65)

The resulting quadratic DAE is centred around the origin and the proposed procedure to compute the normal
form can be applied directly.
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4.1.2 Chebichev n

In the following, we use a (family of) two dof parametrisation for the motion of the pendulum, resulting in a
(family of) polynomial DAE that can then be recast under quadratic form. We consider an integer n € N* and
we define the two following variables:

0

po = cos — (66)
.0

p3 =sin— (67)

Considering the n-th Chebichev polynomial (of the first kind) T,,, defined such that cosna = T, (cosz), and
setting nx = 6, one can write the potential energy of the pendulum as:

0
U= —cosf = —T,(cos ﬁ) = —T,(po) (68)

Considering the time derivatives of Equation (66), we can write the kinetic energy as:

2

n- . .
T =%+ i%) (69)
Finally we introduce the constraint linking pg and ps as:
py+p3—1=0 (70)

Using a Lagrange multiplier A to take into account the constraint, and Euler- Lagrange equation to derive the
equation of motion, one obtains the following (family of) equations for the simple pendulum:

aT,

n*fio — By 2Apo (71)
n%jis = 2ps (72)
Po+p3—1=0 (78)

Since T}, is a polynomial, the previous equation is a DAE with polynomial nonlinearities and can be recast to a
quadratic form with no complications.

The idea of using such parametrisations is that if one chooses a large value for n, then variables pg and p3
have a lower range of variation and can be very well captured by low order approximation in the normal form
computation. However, as n increases, the degree of the equation of motion increases as well and more and more
auxiliary variables are needed for the quadratic recast. Some examples for particular values of n are given in
Appendix C.

4.1.3 ODE for sinf/n

Another way to represent the pendulum motion under a quadratic DAE is to consider the rotation speed w = 0
and to introduce two more unknowns as ¢ = cosf and s = sinfl. The sine function can be defined by the
differential equation $ = Qc along with the constraint c? + s? — 1 = 0. In this case the pendulum equation can
be rewritten as:

W=—s (74)
$=we (75)
0=c*+s>—1 (76)

(77)

which is in the form of a quadratic DAE (with non-zero equilibrium).
An alternative way to define the pendulum equation in this framework is to consider a quaternion-like
parametrisation. In this case the additional unknowns are defined as pg = cosg and ps = sing, linked

through the differential equation ps = %9p0 and the constraint p3 + p3 — 1 = 0. In this case, one has
4

5 cosg = 2pop3 and the pendulum equation can be rewritten as:

sinf = 2sin
w = —2pops3 (78

P3 = %wpo (79
(

(

80
81

0=pj+ps—1

)
)
)
)

15



4.2 Details on the normal form computation

We consider here the computation of a normal form for the simple pendulum system by applying the proposed
method to the various quadratic DAE representing the equation of motion. For all systems, the input to the
computation is defined in the same way and the operators A and L are provided as constant (sparse) matrices,
and the quadratic operator @ can be provided directly using a function/routine.

The system is first set around the origin if the equilibrium is not zero. Then, the complex eigenmodes of the
system are computed using the operators A and L. In the case of the pendulum, only the two modes associated
to the oscillatory solution (i.e to the purely complex (conjugated) eigenvalues) are kept as an input for the
computation, leading to a normal form containing only two (complex conjugated) normal variables z; and zs.

4.3 Solution computation and comparison

In the following, we consider only the free motion of the pendulum when subjected to an initial displacement
(zero initial velocity). We consider periodic solutions and aim to compute the evolution of the oscillation’s period
as a function of the initial amplitude (nonlinear mode / backbone curves) using the normal form for the several
types of quadratic DAE presented in the previous section.

4.3.1 Reference solution

The reference solution for the pendulum’s oscillation period can be derived analytically by first transforming the
pendulum equation into a Duffing oscillator and then using Jacobi Elliptic integrals (see e.g. [53]). If we define
0o as the initial amplitude of the pendulum, then the oscillation period T'= T'(6y) can be expressed as:

T(6o) = 4K (m) = 4/01 V(= 12)(1 — mit?) dt (82)

where K is the complete elliptic integral of the first kind and m = sin? %0 is the modulus. The angular pulsation of

the oscillation is given by w(fy) = %. This expression will constitute the reference solution for all comparisons.

