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Abstract The study of both linear and nonlinear
structural vibrations routinely circles the concise yet
complex problem of choosing a set of coordinates
which yield simple equations of motion. In both exper-
imental and mathematical methods, that choice is a
difficult one because of measurement, computational,
and interpretation difficulties. Often times, researchers
choose to solve their problems in terms of linear,
undamped mode shapes because they are easy to obtain;
however, this is known to give rise to complicated
phenomena such as mode coupling and internal res-
onance. This work considers the nature of mode cou-
pling and internal resonance in systems containing non-
proportional damping, linear detuning, and cubic non-
linearities through the method of multiple scales as
well as instantaneous measures of effective damping.
The energy decay observed in the structural modes is
well approximated by the slow-flow equations in terms
of the modal amplitudes, and it is shown how mode
coupling enhances the dampingobserved in the sys-
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tem. Moreover, in the presence of a 3:1 internal res-
onance between two modes, the nonlinearities not only
enhance the dissipation, but can allow for the exchange
and transfer of energy between the resonant modes.
However, this exchange depends on the resonant phase
between the modes and is proportional to the energy in
the lowest mode. The results of the analysis tie together
interpretations used by both experimentalists and the-
oreticians to study such systems and provide a more
concrete way to interpret these phenomena.

Keywords Nonlinear mode coupling - Transient
dynamics - Equivalent damping - Multiple scales

1 Introduction

The central tenet of linear modal analysis is that the
proper identification of mode shapes leads to the decou-
pling of modal equations of motion. For any generic,
linear system,

Mi+Cu+Ku=0, @))
the associated eigenproblem is given by
(K+iwC—w2M)¢:0, )

where u is the vector of physical coordinates, M is the
mass matrix, K is the stiffness matrix, C is the damping
matrix, ¢ are the mode shapes, and w are the natural fre-
quencies. If the system is undamped, i.e., C = 0, then
solving Eq. (2) yields the real-valued, undamped mode
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shapes and natural frequencies; however, if C # 0,
then the eigenproblem can yield complex mode shapes,
appearing in complex conjugate pairs [4,5,10]. These
calculations ultimately give real-valued displacements
and decoupled equations of motion; however, often
times in vibrations of continuous systems and/or exper-
imental systems it is advantageous to use the undamped
mode shapes, particularly because undamped mode
shapes are easily measured from experimental data.
Unfortunately one drawback of this approach is that
applying a modal coordinate transformation based on
the undamped mode shapes typically leads to coupling
between the modes, i.e., the equations of motion are no
longer decoupled in this case.

Additional difficulties in studying and understand-
ing the nature of mode coupling and damping arise
when one considers the wider class of nonlinear sys-
tems. With the inclusion of nonlinearities in the gov-
erning equations, in general a coordinate transforma-
tion no longer exists that can be used to decouple the
equations of motion. However, the modal coordinates
as identified from the corresponding linear system are
nonetheless often used to simplify the equations of
motion, so that in the resulting equations of motion
coupling between the modal coordinates only occurs
in the nonlinear terms [13]. The behavior of the system
arising from this nonlinear coupling can exhibit energy
dissipation rates that depend on the energy distribu-
tion within the system [8] as well as bifurcations not
observed in the corresponding linear system [17,18].
Such behavior can play an important role in applica-
tions such as nanomechanical systems [9,11,12], ther-
moacoustic oscillations [14], and structural dynamics
[15,22].

