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Introducing a Green-Volterra series formalism
to solve weakly nonlinear boundary problems:
application to the Kirchhoft’s string

David Roze and Thomas Hélie
Instrumental Acoustics and Analysis-Synthesis teams,
IRCAM-CNRS UMR 9912-UPMC,

1 place Igor Stravinsky, 75004 Paris, France

Abstract

This paper introduces a formalism which extends that of the “Green’s function” and that
of “Volterra series”. These formalisms are typically used to solve, respectively, linear inho-
mogeneous space-time differential equations in physics and weakly nonlinear time-differential
input-to-output systems in automatic control. While the Green’s function is a space-time
integral kernel which fully characterizes a linear problem, Volterra series expansions involve
a sequence of multi-variate time integral kernels (of convolution type for time-invariant sys-
tems). The extension proposed here consists in combining the two approaches, by introducing
a series expansion based on multi-variate space-time integral kernels. This series allows the
representation of the space-time solution of weakly nonlinear boundary problems excited by
an “input” which depends on space and time.

This formalism is introduced on and applied to a nonlinear model of a damped string
that is excited by a transverse mass force f(z,t¢). The Green-Volterra kernels that solve the
transverse displacement dynamics are computed. The first order kernel exactly corresponds
to the Green’s function of the linearized problem. The higher order kernels satisfy a sequence
of linear boundary problems that lead to (both) analytic closed-form solutions and modal
decompositions. These results lead to an efficient simulation structure, which proves to be
as simple as the one based on Volterra series, that has been obtained in a previous work
for excitation forces with separated variables f(x,t) = &(z)fiot(t). Numerical results are
presented.

Keywords: nonlinear string, Volterra series, Green’s function.

1 Introduction

Sound synthesis based on physical models makes use of dynamical models of resonators that must
be accurate enough to be realistic. Many models are available for strings, plates, pipes (see e.g.
1 20 3L 4 5L 6l 7 &, @, [10]). In addition to basic (conservative) wave propagation, these models
include some relevant secondary order phenomena such as nonlinearities that are responsible for
the timbre variation with respect to the nuance (from pp to ff') and damping.

In this context, simulation methods are also an important issue. The Volterra series formal-
ism [II] provides a convolution-type solution for “weakly nonlinear systems”, from which simple
simulation structures can be derived and are available for bounded input signals. More precisely,
it extends linear filtering (impulse response and transfer function) to the case of systems with
distortions, the dynamics of which can be represented by a sum of multiple convolutions (multi-
variate kernels and transfer kernels). For this reason, this tool has been widely used in e.g. signal

processing, automatic control, electronics, mechanics (see e.g. [12, 13} 14} 15| 16}, 17, I8, 19 20]).

*http://dx.doi.org/10.1016/3.jsv.2013.11.024
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In a previous work [2I], a nonlinear equation of a damped string has been solved using Volterra
series in the case where the string is excited by a force fi,:(¢) which is spatially distributed by
a time-invariant function ¢(x). Thus, a time-domain simulation of the transverse displacement
u(z,t) has been derived from the truncated series, which provides accurate results for all signal
input fio(t) with sufficiently small amplitudes. In practice, for sound synthesis issues (bowed
string, pinched string, etc), the main limitation of this solution is due to the time-invariance of the
spatial distribution ¢. In the linear case, for a general space-time transverse mass force f(x,t), this
problem is solved by using the Green’s function which fully characterizes the considered system.

In this paper, we introduce a “Green-Volterra” formalism which extends both that of “the
Green’s function” and that of “Volterra series”. Applying this formalism to the string allows to
compute its dynamics whatever the excitation force f(z,t). The solution is given by a series
expansion composed of space-time integrals involving the (computable) “Green-Volterra” kernels.
The first term of the series expansion exactly corresponds to the Green’s function solution. Higher
order terms introduce nonlinear dynamics contributions.

The paper is organized as follows. Section ] introduces the nonlinear string model. It recalls
results based on the Green’s function for the linearized problem (§2:2) and based on Volterra series
for a particular class of excitations (§2.3)). Section Bl introduces the formalism of Green-Volterra
series. Then, this formalism is used to solve the original problem in section @l A simulation is
deduced in section Bl Finally, section [6] develops conclusions and perspectives.

2 Problem statement

2.1 Model under consideration

Consider the dimensionless nonlinear Kirchhoff model of the transverse vibrations of a damped
string |2] excited by a force f distributed on Q =]0, 1 given by, for all (z,t) € Q x R4,

Ofu(z,t) + 2a0;u(z, t) — <1 + e[/ (&cu(x,t))? de Q2u(x,t) = f(x,t), (1)
Q
with Dirichlet boundary conditions and zero initial conditions
vt > 0, u(a:z(),t) =0 and u(x:l,t) =0, (2)
Ve €Q, u(z,t=0)=0 and du(z,t=0)=0. (3)

Coefficients € and « are positive. They quantify the effects of the nonlinearity (due to the variation
of tension) and of the fluid damping (due to viscosity, see e.g. [22 p.194]), respectively.