4.3.2 “Taylor X” results

We first consider here the case where the pendulum is parametrised using a single dof 8, and where the sine
function appearing in the equation of motion is expanded using Taylor expansion. For comparison purposes we
consider Taylor expansions at order X = 11 and X = 21. After a quadratic recast, the normal form is computed
up to degree d = 3,5,7,21,45 for each system.

Figure 4 represents the evolution of the angular frequency of the pendulum oscillation as a function of sin 6.
It can be observed that the results are independent of the degree of the Taylor expansion. It can be observed
that increasing the degree of the normal form increase the quality of the results, and that the backbone barely
depends on the Taylor expansion order X (which means that X = 11 is a good enough approximation in this
case). The difference can only been seen for a normal form at order 45 where the error for a Taylor expansion at
order X = 21 is smaller that the one for X = 11.

4.3.3 “Chebichev n” results

We counsider here the case of the Chebichev n parametrisation for n = 1,2, 4 (see Appendix C). After a quadratic
recast, the normal form is computed up to degree d = 3,5,7, 21,45 for each system.

Figure 6 represents the evolution of the angular frequency of the pendulum oscillation as a function of sin %".
It can be observed that for a given normal form degree D, the results are better as the parameter n increases.
A possible explanation is the fact that the variable p3 = sin§/n will have smaller and smaller amplitude as n
increases, and is therefore easier to develop into a series. Again, for a given n, it can be observed that increasing
the degree of the normal form increases the quality of the results. The results are in good agreement with the
reference solution and the best results are given for the normal form at degree 45 using the the parametrisation
with n = 4.

4.3.4 “ODE sine n” results

We consider here the case of the “ODE sine n” parametrisation for n = 1,2. After a quadratic recast, the normal
form is computed up to degree d = 3,5,7, 21,45 for each system.

Figure 8 represent the evolution of the angular frequency of the pendulum oscillation as a function of sin .
As in the previous case, it can be observed that for a given normal form degree D, the result are better as the
parameter n increases. Again, the results are in good agreement with the reference solution and the best results
are obtained for the parametrisation n = 2 at degree D = 45.
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4.4 Comparison between the various parametrisation

Finally, we compare the different formulations by considering the normal form at degree D = 45 of each
considered parametrisation for the simple pendulum. The results are presented in Figure 10. One can see that
the worst parametrisation is the Cartesian parametrisation (Chebichev 1) as it gives the highest error. The ODE
sine formulation for n = 1,2 and the Chebichev 2 and 3 have a similar intermediary error level. The Taylor X
formulation seems to give the best results as it gives the lowest error on the largest angular frequency range.
One can conclude that in this case, a Taylor expansion at order 11 is barely sufficient to compute a normal form
for the simple pendulum. Note however that a quaternion-like formulation (Chebichev 2) yields a reasonable

error level over a relatively large angular frequency range.
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Figure 6: Comparison between exact solution and normal form (degree 3 to 45) when using the Chebichev
parametrisation (see Appendix C) for n = 1,2 and 4. Left plot: evolution of the fundamental angular frequency

w as a function of the (sine) of the initial angle amplitude 6. Right plot: relative error (in %) on the angular
frequency between the exact and normal form solution
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Figure 7: Left plot: Evolution of the d’Alembert radius of convergence p4 a function of the degree d (for § = 0).
Left plot: Evolution of the Cauchy radius of convergence pc as a function of the degree d (for 6 = 0).

5 Clamped-Clamped beam with Von Karman model

In this section, we consider a clamped-clamped beam with geometric nonlinearities modelled using Von Karman

hypothesis. This allows us to consider a model of intermediate complexity before turning to the case of a full FE
model as a last application.

5.1 Description of the system

We consider a clamped-clamped straight beam of length L with a homogeneous cross section of thickness h, area
S and second moment of area I, made out of a homogeneous and isotropic material. The nonlinearities in this
case are due to the coupling between the axial strain and the transverse displacement, and can be well-captured
by a von Kdrman model with neglected axial inertia [54, 55]. In this case, the continuous partial differential
equations for the transverse displacement can be expressed under normalised form as:

1'} + ,U//I/ _ OZT’U// 0
T o= L) (%)

where v(z,t) is the transverse displacement field normalised by the thickness h (i.e. v(z,t) = v*(x,t)/h with
v*(z,t) the dimensioned displacement), = € [0, 1] is the normalised location along the middle axis of the beam
(i.e. z = x*/L with 2* the dimensioned location), ¢ is the normalised time, o’ = d o /Ox, 6 = do /Ox, T(t) is the
(normalised) axial tension in the beam and a = Sh?/I is a dimensionless parameter that depends on the cross
section geometry only. In this text, a rectangular cross section is considered such that o = 12 [55].
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Figure 9: Left plot: Evolution of the d’Alemberts radius of convergence p4 a function of the degree d (for 6 = 0).
Right plot: Evolution of the Cauchy radius of convergence pc as a function of the degree d (for 6 = 0).