1.1 Equations of motion

We consider here a general nonlinear multi-degree-of-
freedom system of the form

Mi+Cu+ Ku+N(u,u =0, 3)

where N is a vector containing the nonlinearities of the
system. No set of linear mode shapes can be employed
to decouple Eq. (3) for non-trivial, nonlinear N; how-
ever, for weak nonlinearities perturbation methods can
be employed to study the way those linear mode shapes
are coupled together. The structure of the nonlineari-
ties, N, and their dependence on u and i depend on
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the problem addressed, but in what follows N(u, a) is
assumed to contain cubic stiffness and damping com-
ponents while the linear damping is assumed small.
As a result, the mass normalized mode shapes of the
undamped linear system can be used to transform to
modal coordinates, and the resulting equation of motion
takes the form

N
Gi +of gi+e | Y [hijdj+ & a5
j=1

N N N
+2.2.2 [ijkz qjakqr + i 99k

j=1k=11=1
1 @i G dr + 1 4 ékQI]) =0, )

with the modal coordinates g; (t) defined as

qi (1) = ¢/ Mu(r). (5)

In Eq. (4), ¢ < 1 is a small parameter that character-
izes the weakly nonlinear nature of the problem. The
linear damping is described by the term A;; = ¢iT Co;
while &;; is included as a detuning in the linear stiffness
from the ¢ = 0 system based on the identified mode
shapes. Both of these terms couple together the modal
coordinates associated with the linear mode shape ¢;.
In addition, modal coupling is introduced through the
cubic nonlinearities. Here u® and p¢ describe non-
linear stiffness terms, with the former being a gen-
eral cubic stiffness nonlinearity and the later repre-
senting a velocity-dependent term. Likewise, u' and
u? are nonlinear damping terms. Many authors have
studied these terms individually in the context of per-
turbation methods. In particular, the seminal work by
Nayfeh and Mook [16] describes numerous examples
of systems with small cubic stiffness nonlinearities,
both with and without internal resonances. The cubic
damping term described by 1 is often associated with
Rayleigh[1,3,19], while van der Pol type nonlinearities
described by pV can arise in the study of mechanical,
electrical, and biological systems [7]; both are dissipa-
tive in nature. The remaining nonlinearity of interest to
this work, described by u€, can arise from geometric
nonlinearities [6,20].

This work applies the method of multiple scales
to develop approximate solutions to the modal equa-
tions that arise from multi-degree-of-freedom systems
with general, non-proportional damping, detuning, and
a broad class of cubic nonlinearities [16]. The real-
valued, undamped mode shapes are used to decouple
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the dominant, undamped, linear dynamics, as shown
in Eq. (4). The dynamical response predicted by the
averaged equations is shown to closely match numeri-
cal solutions of the original differential equations both
when the modal frequencies are incommensurate and in
the presence of internal resonances. While much of the
related work in the literature has been concentrated in
the study of one or two-degree-of-freedom systems, the
results developed in this paper are scalable to arbitrary
degrees of freedom. The resulting analysis describes
the effect of the mistunings and nonlinearities on the
amplitude of the linear modes and captures the effect
of mode coupling on general multi-degree-of-freedom
nonlinear systems.

1.2 Example system

While the focus of this work is the analysis of a general
system of coupled equations including cubic nonlinear-
ities, the results are applied to the finite-order modal
expansion of a simply supported rectangular plate with
point attachments undergoing infinitesimal deforma-
tion. The continuum plate is represented by

DV*i+ Q2ph) i; + F (i) =0,

$el0,Ly], ye[0,Ly], ©>0,
i(0,5,7) = (Ly,5.7) =i (0,7

=i (%, Ly, 1) =0, (6)
iy (0,9,7) =iy (Ly, 9, 7) = iy (%,0,7)

= Uy ()Z,Ly,f) =0,
@ (%, 5,00 =iio (£,5), i (%, 5,0) = ito(F, ),

where the tildes represent dimensional quantities, V*
is the biharmonic operator in dimensional coordinates,
and F is the term associated with the attachments, both
linear and nonlinear. In this, p is the density and 4 is the
plate thickness, while the flexural rigidity D is defined
as

_EW

T12(1—v2)’
with Young’s modulus E and Poisson’s ratio v. Now
consider the following nondimensionalization

(7

i

where U, is a characteristic displacement associated
with the deformation. For example, if the initial energy
in the system is identified as