2.2 Linearized problem: the Green’s function solution

The linearized version of ([IH3]) is obtained for e = 0. It has the form

Lw,t[u] = f7 (4)

where L, ; is the linear differential operator 97+2a0;—?2 over the domain (z,t) € QxR associated
with Dirichlet boundary conditions and zero initial conditions. This standard well-posed problem
has been extensively studied.

In general, boundary linear problems governed by Eq. ) can be solved using the Green’s
function formalism [23] [24] (see also e.g. [22, [25] for applications in musical acoustics): the solution
is the superposition of all local contributions of f, given by the integral

u(a, ) = /Q gt €.7) fleT)dgar, (5)

where the Green’s kernel g denotes the solution of Eq. ) excited by the Dirac pulse centered at
(&, 7), that is,
f(z,t) =[0¢ ® ;] (z,t) = 6(z — &) d(t — 1), (6)



where ® denotes the tensor product of two distributions [26] chap. 3.1].

Note that this problem is time invariant but not space invariant so that g(z,¢; £, 7)=g(x,0;&,7—
t).Indeed, denote T{ ¢) the translation operator of duration 7 and length £. If (f,u) is a solution,
it appears that (7, o)f, T(r,0yu) is also a solution (time-invariance), because T\, o) commutes with
all the operators of the partial differential equation, whereas (T ¢) f, T(0,¢yu) is not. Hence, Eq. (H)
becomes a convolution w.r.t. time, that is,

u(et)= [ gl &) St ) ddr where gla €7) = g(e,0; ¢, 7).
QxRy -
denotes the convolution-type Green’s kernel.
In the Laplace domain, the linear boundary problem ([IH3]) can be written as, for all s € (Car =
{s € C|Re(s) >0},
I?U - 0°U = F, on the string (z € Q), (7)
and U =0, at boundaries (z € {0,1}), (8)

where F(z,s) and U(z,s) denote the Laplace transforms (with respect to variable ¢) of f and wu,

respectively, and
for all s € Cf, [I'(s) =52+ 2as, (9)

where z — +/z is the principal value of the square root (that is, the analytic continuation over
C\ R_ of the positive square root on R).
It solves into, for all (x,s) € Q x (Cg and & € 0,

Ulws) = [ Glaséos) Ples)s (10)
_ ~ cosh (1 + 24 &I(s)) — cosh ((1 — |z — &)T(s))
Glzi&,s) = 2I'(s) sinh (F(s)) ’ (11)

where G corresponds to the Laplace transform of g w.r.t. ¢. For (z,€) € Q2, function s — G(;¢, s)

is analytic on (Cg . It corresponds to the transfer function of a causal strictly stable input-to-output
system.

This solution can also be decomposed into the eigenfunctions {ey, }ren- where ey, () = /2 sin(krz),
which define an orthonormal basis of L?(£2). Thus, introducing

Uz, s) L Z Uk(s) ex(x), where Ug(s) = (U(-,8),ex("))r2(0) » (12)
keN*

and using similar definitions for F, Egs. () are solved if [I'(s)? + (km)?|Uy(s) = Fy(s), that il

1
U — gl F h Gl -
k(s) G (s) k(s), where (s) 2 1 208 - k22 (13)

If o < m, then the characteristic equation of the k-th mode (I'(s)* + k*7* = 0) admits a pair
of complex conjugate roots (Mg, Ag) with A\y = —a + iy/wg and wy, = V272 — @2 > 0. The modal
decomposition yields, in the time domain,

+oo

u(z,t) = Z[g[k] * f1](t) e (), with g[k] (t) =

k=1

SInWit) - at y(y). (14)

Wk

where * is the standard convolution operator and Y denotes the Heaviside step function.

For sound synthesis purposes, real-time simulations are often based on a truncated version of
this modal decomposition [27]. The block-diagram corresponding to Eqs. (I2HI4]) truncated at
order K is displayed in Fig. [l For simulations, digital versions of filters with transfer function
Gl¥l (s) are implemented, based on second order auto-regressive digital filters.

IThe square brackets in G/¥ and used further in the manuscript are introduced to avoid confusion between
superscripting and raising into power.



Figure 1: Block-diagram of the simulation of the linearized version of (IH3) with K modes. Symbol
® is a standard multiplication. More precisely, for functions with separated variables (z — e (z)
and t — ug(t)), it corresponds to the tensor product [ex ® ug] (x,t) = ep(x) ux(t) as in Eq. (@).