The continuous model is first discretised using the first transverse linear mode shapes ®; of the clamped
clamped beam, in order to express the displacement v as:

Nmode

o) = Y 4(0) (51)

where g;(t) is the modal coordinate of the j-th transverse linear mode and Npyode is the number of retained
modes in the expansion. Expanding the continuous equation of motion onto the reduced mode shape basis leads
to the following set of second order differential equation for the variables {g;}1<;j<n

mode:
1 Nmode
G +wig; + 50 > Tiklim qr@igm =0 (85)
k,l,m=1

where w; are the natural angular frequencies of the transverse modes, defined as:

wy = k2, (86)
with cosh kj cosk; =1 and I'j;, are constant coeflicients defined as:
1
D= [ 6 (@)oh(z) do. (87)
0
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Figure 10: Comparison between exact solution and normal form (at degree 45) for the different formulation for
the pendulum equation of motion. Left plot: evolution of the fundamental angular frequency w as a function of
the (sine) of the initial angle amplitude 6. Right plot: relative error (in %) on the angular frequency between
the exact and normal form solution

if the mode shapes are normalised such that fol (I)?(ZL’) dz = 1.
Finally, Equation (85) is recast under a quadratic DAE by introducing the velocities v; = ¢; as:

4j = j (88)
Nmode
v =—wlq—aT Y T (89)
k=1
Nmode
0=T- 3 k;l Twi ara (90)

For the numerical experiments, the first 15 linear transverse modes are used to discretise the continuous
equation (Nyede = 15). After quadratic recast, this leads to a quadratic DAE with N = 31 variables in total (15
modal coordinates (g;), 15 modal velocities (v;) and 1 auxiliary variable (T)).

5.2 Reference Solution

In order to draw comparisons and assess the quality of the normal form results, a reference solution is computed
for the first (transverse) vibration mode of the clamped clamped beam using a numerical HBM with 20 harmonics
and the ANM for the continuation of the periodic solution, coded in the software Manlab [43].

The reference solution for the first bending mode exhibits a 1:5 internal resonance with the 3rd linear mode
[55] located at frequency w ~ 1.1w; on the backbone curve. This feature will not be captured with the normal
form since we are only considering a single mode reduction in the application. Note however that the method
proposed in this paper can be applied to capture the internal resonance by keeping more normal variables
23,24, ... in order to account for the resonant modes in the reduced dynamics [56, 28].

5.3 Example of normal form results

The normal forms for the first transverse mode of the clamped clamped beam are computed up to degree 35 and
compared to the reference solution in Figure 11, where the modal amplitude g1, g3 and g5 are depicted as a
function of the natural angular frequency w. As the degree of the normal form increases, the results get closer
and closer to the reference solution. The modal amplitude of the coordinates g3 and g5 are well captured by
the change of coordinates, and the evolution of the natural angular frequency is well evaluated by the reduced
dynamics. Note however that, at a certain amplitude, the results start to diverge from the reference solution,
and the divergence appears at lower amplitude for higher degree normal forms.

The effect of increasing the normal form degree is even clearer in Figure 12 where the relative error in angular
frequency (between the normal form and the reference solution) is depicted. Increasing the degree of the normal
form lowers the relative error by orders of magnitude, in the validity range of the series. However, at one point
increasing the degree does not seem to have any effect on the error, indicating that moderate degree normal
forms should be considered (10 < D < 20). One recovers the results presented in [27] in which the case of a
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Figure 11: Comparison between the normal form backbone curves and the reference solution for the three modal
amplitudes ¢;, g3 and g5 as a function of the normalised angular frequency w = Q/w;