£0) =/0Ly /OLX%[(zph) (ﬁo)2
+D (6%)2} dx dy, 9

then U, can be chosen as

vo= 20 (10)
DLyL,

Moreover, € is a small parameter defined as
F, L}

74 DU,’

where F, is a nominal parameter associated with the

strength of the attachments!, and it is assumed that

€ < 1. Using this nondimensionalization, the problem
reduces to

V% +uy +€Fu) =0,

(11)

€ =

xel0,x], yel0,ym], t>0,
u,y,t) =u(m,y, t) =u(x,0,1)

=u(x,ym,t)=0, (12)
uxx(ov yv t) = uxx(nv yv t) = uxx(xv 05 t)

= uxx(xv V 7T, t) = 01
“(x,y»O)ZMO(XaJ’)a ”t(x,y,O)ZﬂO(XaY),
where y = i—; is the aspect ratio of the plate, which can
be varied to specify the modal frequencies and in partic-
ular examine resonant and non-resonant dynamics. For
the nondimensionalized system, the mode shapes and

natural frequencies to be used in the modal expansion
are given by

Upn.n =2 sin (m x) sin (2> ,
14

2
O = m? + <ﬁ> . (13)
y

The mistuning and nonlinearities are introduced
through point attachments so that F'(u) takes the form
Fu(x,y, 1)) = Aus(ay, ay,t) §(x —ax) §(y — ay)

+ & u(byx, by, 1) 8(x —byx) 8(y — by)
I One could, for example, choose F, = F (Uy), sothate < 1

implies that I}(U,,) < (JT/LX)4 D U,, although other choices
can also be used to nondimensionalize the system.
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Mode 1

()

i u(ex ey, 1) 8(x — ) 8(y — ¢y)

+ w0 uP(dy, dy, 1) ur(dy, dy, 1) §(x — ex) 8(y — ey)
Fuufe fy D up (feo fy. D 8C = £ 8y — £))
+uud(dy, dy, 1) 8(x — dy) 8(y — dy). (14)

Physically F(u) describes a linear damper located at
(ax, ay), a linear spring at (by, by), and cubic nonlin-
earities located at corresponding points on the rectan-
gular plate. Using the specified undamped linear modes
as basis functions for a Galerkin method, the modal
equations for this rectangular plate reduce to Eq. (4)
where the constant coefficients are calculated to be

)“ij =X -Uj(ax, ay) Uj(ax,ay),
‘i:ij gUi(bvay) Uj(bx,by),
M}vjk] = u’ - Uj(ex, cy) Ujlex, cy)Ug(cx, cy)Ujlex, cy),

Mlyjkl =pu’- Ui (ex, ey) Uj(ex, ey)Ug(ex, ey)Uj(ex, ey),
l/«l‘cjkl = u° - Ui(fx, ) Uj(fxs DU (fxs fDUIx, fy),
Wiy = 1 Ui(ds, dy) Uj(dx, dy) U (dy, dy)Uy(dx, dy).

15)

Note that for a specific set of indices (i, j, k, [) all
permutations of these coefficients are identical, e.g.,

Ky _ S — N —
Hijrr = Pakji = Fjii = -
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Mode 2
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Fig. 1 Linear mode shapes, non-commensurate frequencies (y = 1.6);a Mode l—m = 1, n = 1,bMode 2—m = 1,n =2

In the examples that follow, a two mode expan-
sion for Eq. (12) will be considered, keeping modes
(m,n) = (1, 1) and (m, n) = (1, 2) as shown in Fig. 1.
In addition, the attachments described in Eq. (14) are
assumed to be collocated at (x, y) = (7/2,3y 7/8),
so that they are neither at a node nor maximum point
of either mode. The value of y will be chosen to set the
resonance relation between the modes of interest. The
small parameter is chosen to be ¢ = 0.10 and unless
noted the attachment parameters are assumed to be

A =025 &=000 =025,
pd =025, p' =025 u=0.25. (16)

The resulting parameters in the modal equations are
determined from Eq. (15).