2.3 Simulation of a nonlinear problem with Volterra series

The nonlinear problem ([IH3]) has been solved in [2I] in the case where

f(.]?,t) = [(b ® ftot] (.Z‘,t) = (b(l’) ftot(t)a (15)

using a Volterra series expansion: the solution is decomposed into homogeneous nonlinear contri-
butions as

+o00
u(z,t) = Z A B (T, o) Frot(t —T1) - frot(t — 70) dry...dT. (16)
n=1 "

Each term of the series corresponds to a multiple time-convolution of repeated versions of f;,; with
kernels hgf): n = 1 isolates the linear contribution on the dynamics due to fi,; (with its memory
effect), n = 2 isolates the quadratic one, etc. The Volterra kernels are parameterized by the space
variable x. They prove to be given by the modal decomposition

n

+o0
A (1, ) :Z R (1, . ) ex(z), with h[lk] = ¢k Q[k] and, for n > 2, hlF = g[k] * ikl
k=1

In this equation, function g[’“] is defined in Eq. (Id]). Constant ¢y is the projection of ¢ on ey, that

is, o = (¢, ex)12(n). Function r, is a combination] of kernels hgk] with j < n. Moreover, symbol
*™ denotes the convolution-type operator [a " by (1,...,7n) = [ga(0) bp(11—6,...,7,— 0)do.
If excitations only involve the K first modes (¢, = 0 if £ > K + 1), this expansion truncated
at order 3 corresponds to the block-diagram displayed in Fig. [ (see [21, §4] for the detailed
computation of kernels and the equivalent realization into block-diagrams).
The question addressed below is:

. . . k 4 4 £
2The exact equation is given by TL ] (T1,...,7n) = —€k?m E |: E 2 hul (71, Tmy )h£,}2 (Trmi41s- -+ Tmi4+mz)
k me(N*)3  Leent
X hfgn]g (Tml +mo+1;---, Tn)- mi+motmg=n



ftot(t)

—Ql> GI¥ :ulr(t)

Y
!

2
<‘> ]7 w(t) = ilQ(ugl](t))2
=1

Figure 2: Block-diagram of an o(e)-simulation of Eq. ([Il) with K modes: the dashed arrows isolate
the linear dynamics (n=1) of each mode; the shaded central part isolates the o(e)-dynamics of a
mode k; the shaded bottom part isolates the dynamics of the integral term in Fq. {d); the shaded
left part corresponds to simple gains, controlled by the spatial distribution of the excitation force.
Note that the two dotted boxes correspond to those in Fig. 0l since ¢r = (¢, ex) 12(q)-



“How to solve the nonlinear problem Eqs. {IH3) for a general excitation f(x,t), that is,
when [ is not limited to the case f(x,t) = ¢(x) fror(t) ¢

An intuitive solution would consist in replacing fi,: and ¢, in Fig. Blby f and (-, e), respectively,
as in Fig. [[l This result is actually the one which is obtained, thanks to the formalism proposed
below. This formalism combines that of the Green’s functions (as for Fig. [[) and that of the
Volterra series (as for Fig. [2I).

3 Introduction to Green-Volterra series

3.1 Preamble: regular perturbation theory and formal series expansion

Consider an inhomogeneous differential equation defined on a domain (z,t) € @ x T (with T=R
or with T=R and zero initial conditions), which is excited by f and governed by

Lm,t[u] = f + Kx,t[uv .ﬂ (17)

In Eq. (IT7), Ly, is a linear operator w.r.t. space x and time ¢t and K, is a sum of multilinear
operators K], that is,

Ky tlu, f] = Z K2 fu, .. yu, f,.0 f]. (18)
p,q2>0
p+q=>2 p 4

Consider f as a perturbation and mark it by >0 through the change of variable f= nf. Following
the regular perturbation method (see e.g. [28] chap. 5]), write the solution as a power series w.r.t.
n and substitute v and f in Eqs. (IZHI8)) by this series » _yn" @, and nf, respectively. Then,
exploiting the multi-linearity of Kg:f to sort the contributions w.r.t. n"™, we formally obtain a
sequence of linear problems. Choosing =1 to remove the tilde symbols, this yields ug = 0 and
forn > 1,

La:,t[un] = Rn with R1 = f7 (19)
and K, = Z Z K2 tmyse sty s froos f ], ifn>2. (20)
(p@)E0n]f  meN*)P M M
2<p+q<n mit-tmp=n—q p

If g is the Green’s function of Eq. ([)) in the space-time domain, it comes that
wnlont) = [ g5 €7) ma(6) dar (1)
QxT

Deriving the series u = ) _yu,, we finally find that u can formally be expressed as a sum over
n € N* of multiple integrals on n repeated versions of f combined with multi-variate kernels. In
the present case, these kernels define the Green-Volterra kernels introduced below. Such kernels
can be found in e.g. [29)].

Remark 1 (Volterra series). For a finite-dimensional time-differential system, these kernels only
depend on time variables t and 7. They define a so-called Volterra series (see e.g. [11, [17)]).
Moreover, if the system is time-invariant, they are of convolution type.