clamped-clamped beam is considered with the same reduced-order modelling strategy but applied to a 3D finite
element discretisation. In both cases, the validity limit of the order three normal form is for a normalised modal
amplitude of ¢; = 0.15 (corresponding w =~ 1.01w; on the backbone curve and to a vibration amplitude at the
center of the beam equivalent to 0.15®1(1/2) = 0.24 times the thickness of the beam), whereas an order five
normal form is valid up to a normalised vibration amplitude of ¢g; = 0.3 (w ~ 1.0lw; on the backbone curve and
0.3®1(1/2) = 0.48 times the thickness for the vibration amplitude at the center of the beam). Our result also
extend the results of [27] since our computations shows the validity limits of the various degrees of the normal
form on a larger range of amplitude and frequency.
The validity limit of the normal form expansion can be estimated using the Cauchy or d’Alembert criterion

presented in Section 2.5, and depicted in Figure 13. In this case, the Cauchy criterion appears to be more robust
than the d’Alembert one, probably due to the small magnitudes of the coefficients appearing in the series at

higher degree. One can see that the estimated validity limit based on the proposed criterion is in good agreement
with qualitative and quantitative comparisons given in Figure 11 and Figure 12.
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Figure 13: Clamped-clamped beam, convergence radius estimation as a function of the normal form degree using
d’Alembert (left plot) or Cauchy (right plot) criteria

6 Cantilever Beam with geometrically exact finite-element model

As as final application example, we consider here a clamped-free beam discretised with a geometrically exact
finite-element model. The aim of this example is to show that the proposed procedure can be applied to large
quadratic DAE used to model mechanical structures. In what follows only a normal form with two variables will
be considered, leading to the construction of a reduced model with a drastically reduced number of variables.
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6.1 Description of the model

The model used here is a reformulation of the model proposed in [57, 46] and only the main developments are
given in the following. We consider a straight clamped-free beam of length L with a homogeneous cross section
of area S and second moment of area I, made out of an isotropic and homogeneous material. The axis of the
beam is assumed to be initially aligned with the x axis. In the following, only the motion of the beam in the z,y
plane will be considered (2D model).

Using a rigid body assumption for the displacement field of the cross section (Timoshenko kinematics), the
motion of any point of the beam can be related to the displacement of the middle line and the position in the
cross section in the undeformed configuration. In order to represent the rotation of the cross section, unitary
complex numbers a + ib are used to replace the usual rotation of the cross section [46, 57], denoted here by an
angle ¥ (z,t), with a = cos¢ and b = sint. This allows to represent rotation as quadratic operations, instead
of sine and cosine functions, at the price of including a constraint of the type a® + b% = 1 at each point of the
middle line. Another solution would have been to use quaternions, as done in [58, 59]

The constraint is taken into account through the use of a Lagrange multiplier ;. The unknown vector field,
denoted U(x,t), can then be defined as:

UT(x,t):[u(x,t) v(z,t)  a(z,t) blx,t) plzt)] (91)

where u (resp. v) is the axial (resp. transverse) displacement of the centerline, a and b are the component of the
complex number used to represent the rotation ¥ (x,t) of the cross section (i.e. a = cost¥ and b = sin®) and p is
the Lagrange multiplier used to enforce the constraint a® + b = 1 along the beam. z € [0,1] is the normalised
location along the middle axis of the beam (i.e. = z*/L with 2* the dimensioned location), t is the normalised
time, o’ = 9o /dz, 6 = J o /Ox. The two displacement fields u and v are normalised with the length L of the
beam, instead of using h for the clamped-clamped beam in section 5 (i.e. (u,v) = (u*,v*)/L with (u*,v*) the
dimensioned displacements). Using this scaling, it can be shown that the dynamics of the beam does depend
mainly on one dimensionless parameter n = I/(SL?) and that if the beam is very slender, the effect of 7 on the
backbone curve is negligible [60]. In this particular example we choose 7 ~ 4.1076.

The strain measure is based on a consistant linearisation of the full Green-Lagrange strain tensor (see e.g [57])
and can be written as:

e=1+u)a+v'b-1 (92)
y=—-1+u)b+v'a (93)
x =ab —a'b (94)

where e is the axial strain, 7 is the shear strain and x is the curvature.