2 Asymptotic solution

The method of multiple scales is applied to develop
an asymptotic solution. Specifically, the modal coordi-
nates ¢; (¢) are expanded in the small parameter € as

=g +eq VO +qP O+, a1

together with the identification of the time scales n; =
€' t, such that

no=t n =€t, nzzezt. (18)
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As aresult, time derivatives are expanded as

d_0 22 (19a)
_——= — € — a
dr  ano a1 an
d2 2 2
= +e2
dr* ong [ 3n08n1]
2 2
+é2 fi5-+-2 0 e (19b)
an; ano am2

Introducing these into Eq. (4), the O(1) terms in the
expansion reduce to

0)
Lo 4 ?q® =0, (20)

for each mode, leading to the general solution

O =40 () sin (@i +0” (m)). @D

Here the notation »; indicates dependence on all times
scales at or slower than 7y, that is 5, = (11, n2, .. .).
Note that in particular at this order of the asymptotic
approximation the individual modes remain uncoupled
on the 7o time scale. Mode coupling will arise in the
slow time dynamics of the amplitude and phase terms,
that is, Afo) () and ¢>l.(0) (m1), respectively.
The O (¢€) terms can then be written as

N N N
+ZZZMMP%P

I=
( (O)
4" 99" (0

Ao

© o O 4 (0
g 04;" g 0q, }:0.

+ (22)

M.. —_—
Km0 dno dno

The multiple scale analysis proceeds by removing sec-
ular terms from the above equation, so that the coef-
ficients of harmonic terms with frequency w; vanish.
The resulting slow-flow equations can be written as

BA(O) )
2 w; 7+)»,,a),A +a;1=0,

. O .
€08 <w' no+®; ) ' an (23a)
a

+§1A@*+m1—o
(23b)

. 0 0
sin (a)i '70+¢i( )) . 2w A( ) ? 3

where a;1 and b;; represent the cosine and sine com-
ponents of the cubic nonlinearities averaged over one
period of mode i and are given by

N N N

0) 40) 4 ,cos
= 3900 A9 AP AP [ 1
J=1 k=1 I=1
JV-c0s

tay /’Lt]kl ijkl
c,cos
+w] Wik Wy l'Lljkl 1]kl +(’0/ Wk Mljkl Il]kl :|} ’
(24a)

N N N
_ 0) 40) 4O s,sin
_ZZZ{Aj A A [Mukllzjkz

j=1 k=1 I=1

USIH
+or 1 L
Sm
tojorw Ml,kl Iz]kl + o) o 1 L ]}

(24b)

The coefficients 777, defined in “Appendix A”, describe
the contributions of resonant terms that depend on the
modal frequencies of the system. These terms typically
vanish unless specific resonance conditions hold, as
illustrated below.

The mechanical energy present in a mode is related
to the amplitude as

2
(04)
& = — (25)
so that to lowest order the time derivative of the modal

energy is

(0) (0)
dgi 2 (0 BA wj A

(26)

2.1 Non-commensurate modes

In the absence of an internal resonance between the
linear modes, the frequencies of the system are non-
commensurate, that is w; # w; for all i # j. There-

fore, the coefficients Ii;.’,:l given in Appendix A can be
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evaluated so that the slow-flow equations can be written
as

0) v

JA! A b 3

i Ai (] iiii ©

(3 A0+ {(55) ()
STAWCERO 3ufhy; of )3

() A () | () ()

J#i
d d d 2
(“iijj*“ijiﬁ”ijﬂ) i\ O ()2
+ X#: [( i Al (Aj ) =0,
JF
(27a)

0 .
3‘/’,-() T Y (A(O))2
3771 20),' 8 !

2
Pijii @5\ (4 0V o (3Hiii ) (40
it 7i ) (¢ ) > Hiiii (A. )

+Z< dw; ( i)t 8 w; !