Remark 2 (About the Green’s principle). As mentioned in section [Z2 for linear problems (see
Eq. [A)), the Green’s principle relies on the superposition principle: the solution of a sum of
elementary excitations is the sum of the solutions of each excitation, considered separately. Note
that the perturbation method does not preserve this principle, which is obviously void for nonlinear
problems. Indeed, Eq. (20) begets a coupling of each elementary excitations through multilinear
operators K’}



3.2 Definition of Green-Volterra series and basic properties

Definition 1 (Green-Volterra series). A system with input f(xz,t) and output u(x,t), defined on
domain Q x T, is described by a Green-Volterra series of kernels {gn }nen (see Fig.[3), if

“+oo
u(z,t) = Z/m . gnlx,t; &,7) f(E1, 1) - f(En,Tn) dEdT, (22)

n=1

where, for each n € N*, bold symbols & and T denote (in each kernel g,,, without ambiguity) the two
n-tuples €= (&1, ...,&n) and T=(71,...,7n), and where d€ and dT are the corresponding Lebesgue
measures.

ﬂzﬁ% {gn} u(z,t) -

Figure 3: System represented by its Green-Volterra kernels.

Remark 3 (Examples). Green-Volterra series embed systems described by:
(a) linear problems: kernel g1 is the Green’s function and, for n>2, kernels g, are zero;

(b) power series functions u=g(f) =312 yn f* such that g(0)=0: kernels are the multi-variate
Dirac distributions gn(v,t; &, 7) =7, 07 (€, T), weighted by vy, centered at x for variables of
&, and at t for variables of T, that id,

ori(&T) = [5w®...®5w®5t®...®5t](§1,...,§n,n,...,rn)

0 —x)...0& —x)o(m —t)...0(m — t); (23)

(c) their various combinations (sum, product, multilinear maps, cascade) detailed in section[3.3).

A well-posed condition for the convergence (similar to [30, §2.2] for Volterra series) is given
for kernels such that (z,t) € Q@ x T ( (&,T17)eQ” x T — gp(x,t; 5,7’)) € G, =L> (Q X

T, L' (" x T, R) ), as follows.

Property 1 (Gain bound function ¢, and convergence). If the convergence radius pg of

—+oo
0g(2) = Y llgal
n=1

n
Gn %

is positive, then for all bounded excitation f such that ||f|lsc < pg, the Green-Volterra series (22)
converges in norm in L= (2 x T,R). Moreover, in this case, u is also bounded and

lulloe < o 11£11c ).

The proof is straightforward, remarking that each term u,, of the series expansion ([22]) is such
n
that Hun”oo < lgnllg. (”fHOO) .

Remark 4 (Convergence and truncation order for applications). This result is limited in practice.
First, spaces G, include neither finite-energy spaces (or their Sobolev versions, adapted to many
physical problems) nor distributions as in example[3(b). However, some existence and uniqueness
conditions of problems [IHMI8) can be found in [F1|], which are not limited to L> spaces. Second,
even if gn € Gy, estimating ||gn||g, and py is usually not straightforward.

3More rigorously, gn(z,t; & 7)d€ dT should be written v, Mz,t(d&dT) where M, ¢ is the multi-variate Dirac
distribution (still centered at x,t).



Because of these technical difficulties, convergence is not examined below. For the computation
of convergence bounds, we refer to [32], [33 [34]: these works detail results for trajectories belonging
to some Banach spaces and include truncation error bounds. Here, the truncation order is chosen
to be low (N =5 in section H]) and, in practice, we consider inputs such that the magnitude of w,,
decreases with n until N.

Property 2 (Translational symmetries, causality and transfer kernels).

(i) If a problem is invariant under space translations, then g, (z,t; €, 7)=g,(0,t; € — 2, T) where

§—$=(€1—1’,-.-,§n—$)-

(ii) If a problem is time-invariant, then g,(z,t; €, 7) = gn(x,0;&,7 —t) and we introduce the
convolution-type kernel

s0 that Bq. (23) becomes u(t) = >, Jonsrn 9, (x5 €,0) f(&,t=01) ... f(§n,t—0,) A€ d6.

(i) If a problem is causal, then g, is zero as soon as max(T) >t (or, min@ < 0).

G, defined by the multi-variate mono-lateral Laplace transform

Gulai &8)= [ g (oim) et o ar, (24)
T
for all complex multiple variables s = (s,,...,s,) such that the integral is absolutely convergent.

For stable systems, this domain includes (C§ )™ where CJ = {s € C |Re(s) > 0}.

Eq. (24) gives a generalization of function G (=G1) defined in section [Z2] (see also example[B(a)).
Other properties, introduced below, deal with combinations of Green-Volterra series (we refer to
e.g. [14, 30, [35] for corresponding results about Volterra series). They are used to compute the
Green-Volterra kernels of the string in section [

3.3 Interconnection laws

Consider several systems defined by the Green-Volterra series {an }, ., {bn}, . and {a%] Fren-
for 1<¢<j. Then, the Green-Volterra series {g, }nen+ of the systems described in Figs. lla-c) can
be derived: kernels g,, and the corresponding transfer kernels G,, for time-invariant causal systems
are given below.