The beam is discretised with quadratic Timoshenko beam elements (with 3 nodes per element). At each node
J, the dofs consist in the axial displacement u;, the transverse displacement v;, the two components of complex
number (a;, b;) used to represent the rotation of the section, and the Lagrange multiplier 1;. The nodal degrees
of freedom are gathered in a vector z; for j = 1,2,3 defined as:

2 =u; v a; by oy (95)

and the element degrees of freedom are gathered in a vector z defined as:
T[T oL LT (96)
The interpolation of the vector field over a single element can be written as:
U(z,t) = P(x)z(t), (97)
where P(z) is the interpolation matrix of size 5 x 15 defined as:
P(z) = [Nl(x)f5 No(z)Is Ng($)[5] . (98)

where I5 is the identity matrix of dimension 5 and Nj(s), Na2(s) and N3(s) are the quadratic interpolation
functions over the element.

For a single (quadratic) element the equation of motion for the 15 dof contained in the vector z can be
written under the form:

Mz = Fint(z)

where M is the element mass matrix and Fj,:(z) is the vector of internal forces. The elementary internal forces
are computed using the virtual work principle along with reduced Gauss integration to avoid shear locking [61].
Using a 2 points Gauss integration, the elementary vector of internal forces can be written as:
L
Fint(2) = ?e [Q(xl)Tfint(P(xl)Z) + Q(iEz)Tfmt(P(Iz)Z)] (99)

23



where the matrix Q(z) is given by:

Qz) = [ﬁ(g)] (100)

dx
where x1, o are the location of the Gauss points along the element, and f;,; is defined by:
L) =1[0 0 —bIy aly 0 F, F, M,+2pa M,+2ub a*+b*>—1] (101)

where N = ESe, T = GSv, F, =aN — 0T, F, =bN +aT, Ty = Ny— (1 +¢e)T, M, = EId’ and M, = EIV .

The elementary force vector Fj,; will therefore depend quadratically on the values of the various fields
a,b,u,u',v',a’ b, e, v, To evaluated at the Gauss points. In this work, we choose to include an additional 20
auxiliary variables per Gauss point (40 auxiliary variables per elements) in order to render the expression of Fj,,;
linear with relation to those variables. This was also motivated for post-processing reasons as in this case one
can directly access the results for the auxiliary variables (which have meaningful physical interpretation) instead
of recomputing it from the displacement field.

For the complete beam, the elementary mass matrices and forces vectors are assembled over the whole
structure and the system is put into the form of a quadratic DAE by adding auxiliary variables to the system.
For the numerical application, the beam is discretised with N, = 30 quadratic elements (3 nodes per element,
with 5 dof per node). After quadratic recast and assembly, the final quadratic DAE contains N = 1740 variables
in total (240 positions, 240 velocities, 60 Lagrange multipliers and 1200 auxiliary variables).

6.2 Reference solution

For this example, a reference solution is computed using the harmonic balance method with H = 20 harmonics.
The Manlab package is used to compute the solution using the ANM. Note that the same input (the same
quadratic DAE) is directly used as an input to compute the normal form.

6.3 Example of normal form results

The normal form for the first mode of the cantilever beam is computed for various degree 1 < D < 31. The
evolution of the natural angular frequency w as a function of the normalised transverse amplitude of the free
end v(L) is depicted in Figure 14 and compared to the reference solution. One can observe a good agreement
between the normal form solutions and the reference solutions. One can note that the normal form of degree 31
has a lower range of validity than the other, as it sharply changes direction when the amplitude reaches 0.5.
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Figure 14: Left: Evolution of the fundamental angular frequency w as a function of the transverse amplitude at
the free end. Right: relative error in angular frequency for the normal form of the cantilever beam at various
degree. Note the figures are plotted as a function of the normalised angular frequency w = Q/w

Figure 14 should be compared to Fig.5¢ of [27] where the authors computed a normal form for the clamped
free beam problem using 3D finite element model (as opposed to a beam finite element model in the present
paper). Even if the slenderness parameter of the studied beam are slightly different (7 ~ 4.16.107° in our case
and 7 ~ 1.16.107% in [27]), a very good agreement is observed between the results obtained from normal forms
using a 3D model (Fig.5¢ of [27]) or using a beam model (Figure 14). In particular, the validity for the transverse
displacement using a normal form at order 3 seems to be around the order of 0.5L in both cases.
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The relative error in angular frequency e = W is depicted in Figure 14. One can see that for low
angular frequency, all the normal form results are equivalent. However, the high degree (31) normal form quickly
degrades in quality, whereas the normal form of moderate degree (11) has a relatively good global behaviour,
and seems to be the best choice to make in this example.