J#i

o[ (ol ()
j#i “
27b)

In particular, the amplitude equations can be reformu-
lated as

EYCE ) o
o A0 0 ) TA©
: 0 :
A R . . ©)
an + : Ay : Aj
: 0 :
8A§8) L 0 0 ANN _Ag\(]))_
L om
-
0
where

d 2
A= hij + |:Miviii + 3 Wiiii @; :| &

2(1)1-2

+Z{[ JJ 5 JJ ) 5] , (29)

i wj
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and for the nonlinear coefficients given in Eq. (15),
'uzdijj = ,uldjij = ,u?jji. With I identified as the instan-
taneous damping of the i-th mode of the system, for
non-commensurate modes I; = A;;, the nonlinear
extension of the damping coefficient in a linear sys-
tem.

The energy in the i-th mode is governed by the equa-
tion
dé&;
dr
where A;; depends on the energy in each mode. Note
that for linear damping only the coefficients along
the diagonal of the linear damping matrix contribute
to the lowest-order decay of the amplitude. The off-
diagonal terms that describe non-proportional damp-
ing and represent mode coupling through the damp-
ing are absent to (O(¢). Thus the response of a lin-
ear system with non-proportional damping is approx-
imated to lowest order with simply modal damping,
obtained by ignoring the off-diagonal components.
This result has been observed in other contexts as
well. For example, Bilbao et al. [2] show in their
work how the non-proportional damping matrix of a
finite element model can be approximated by a pro-
portional one by minimizing the difference in energy
dissipation between the two systems, while Udwadia
[21] discusses minimizing the Euclidean norm of the
difference between a non-proportional modal damp-
ing matrix and its approximation. The net result of
these approximations for any non-proportional damp-
ing is simply to ignore the off-diagonal entries of
A and retain only the elements along the diagonal
leading to a form identical to that developed above.
These approaches are computationally efficient and
describe the lowest-order contribution from linear
damping.

With the introduction of nonlinearities, this mea-
sure of the instantaneous damping given by A;; is
no longer constant, but rather depends on the squared
amplitude of the modes of the system, corresponding
to the distribution of the energy through the modes
of the system. Hence the response of each mode is
coupled to the remainder. However, because of the
symmetric nature of the u;ji terms, for the case of
non-commensurate natural frequencies, A;; > 0 pro-
vided that /Ll(;ki) > 0, which corresponds to pos-
itive damping. Therefore, although the modes are
coupled together through damping, the energy in
any given mode cannot increase due to this mode

=—eA; &, (30)
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Fig. 2 Modal response 1.0 1.0
(y = 1.60);
(£1(0), £(0) = 0.5 0.5
(0.50, 0.50). The dashed
line represents the S 0 S 0
amplitude as derived from
the energy, that is, Afo) from —-0.5 -0.5
Eq. (25)
—~1.0 | | | —1.0 | | |
0 5 10 15 20 0 5 10 15 20
t t
Fig. 3 Modal energies 10°
(y = 1.60, (£1(0), £2(0)) = A
(0.50, 0.50)); Original -
Equations: blue solid line, 107"
Averaged Equations: red %
solid spaced line (Color o
. 10
figure online)
—3 | | | -3 | | |
10 0 5 10 15 20 10 0 5 10 15 20
t t

coupling, that is, the energy cannot be transferred
from one mode to another in the absence of an
internal resonance. Instead, the effect of mode cou-
pling is to increase the overall dissipation observed
in this system, as compared to the corresponding
nonlinear system in which the mode coupling is

neglected.
The phase variables are likewise reformulated as
mae® ~ _
3—,7'| 21 0 ... L. 0
: 0
30 | _ . . . .
: : 0
3y L0 ... ... 0 N
= -
with
2
0 = i n Riiii @7 + 3 Wi &
ii w; 4 Ct)i3 i
2 K
Wijji @5 + 3 Hiijj
+ — | & ¢, 32
Z { |: 2 w; w? / (32)
J# y

where uf.ijj = ufﬁj = ,ufjji. The O(¢) frequency
shift of the i-the mode is described by £2;;, and as
with the decay rate, the shift due to the nonlinearities
depends on the energy in each mode. Finally, the decay
in the amplitude of the response is independent of the

phase of the corresponding mode. Once the energy in
each mode is determined from Eqs. (27)a and (25),
the phase variables can be solved from Eq. (27)b by
quadrature.