{a[Q] } ul?(2,t) -

| u e, t)
f(z,t) {an } u(z, t)=B7 (Wl (z,t),..., a0 (2,1))
u(z,t)

f(x,t)

Y A E) | M
{a” } ubl (2, t)
(a) Sum (b) Cascade with a linear (j=1) or multilinear (j>2) map B7

f(z,1) u(z,t)
— {4} [ {b,}

(c) Cascade of two systems

Figure 4: Interconnection laws of several Green-Volterra systems: (a) sum, (b) linear and multi-
linear maps, (c) cascade of two systems.



Case (a): sum (the radius of convergence p, is such that p, > min(p,, ps))

gn(x,t;ﬁ,T) = an(x,t;577)+bn($7t;£,’7'),
Gn(z;&,8) = An(z;§,8)+ Bu(z; &, 8).

Case (b): linear (j=1) and multilinear (j>2) maps (with p, > mini</<; p, )

ot &) = > Bl (nts 0h@,oh(n) s o all (2t 0h(©),00(m) [25)
mevy
Gulwi&s) = Y B Al (2i00@0n(9) . o, Al (21 0h(©).00(9) |, (20)

me(N*)J

myt-tmi=n

where for m € (N*)7 and 1</¢<j, the selection function o, (€)= (Emy 4 tmp 1415 -+ > Emytoimy)
is introduced for sake of conciseness. A simple example corresponds to the product of two outputs

(bilinear map B?(a,b) = ab). In this case Eqs. (25126]) reduce to

QN($7t7 £7T) = Z:q,;ll GL}L] ($7t7 (51) s 7§m)7 (7-17' o >Tm)) aflm(x,t, (§m+1>' H 7577,)7 (Tm+17 cee 7Tn))

and a similar formula for G,,.
Note that B7 can also be replaced by a multilinear operator B7, which acts on the space variable,
rather than a simple function. For space-time operators Bit, Eq. ([29) is still valid, but not Eq. (26)

which must be adapted. As a special case, if all series {a%]}n ey are the same, this adaptation
can be derived by considering the cascade of two Green-Volterra series, as follows.

Case (cl): cascade of a nonlinear and a linear systems (b; €G; and b, =0 if n>2 so
that p,=p,)

gz t; €7) = /Hm(x,t;y,o) an(y,0; €,7) dydo, (27)
Gul(z: &,5) = / Bi(z; v 80+ +5,) An(y: & 5) dy. (28)
Q

Case (c2): cascade (general case)

gn<x,t;s,r>:2/, Y bi(wt;y,0) aml(yl,el;a,m),a;(r))
j=1 QI xTI

me(N*)i

bt g, (yj,ﬂj; U%(&),J#;(T)) dy do,
Gn(x; &, 8) = Z/Q > By () A (115 0m(€).0(5) ) - Am, (2 7€), 0h(s)) .
J=1"% me(Nw)i
mit-4m=n

where for m e (N*)?, function x,(s) is the j-tuple, the ¢ coordinate of which is the sum of the se-
lected Laplace variables o, (s), that is, . (s) = (d,1(s), ... ,a%(s)) with 6, (8) =37 Smytetmy_ 1 +i-

m

3.4 Canceling system, principle of equivalence and solution kernels

This section describes a formal method to derive the Green-Volterra series {g, }nen+ of the system
(8) governed by (ITHIS)), see Fig.[l(a). It is based on the use of interconnection laws and a canceling
system, as proposed in [36} §2.2] for differential systems.

Introduce the system (C) with input (u, f) and output z= L, +[u] — f — K, ,[u, f]. Cascading
(S) and (C) as in Fig. B(b) defines the system (Z) with input f and output z. As z is exactly
zero for trajectories of system (S), all the kernels {z,} of (£) are zero: we call (C), the canceling
system with respect to system (S).



L>' (8): Laulu=f+Kalu, ] '_¥ fi {on} = Canceling system (C): =0

- f o=Lgy[u] — f — Ky i[u, f]

Il Il
Iy e P ) PR

Figure 5: Canceling system and equivalence principle of Green-Volterra kernels.

Exploiting interconnection laws (a-b), it follows that the kernels z,(z,t; &, 7) of system (Z)
exactly involve the same combinatorics as in (I9H20) and that, keeping the same notations,

(O :) Zn = Lgy [gn] —ry,  with (see Eq. @3)) 71(x,t; 51,71):5;&51,7'1), (29)

ro(x,t; &, 1) = Z Z Kﬁ,’f[gml (2,t5 00 (8),0m(T)) s - vy G, (2, t5 G2 (E), 08 (T))
(pg)E[0,n]2 meE(N*)P
2<p+q<n mit--+tmp=n—q

5i,t(§n7q+lv Tnfq+1)a cee v(salc,t(gn, Tn) :| ’ ifn 2 2, (30)

where variables z and ¢ of kernels g,,, are kept inside operator K 5:3, for sake of legibility.