To understand the previous results, we analyse the coefficients of the series (displacement v and reduced
dynamics w = 0) to estimate the radius of convergence using the d’Alembert and the Cauchy criteria. The
results are depicted in Figure 14. In both criteria, one can see that the convergence radius estimated using the
reduced dynamics series shows a rapid convergence to a stable limit (p* =~ 1.6). For the series associated to
the displacement, using the d’Alembert criterion, the convergence radius first tend to the same as the reduced
dynamics, but after a certain degree (here around 25) there is a sudden drop in the convergence radius, explaining
the bad quality of the high degree normal form results at high amplitude. This might be due to numerical
instabilities occurring during the computation as high degree, as the matrices start to be ill conditioned, and the
coefficients of the series being very small. This might also be due to the fact that normal form are asymptotic
expansions that start to degrade at high amplitude when increasing the number of terms in the series.

The radius of convergence estimated using the Cauchy coefficient seems to have a more monotonous
convergence, but one can see that the validity limit estimated using the position v(L) and v(L/2) is clearly not

converged. We recommend that one should therefore consider normal forms of moderate degree, as high degree
normal forms can prove to be suboptimal.
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Figure 15: Evolution of the convergence radius estimated using the d’Alembert (left plot) or the Cauchy (right
plot) coefficients as a function of the normal form degree.

The numerical instabilities for the coefficients of the change of variables at high degree seems to be confirmed
if we look at the magnitude of the coefficients of the series as a function of the degree. Figure 16 depicts the
evolutions of the modulus of the coefficients of various series as a function of the monomial number m. One
can see that the amplitude of the coefficient is first decreasing, and is then re-increasing for monomial numbers
greater than 350 (i.e for normal forms of degree greater than 25). Note that the series corresponding to the
reduced dynamics w = 6 does however have a good behaviour as the modulus of the coefficients is strictly
decreasing over the degree.

To give an estimation of the deformation of the beam, the vibration shape at the validity limit for the normal
form is depicted in Figure 17.
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Figure 16: Modulus of the series coeflicient for the reduced dynamics w and the axial and transverse displacements
at the free end of the beam as a function of the monomial number.
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Figure 17: Vibration shape of the first mode of the cantilever beam at the quantitative validity limit amplitude
of the normal form of degree 31

7 Conclusion

This paper considers the computation of normal forms for dynamic system written in the form of a quadratic
differential equation, which is a general way of writing most of nonlinear systems encountered in various research
an application fields. The normal form aims at finding a change of variable and reduced dynamics using
polynomial expansion to carry out the computation. We propose here a method to write the (homological)
equation to be solved at each degree based on linear algebra in the space of polynomials. This method allows
for a general way of balancing the coefficients of each monomial in the homological equation, and can be easily
coded. We also propose a criterion to evaluate the validity limit of the normal form based on d’Alembert and
Cauchy criteria.

The proposed method is first applied in detail on a simple Duffing oscillator to illustrate the various matrices
involved and the convergence results. The second example considers the case of a simple pendulum, and is
here to illustrate the fact that the results of the normal form depends on the type of quadratic recast used to
transform an original nonlinear system into a quadratic DAE. Finally, the method is applied to a larger system
modelling a 2D cantilever beam using a geometrically exact finite-element. The results are in good agreement
with the reference solution, but it shows that high degree normal form can lead to bad quality results at too
high amplitude, and that moderate degree normal form should be used.
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A  Quadratic DAE with non zero equilibrium position

If the initial system contains a constant part C', then a lift is required to recast the variable around the origin to
obtain a system under the form of Equation (1). Consider a system defined as:

AcY = C+ LeY +Qe(Y,Y) (102)
The static solution Y is defined by the algebraic equation:
0=C+ LY, +Qo(Ys, Ys) (103)

Using the change of variable Y = Y, 4+ y (around a given stable static position Y;), where y is now the new
variable centred around origin, we obtain the following system of equation for y:

Acy=C+Le(Ys+y) + Qc(Ys +y,Ys +y) (104)
Using the definition of the equilibrium position Yj, leads to

which is identified as the quadratic DAE with zero equilibrium (1) where we have define L = Lo + Q¢ (-, Ys) +
Qc(Ys, ) (the tangent operator around the equilibrium) and A = A¢ and Q = Q¢.