Consider the two mode expansion of the plate
described above with y = 1.60. This aspect ratio was
chosen so that the frequencies are not commensurate
and reduce to

1
wl = w1 = 1+ — ~ 1.39006,
Y
4
2= o2 =1+ 5~ 25625 (33)

The initial conditions are chosen so that the initial
energy in each mode is identical, with £1 (0) = £ (0) =
0.50. For the direct numerical simulation of the original
equations of motion, the initial conditions are chosen
to be

2
q1(0) = ¢2(0) =0, ¢1(0) =¢2(0) = \/7_ (34)

while those of the averaged equations given in Eq. (28)
are

ﬁﬁ A0 = £ (35)

2w 2 2w

The modal response for this system is shown in Fig. 2
when the initial energy is equally distributed between
the two modes. For reference in each figure, the ampli-
tude as derived from the energy in the appropriate mode

A0 =
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I

Fig. 4 Instantaneous damping, varying energy ratio (y = 1.60); (£1(0), £2(0)) = (0.99, 0.01): blue dashed line, (£1(0), £2(0)) =
(0.50, 0.50): red solid line, (£1(0), £2(0)) = (0.01, 0.99): green solid dotted line (Color figure online)

as given in Eq. (25) is shown with the dashed line. Like-
wise, the evolution of the energy in each mode is shown
in Fig. 3 for both the numerical simulation of the origi-
nal equations of motion and the approximation from the
averaged equations. The agreement between the two is
excellent, and in particular the averaged response cap-
tures the slowly varying decay of the energy in each
mode. In addition, as shown in Fig. 4 the instantaneous
damping as defined by I; from Eq. (29) can be pre-
dicted by the multiple scales analysis. As the energy
distribution is varied, the nonlinear damping is seen to
play a significant role in the observed response of the
system. As a reminder, with linear damping alone the
instantaneous damping would be constant and equal
to the diagonal damping element A;;. However, as pre-
dicted by the multiple scales analysis the instantaneous
damping depends significantly on the energy in the
response. Moreover, even in the absence of an inter-
nal resonance the energy decay in each mode depends
not only on the energy in that mode, but in the energy
distribution throughout the system due to the mode cou-
pling evidenced by the summation in Eq. (29). Notably,
in this example the higher mode corresponding to I
is most sensitive to the energy distribution in the sys-
tem.

2.2 3:1 Internal resonance

In the presence of nonlinearities, resonant conditions
between the frequencies of the linear modes can give
rise to additional secular terms in Eq. (22). In partic-
ular, if there exists a 3:1 resonance, between modes «
and B, so that 3w, — wg = O(e), the cubic nonlin-
earities couple together the resonant modes, so that the
slow-flow equations can be written as

@ Springer

[9A© ] ~ _
an A O oo oLl 0 'Aio)_
. 0
1A . . .
am 1] 5 0 Agg Agp O AD
aa® | T3 ()
iy © 0 Apgy Agg O Ap
an : Ba BB :
: 0 p
3A§0) L 0 0 Anxn | _Ag\/')_
L om
o
0
= 36
0 (36)
L0

where A;; is given in Eq. (29) and

& A 2 (O
Aaﬂ = ﬁ {[3 M;zaaﬂ +5 Wy Mg{aaﬂ:l sin (waﬂ )

0
+ [—a)a Kogap + 9w ,uzaaﬂ] cos (w;;)] , (37a)

& . . 0
Aﬁa = ﬁ {I:_/’Liaaﬁ + a)gt /’L(Cxozaﬁ] sin (lﬁ;ﬁ))
o

0
[~ u i + 3 s | 03 (w5} 37D

with w;%) =3 ¢l§0) — qb,(so). In the presence of the inter-
nal resonance between modes « and $, note that only
the evolution equations for modes « and g are altered;
the remaining non-resonant modes (i # («, 8)) remain
unchanged from those observed in Eq. (28). These off-
diagonal coupling terms are non-reciprocal, so that
Agp # Apga, while these equivalent damping coeffi-
cients depend only on &,, the energy in the resonant
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mode with the lowest frequency. Thus, if the lowest
frequency mode is unexcited, the system cannot trans-
fer energy from the higher mode, but the converse does
not hold. If the system is excited in the lower mode,
energy can be transferred to the higher resonant mode.