Remark 5 (Interpretation). In these equations, Ly t[gn] are the Green-Volterra kernels of system
with input f and output Ly [u], and r, are those for input f and output f + Ky +[u, f]. Kernels
Lz tlgn] can be obtained by using, either the interconnection law (b) for j =1 with By ; = Ly and
U, = gn, either the law (c1) with a,, = g, and choosing by to be the (linear) kernel associated with
the linear operator Ly . Kernels r,, are sums (law (a)) of multilinear operators (law (b)), in which
the last ¢ Dirac distributions are the kernels of identity (ahead of (C) in Fig. [H(b)).

For n = 1, the solution of ([29) with z; = 0 exactly yields the Green’s function of the linearized
problem (Eq. (I7) with K, ; = 0). For n > 2, solving iteratively the sequence of linear problems
@9B0), still with z, = 0, yields the Green-Volterra kernels

gnlst 3 €,7) = / (@15 ,0) ra(y, 0; €,7) dy db. (31)
QxT

Remark 6. (Canceling system and transfer kernels in practice) For many applications, K, is a
finite sum of multilinear operators. This leads to a less complexr combinatorics as above. Moreover,
for time-invariant systems, using transfer kernels makes equations simpler: the integrals w.r.t. time
variables become algebraic relations w.r.t. Laplace variables. In practice, these algebraic relations
are precisely used in section[{], to compute closed-form formulae of the transfer kernels.

3.5 Realization

As mentioned after Eq. (Z1]), u,, is exactly the term of order n of Eq. (22)): the regular perturbation
method (§B1)) yields the same solution u as the Green-Volterra series (§8B.2), the kernels g,, of which
fully characterize the system independently of the input (as the Green’s function does for a linear
problem). Eq. (3I) with (B0), or alternatively Eq. 2I)) with (20)), lead to the realization (in the
sense of system theory, see [I4] chapter 4]) described by the block-diagram in Fig. [fl (limited to the
three first orders only).

Thus, simulations can be built using finite-dimensional discrete-time approximate versions of a
linear operator &; (see Fig.[f) and (finite dimensional versions of) multilinear operators K}'f.

As there are no feedback loops (no implicit equations) in Fig. [6] only explicit calculations are
needed. Moreover, the stability is exclusively conditioned by that of (the discrete-time version of)
®; and (only if multilinear operators depend on time) that of K, ;.

10



i (z,t) Ugpproz (T, ¢

ug(2,t) us(z,t)

-
s e ]

Figure 6: Realization of the three first orders of the general structure obtained from Eqs. (T9H20),
@3B0). In this structure, blocks K?{ are the multilinear operators in Eq. (8], fed by the p+gq

x,t

signals, from top to bottom. Blocks (with no rounded corners) correspond to the linear operator
®; associated with the Green’s function ¢, that is, &;[w](z,t) = (['Qngl(x,t; Er)w(E,T)dEdrT.

4 Application to the Kirchhoff model of the string

4.1 Linear and multilinear operators

The nonlinear Kirchhoff model given by Eqs. (IH3) in section 2] has the general form Eq. (I7HIS)
in section Bl The linear operator L, ; is

Lpt=0?+2a0; — 02 in QxT with Q=]0,1] and T =Ry, (32)

x

with Dirichlet boundary conditions and zero initial conditions. The nonlinear operator K, ; defined
by Eq. (I8) is reduced to the space-operator (u, f) — K, [u, f] = K>°[u, u,u] with

K3%a,b,c] = ¢

/Q(()ra(x) Oub(x) dx | O2c(x). (33)

4.2 Canceling system and Green-Volterra transfer kernels

Denote {gn}nen+ the Green-Volterra series of the nonlinear Kirchhoff model. As this model is
time-invariant, according to property 2 introduce the corresponding transfer kernels G,, defined
from g, by Eq. (24). Using the interconnection laws to rewrite the appropriate canceling system
(see Fig. [0) in the Laplace domain leads to a Laplace version of Eqs. (29H30). Eq. (29) becomes,
for all n € N* and s € ((C(J{)n,

xT

and G, (z; €,5) =0, at boundaries (z € {0,1}), (35)

[F(sl—i— S Sn>2 — 82} Gr(x; €,8) = R, (x; €, 8), on the string (z € Q), (34)

where T' is still defined by Eq. [@) so that the first member of Eq. ([34) effectively corresponds
to the cascade of {g,} and the linear operator 97 + 2ad; — 92 (see Fig. [[(a)) with Dirichlet
boundary conditions (see Fig.[[(b)). Transfer kernels R,, are the Laplace transforms of r,,(z; £, 0) =
rn(z,0; &, —0) (see property 2]). This yields

Ry(x;&1,51) = 0.(&1). (36)

11



Moreover, according to remark Bl and using the Laplace versions of interconnection laws (a-b),
Eq. (30) becomes, for n > 2,