B Polynomial algebra

B.1 Basis
We consider the space of polynomials with complex coefficients of degree D in n variables z = (21, 22, ..., 2,),
denoted Cp[z]. It is a vector space (over C) with dimension M = (%Tﬁ)! , the canonical monomial basis B(z) is
composed of the elementary monomials by, (z) given by:

b (2) = 2% = 2{'™! z§m2 .. Zomn (106)

with o, = (@i, - -+, @mn) € N™ such that |a,,| < D, for m € [0, M —1].
The elementary vector of the basis can be concatenated into the basis (column) vector B(z) as:

B(z) = [bo(z), bi(2),...,bn(2),...,bar—1(2)]" (107)
In this paper, we sort the monomials of the basis by increasing total degree. In particular we set bo(z) = 1 (the
constant monomial, degree 0) , by(z) = 21, ba(2) = 22, ..., and b,(2) = 2, (the linear monomials, degree 1) and

so on. The basis B(z) can be naturally split into D + 1 families of monomials of constant degree. This leads to a
special block structure for the derivation and multiplication matrices presented hereafter.

B.2 Derivation matrices

We consider a (column) vector of polynomials W (z) expanded over the basis B(z): W(z) = WB(z). We consider
the derivative operation 9,; for 1 < j < N acting onto the vector W (z), which can be written as follows:

0., W(z) = Wo., B(2) (108)

It can be seen that it is sufficient to know the effect of the derivation operation in the basis 0., B(z) to compute

m

L . . . ) m o o
the expression in the previous equation. If we consider a general monomial b,,,(z) = 2% =2]' ...z,", then the
derivation by z; gives:

a™—1

Dz;bm(2) = ag"zil;n Xzl X o = af'br(2) (109)

where b,.(2) is a given monomial of degree 1 less than b,,(z). The results for all monomials can be gathered in a
matrix V7 representing the operation d.; relative to the basis B(2):

9.,B(z) = V' B(z) (110)

where V7 is an M x M constant matrix of integers. The derivation operation 0., reduces the degree of the input
polynomial by one, therefore the derivation matrices V7 are (block) lower triangular matrices (with blocs of
zeros on the diagonal).

The derivative of a vector of polynomials can then be expressed as:

9.,W(z) = WV'B(2) (111)

This relation simply states that the components of the derivative d., W (z) relative to the basis B(z) are given
by the matrix of coefficients WV7.

27



B.3 Multiplication matrices

We now consider the multiplication of a (column) vector of polynomials W (z) = W B(z) by a scalar polynomial
A(z) = AB(z). The product can be expressed as:

M—-1M-1 M-1
Az)W(z) = Z Z A Wb (2)bs(2) =W Z Arbr(2)B(2) (112)
r=0 s=0 r=0

we see that only the products b,.(z)B(z) are needed to compute the previous expression. We consider a general
monomial product b, (2)bs(z). If the degree of this product if less than the degree D, then it actually corresponds
to another monomial of the basis, e.g. b,,(2). If the degree of b,(2)bs(z) is greater than D, then this term is
out of the vector space CN[z] and are discarded. The result can be summarized using a multiplication matrix
defined as:

b (2)B(z) = A™B(z) (113)

where A™ is an M x M constant Boolean matrix representing the operation “multiply by b,,(z)” relative to the
basis B(z). The product of A\(z)W(z) can then be expressed as:

M-1
AW (z)=W Z A A B(z) (114)

m=0

B.4 Matrices for n =2, D =3

We give here the explicit expression for the derivation and multiplications matrices in the case of polynomials of
degree D = 3 in n = 2 variables z = (z1, z2). The vector space Cp|z] is of dimension M = 10 and is generated
by the basis:

B(Z) = [17 21, 22, Z%a 2122, Zga Z%: Z%Z% lega ZS]T (115)
B.4.1 Derivation matrices for n =2, D =3
The derivation matrices V7 (for j= 1, 2) are defined by:
9.,B(z) = V' B(z) (116)
and are given by:
0|0 0|0 OO0 OO 0@ O 0 |0 OjOO O |0 0 OO
110 0 /O OO |0 OOO 0 |0 Oj]OO O |0 O0O0O
0|0 O |0 OO0 OO 0O 1 /0 0 /O OO |0 OO0OO
012 0 |0 OO0 O0O0O 0 |0 OJ]OO O |0 O0O0O0
1 |0 O 1T {0 0 O |0 O O O 2 |10 1 0 |0 O 0 |0 0 OO
V= 0|0 O {0 OO (0 0 O Of’ V= 0 |0 210 0 0 |0 O0O0O (117)
00 0 (3 0 00 O0O0O 0 |0 Oj]OO O |0 O0O0O0
0|0 0|0 2 010 000 0 |0Oj1 00 |0 O0O0O
0|0 0|0 O 10 00O 0 |0 OjO2 0 |0 00O
0|0 0O |0 OO0 O0O0O 0 |0 Oj]OO 3 |0 0O0O0
B.4.2 Multiplication matrices for n =2, D =3
The multiplication matrices A™, form =0, ..., M — 1, are defined by:
b (2)B(z) = A™B(z) (118)
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Constant and linear matrices

The matrix AY is the identity matrix of size M. The matrices A! and A? are given by:

(119)

0 0 0O
0 0 0O
0 0 0O
01 00

0 010

1
0 0 0O
0 0 0O
0 0 0O
0 0 0O

0 0 O

0
0
1
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

1

0
0
0
0
0
0
0
0

0 0 0O
0 0 0O
0 0 0O
10 0 0
0 1 0O

0 010

0 0 0O
0 0 0O
0 0 0O
0 0 0O

0
0
0
0
0
0
0
0
0
0

0
0

0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0

0

0
0

Al

Degree 2 matrices

The degree 2 multiplication matrices are given by:

(120)

0 0 0O
01 00

0 010

0 0 0O
0 0 0O
0 0 0O
0 0 0 O
0 0 0O
0 0 0O
0 0 0O

0
0
0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0 0 0O
10 0 0
01 00
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O

(121)

0 0 0O

0 010

1
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O

0 0 O

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0

0
0

0
0
0

0

0

0
0

A3

Degree 3 matrices

And finally the degree 3 multiplication matrices are given by:

(122)

01 00
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0 0 O

1

0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O
0 0 0O

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0

0
0

0
0
0

A6
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AP = AY = (123)

O OO OO O oo oo
OO O OO O oo oo
OO O OO O oo oo
O OO OO O oo o

OO O OO O oo oo
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C Pendulum equation

C.1 Cartesian parametrisation

When n = 1 (Ty(z) = z), one recovers the equation of motion using Cartesian coordinates. If one sets

po = cosf = —y and ps = sinf = z, then Equation (71) can be written as:
v+ 1=2\y (124)
=2z (125)
4y —1=0 (126)

which are the classic equations for the pendulum (A being the the tension in the rod). Note that the equation of
motion is already in the form of a quadratic DAE.

C.2 Quaternion-like parametrisation

When n = 2 (Ty(x) = 22? — 1), one recovers the equation of motion using “quaternion-like” parametrisation for
the rotation of the pendulum. If one sets pg = cosg and p3 = sin g, then Equation (71) can be written as:

. 1
Do — Po = §Apo (127)

. 1
P = iAp"’ (128)
PEApi—1=0 (129)

which is in the form of a quadratic DAE.

Note that another form of the equations of motion is available in this case. Indeed, one can also write the
potential energy as U = p2 — p2, resulting in a somehow more “symmetric” system of equations given by the
following:

1 1
bo — —=Po = = A 130
Do 2170 9 Do ( )
p3 + E— 1/\ (131)
D3 2173 =3 D3
petps—1=0 (132)

C.3 Parametrisation for n > 3

To illustrate the quadratic recast procedure, we consider the case n = 4 (the case n = 3 still leads to a quadratic
DAE and needs no quadratic recast). For n = 4, the variables are defined as py = cos% and p3 = sin %, and the
resulting equations of motion are given by the following:

. 1
Po — 2p5 + po = §>\po
. 1
P3 = §>\p3 (133)

po+p3—1=0
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These equations are cubic (w.r.t. pp) and the quadratic recast is done by introducing an auxiliary variable
defined as a = p3 so that the system takes the following quadratic DAE form:

Po — 2apo + po = <= Apo

Ps = g)\pg (134)
po+ps—1=0

a—pi=0
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