In contrast to the previously considered case with
non-commensurate frequencies, the resonant phase
wé%) influences the coupling between the resonant
amplitudes, and therefore the energy distribution in
these modes. Moreover, these coupling terms can be
of either sign depending on this phase. Thus the pres-
ence of the 3 : 1 internal resonance makes possible the
exchange of energy between the resonant modes. This
is in contrast to the non-resonant modes, where A;; is
always positive for positive damping coefficients, so
that the presence of the nonlinearities can enhance the
dissipation but cannot lead to an energy increase in a
mode due to energy exchange.

The phase equations for the non-resonant modes are
identical to those given in Eq. (27b), while for the res-
onant modes « and B are expressed as

(0)
99
37;11 = Qua — 2up> (350
0)
d¢
P Qpy+ 285, (38b)
am
with
) . ©0)
Qw:{P“%W‘5”W%WA°m(%W>
0) 40
Ay A
2 d in(y @)} —% "
[ il + 302 ] sin (85| g2
(39a)

20 = {[ 2t + 0 ] 05 (V)

()

24waA$V
(39b)

and the evolution of the resonant phase 1//;%) is gov-
erned by

any an1 any
As with the amplitudes, the coupling in the phase evo-
lution is non-reciprocal.

The effective damping of a mode is typically defined

in terms of the instantaneous decay rate of the cor-
responding amplitude. In particular, such a definition

+ [wa /’Lgmaﬂ - u)g Mgaaﬁ] sin (W;%))}

cannot distinguish between damping, which is intrinsic
to the mode and always negative, from energy transfer,
which represents the flow of energy between modes and
can be positive or negative depending on the coupling.
In this context the amplitude equations for the resonant
modes can be written as

0) A(O)
0Ay 1 8 )
m 2 (Aw For Tg,m) -

Effective Damping, Iy

) )
A 1 A
B L o (0)
om + 2 (Aﬂa _A/(SO) —l—Aﬂﬁ) Aﬁ . 41)

Effective Damping, I'g

where the effective damping for modes « and B
reflects the coupling between these modes. Note that
these effective damping measures depend on the
energy in each mode and for mode B can be sin-
gular when A = o although the lower mode «o
is always finite because of the dependence of Aqp
on the energy of this mode. The effective damp-
ing for the non-commensurate frequencies remains
unchanged.

In the following examples, the plate described above
is used with y = \/727 so that the natural frequencies
of the two modes considered exhibit a 3 : 1 reso-
nance, with w1 = 3 and w> = 9. The response of the
system will be considered as both the initial energy
distribution between the resonant modes varies and
the initial resonant phase of the system. The exam-
ples consider intermediate total energy levels, so that
the nonlinearity is expected to influence the response
of the system, while the total energy in the reso-
nant modes is held constant, so that £;(0) + £ (0) =
1.00.

As shown in Fig. 5, the decay of the modal energies
from the direct numerical simulation of the original
equations of motion, shown in blue, is well approxi-
mated by the prediction from the multiple scales analy-
sis (dashed red). The decay rate as identified in Eq. (41)
depends on the energy distribution in the system, as
shown in Fig. 6. However, unlike the previous results
in which I'; was always positive for positive damping,
the additional mode coupling introduced by A1 and
A can lead to energy transfer between modes. This
is best illustrated with (£1(0), £(0)) = (0.99, 0.01)
with the response shown in Fig. S5c. As seen in Fig. 6b,
I, for this initial state, the energy in Mode 2 initially
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Fig. 5 Modal energies
(r = 1¥V2.412(0) = 0,
(£100), £(0) =