Ru(wi&s) = > KiO[Gony (@305(6). 0 (5), Gy (w3 02(8), 02 (3)),

me(N*)3
Mt tmg=n

Gong (2:03,(€), 53, (9))]

= e/g( Z 0.Gp(x;€1,...,8&p, 81, .., Sp)

P,q,r=>1
pt+qt+r=n
Xaqu(.'E, §p+17 . 7€p+q7 Sp41y--+y Sp+q)) dx
2
x@ZGT(x;prrqH,...,fn,sp+q+1,...,sn). (37)

[02 + 200, — 02] u(, 1) —
fen [ Jo (@ 1)) da] 2u(e. 1 0=
—¢| Jo(Opu(a,t x| Osu(x,t
e RN
Fla.1) |
o !
(a) Canceling system for z € Q
flat) u(w,t) : E #(z,1)=0
{on} P |2 {01}——F
> I
i (C) at boundaries (z € {0,1}) !
(b) Canceling system at boundaries (z € {0,1})

Figure 7: Block-diagram versions of Eq. (1)) (sub-figure (a)) and of Eq. @) (sub-figure (b)) for a
general force f(x,t). The associated canceling systems are delimited by dotted boxes.

Eqs. (3438) define a sequence of boundary problems indexed by n € N*, which are differential
w.r.t. x and linear w.r.t. G,. Indeed, for any fixed n, Eqs. B6i37)) only involve transfer kernels
G, of order m < n. Moreover, Eqs. (84H35]) exactly restore Eqgs. (TH]]) with solution Eqs. (IOHITI),
in which for all £ € Q™ and s € ((Cg)n, function x — U(z,s) is replaced by = — G,(z; &, s),
x+— F(x,s) by x — Ry(z; €, 8), and T'(s) by I'(s1+ - - - + sp,). Finally, it follows that the Green-

12



Volterra transfer kernels are given by, for allmn € N*, x € Q, £ € Q™ and s € ((Cg )",

Gl(‘ra 617 81) :G(l‘, 617 81)7 a‘nda if 7122, Gn(fE, 57 S) :/G(.’E, Y, 81+' . +Sn) Rn(y7 57 S) dy, (38)
Q
where G is the Green’s function of the linearized problem, defined in the Laplace domain by
Eq. ().

Remark 7. (Non zero kernels) As K, is composed of a multilinear operator of odd order, it
follows that all the Green-Volterra kernels of even order are zero.

4.3 Modal decomposition and simulation in the time domain

The transfer kernels z — G, (z; &, s) can be decomposed on the orthonormal Hilbert basis {ef }xen»-
More generally, this is also the case of (z,&) — Gp(x;&,s) on the orthonormal Hilbert basis

,,,,,

ei,?f ..... o (2.8) =[er@en @ @ep, ] (2,61, ,6n)
For n =1, Eqgs. (36) and (38)) lead to

+oo
Gi(zi&r,s1) = > G¥(s1)ef y(x, &), (39)

L2(Q2) 1

so that only the terms corresponding to “diagonal bi-modes” eiyk are nonzero. Notice that this is
in accordance with solution (IZ{I3) and is due to the orthogonality of eigenfunctions e;’s.
By induction, this result is straightforwardly generalized as follows: for all n € N*, x € Q and

(€,8) € (2 x CHH™,

—+oo

Gn(w;&,8) = > Gl(s) eyt i (,6).
L i3
with GF(s) = GW(sy + - +5,)RI(s),
RP(s1) = 1,

ifn>2,

—+oo
RIFl(s) = —ek?7* Z {ZZQGZ[f](sl, cee sp)GEf] (Sptis---s spﬂ)} G (spyqits s 8n),
p,g,r>1 “{=1
ptg+r=n

The first nonzero kernels for n > 2 correspond to
Ggﬂ (317 S2, 33) = G[k](51 + S9 + Sg)R:[gk](Sh S2, 83)

+oo
= kTG (51 + 55+ 53) Y PGV (51)GY (52) G (s5)
{=1

+oo
= —ek®>m*GW (s) + 59 + s3) ZEQGM (51)G (59) G (s3)

(=1
G[’)k](sla ) 85) = G[k](81 +-+ S5)R[5k}(81, - 785)
+o0
= —ekPr G (s -+ 55) Z ZKQGI[,Z] (S1,---58p)
p,q,r>1 (=1
p+q+r=>5
XGEZ] (SP+17 ey Sp+q)G7["k] (5P+q+17 ey 55)-
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Using previous work (section [Z3]), the Green-Volterra kernels modal projections can be iden-
tified to the same structure presented in Fig. Indeed, for n = 1, the Green-Volterra kernel is
the Green’s function (cf. Eq. (Id))), and for n > 2, the kernels consist in sums and products of the
output of this already known Green’s function.

Hence, for a general excitation f(z,t), the simulation is performed using the structure displayed
in Fig. B It actually corresponds to the “intuitive solution” mentioned at the end of section [Z3t
the only difference with the previous work (recalled in Fig. Bl for excitations of type Eq. (&), is
that ¢ must be replaced by the modal projection (-, eg).

Remark 8. Fig.[8 corresponds to the particular case of Fig.[8 in which the only nonzero multilinear
operator K30 is detailed and expanded on the K first modes of the string.

EK I
e 3 ["] l
—><'aeK> fK(t) [K}ul b L 4 (X ) —eK*rt . “a _

. !
2
Q IZ 2(ui')
w(t) = 1 (uy
-+ =1

Figure 8: Block-diagram of an o(e)-simulation of Eq. () based on Green-Volterra kernels with
K modes: the excitation force f(x,t) is completely unknown to the system and is decomposed on
the modal basis using a scalar product.

5 Realizations and discussion

In the following section, results are presented for the dimensionless string model described in
Eq. (I). The string length is therefore defined in 2 =|0, 1.

Figs. @ and [I0 represent the time response of the string at an observation point x = 0.57. The
excitation force is defined by f(z,t) = ¥(x,t) fmaz t/Tforce for t € [0, Tforce] Where frqq is the
maximum amplitude of the force and Tfo.ce = 0.01 s. The spatial distribution of the force is a
cosine moving thanks to the function v defined by

(x —zo +0.2t)

14
7 ) if |z — 2o+ 0.2t < 2 and (x,t) =0 otherwise,  (40)

P(z,t) = cos(m
where the value of £ corresponds to 4% of the string length).

The sampling frequency is fs; = 44100 Hz and the number of modes is K = 20. The same
conclusions can be made in comparison with [2I], i.e. the approximation at a given order of

nonlinearity (here N = 5) is valid until a maximum of force amplitude (here F3 . ), where the
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Figure 9: Simulation of Eq. (@) for f,,, = 5 N: linear approximation is correct since the amplitude

of the transverse displacement is very small. For f2, = 10 N, nonlinear effects begins to appear
mainly for order 3.
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Figure 10: Simulation of Eq. () for £3 . = 20 N: the nonlinear responses have the same amplitude
that the linear one, f3  is roughly the convergence radius of the Volterra series. For fi = 40
N, the amplitude of the force is too high, the series does not converge anymore.
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nonlinear response have the same magnitude than the linear one. Without a calculation of the
convergence radius, this is a good observation, to define a valid range of excitation force.

Fig. [[I] presents the string transverse displacement when the force is nonzero. It show the
purpose of Green-Volterra kernels, in comparison with previous works, i.e. the spatial variation of
the force f(x,t) along the string using the function ¢ (x,t).

0.5f

0.5+

Transverse displacement (mm)
o

Transverse displacement (mm)
o

0 20 40 60 80 100 0 20 40 60 80 100
String axis String axis

= (c)) =
£ £
E I 1 £
€ €
£ 05f 1 £
[} [}
Q o
K K
g 0 2
o o
Q [}
® _o5t 2 -0.5
Q [
> >
[0] 0]
c c
S -1f S -1
= =
0 20 40 60 80 100 0 20 40 60 80 100
String axis String axis

Figure 11: Transverse displacement of the string excited by the force f(x,t) = ¥(2,t) fmaz t/Tforce
where 9 is defined by Eq. [@0) at four times: (a) 50 samples, (b) 150 samples, (c) 250 samples and
(d) 350 samples.

6 Conclusion

This paper has presented the calculation of Green-Volterra kernels for the Kirchhoff string model.
The definition of the kernels is provided, in relation with the Green’s function of the linearized
problem. The method is then the following;:

e build the canceling system from the physical model;
e derive linear equations satisfied by the Green-Volterra kernels, using the interconnection laws;

e write a structure of simulation based on the discrete-time version of the linear operator, and
instantaneous sums and products (or multilinear operators).

This formalism allows to use the Green’s function properties to compute the dynamics of a
weakly nonlinear problem of type Eqs. (I'HI8) with an excitation force f(x,t). The main result of
the computation is the possibility to use a non time-invariant space repartition of the force. This
extends the Green’s formalism to weakly nonlinear problems. Moreover the structure of simulation
is very similar to the particular case ¢(x) fior(t).
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However the convergence of the Green-Volterra series has not been studied in this paper. This
will be addressed in a future work, based on studies proposed in e.g. [32, 33| [34]. Here, in order to
have proper approximations in practice, the amplitude of the force is limited so that the nonlinear
response has a lower magnitude than the linear one.

This generalization of an excitation force f(x,t) is a important step to get more general results
in the synthesis of nonlinear models. It will allow to deal with other kinds of problems. For
instance, contact problems for deformable solids need to use variable force (in space and time) to
represent the interaction between two solids at the contact surface. The Green-Volterra kernels
could be used to represent each solid. This will require to work on more elaborated physical models
(e.g. beams or plates) in order to highlight the possibilities regarding the excitation force.
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