(0.50, 0.50)); Original
Equations: blue solid line,
averaged equations: red
solid spaced line (Color
figure online)
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Fig. 6 Instantaneous damping, varying energy ratio (y = 1 /ﬁ, Y12(0) = 0); (£1(0), E2(0)) = (0.99,0.01): blue dashed line,
(£1(0), £2(0)) = (0.50, 0.50): red solid line, (€1 (0), £2(0)) = (0.01, 0.99): green solid dotted line (Color figure online)
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Fig. 7 Instantaneous 8 16

damping, varying initial N

phase ¥12(0) (y = 1/+/2, 6l 12F

(£1(0), £2(0)) = sk

(0.99, 0.01)); ¥12(0) = 0: 4 S

blue dashed line, 4 & \

Y12(0) = 7 /2: green solid 2 Y _
dotted line, ¥12(0) = 7: red 0 e

solid line, ¥12(0) = 37/2: 0 ! ! ! 4 " ! !

black dashed line (Color 0 5 10 15 20 0 5 10 15 20
figure online) t t

decays and the corresponding decay rate is positive.
However, neart = 4 the energy begins to increase, indi-
cating that energy is transferred from Mode 1 to Mode 2
and the accompanying decay rate is negative. As time
increases further, the energy finally begins to decay
again. This response can be contrasted with that shown
in Fig. 5a, where the energy is initially concentrated
in Mode 2, so that (£1(0), £2(0)) = (0.01, 0.99), but
the effective damping in Mode 1 remains positive and
no significant amount of energy is transferred between
modes.

In contrast to the previous example with non-
commensurate modes, the response of the modal ampli-
tudes also depends on the resonant phase variable ¥4,
whose evolution is governed by Eq. (40). Moreover, the
off-diagonal terms Ayg and Ag, can be of either sign,
so that these terms allow for the exchange of energy
between modes, depending on the resonant phase vari-
able. As illustrated in Fig. 7, this can have a significant
effect on the effective damping, in particular for Mode
2, although Mode 1 is relatively insensitive to the ini-
tial phase due to the relatively insignificant amount of
energy in More 2. In each figure the effective damp-
ing is shown as the initial phase ¥4g(0) varies. For
example, with ¥12(0) = m the energy in Mode 2 ini-
tially grows due to mode coupling, so that I is ini-
tially negative. Note that since these off-diagonal terms
are dependent only on the energy in the lowest mode,
these effects are most significant when this mode is
active.

3 Conclusions

This analysis provides a description of energy trans-
fer in the transient response of general resonant multi-
degree-of-freedom system due to nonlinearities, and
in particular the effect of mode coupling in the tran-

sient response of systems with light, generalized lin-
ear damping, linear detuning, and cubic nonlineari-
ties. For the case of nonlinear systems, an approxi-
mate description of the instantaneous damping mea-
sure can be derived from the method of multiple scales;
further, this approximate description directly shows
how the instantaneous damping can be thought of
as being energy-dependent. Moreover, the response
of any mode of the system is shown to be depen-
dent of the energy distribution throughout the system
even when the modes are not commensurate. How-
ever, for the case of non-commensurate frequencies,
this approximate damping term cannot become nega-
tive, implying that energy cannot be transferred from
mode to mode; rather, the mode coupling only serves
to increase the rate of energy dissipation in each mode.
In contrast, when internal resonances are introduced to
a system, asymmetric, potentially non-positive terms
emerge in the nonlinear effective damping matrix that
are directly responsible for modal energy transfer and
non-reciprocal effects, that is, the nonlinearities allow
for the energy of resonant modes to increase due to
energy exchange. The asymmetric structure of the
matrix allows for energy to easily transfer from low
modes to high modes, but attenuates the transfer of
energy from high modes to low modes, an effect com-
monly seen in experimentation and numerical stud-
ies.

Funding This research was supported by the Laboratory
Directed Research and Development program at Sandia National
Laboratories, a multimission laboratory managed and operated
by National Technology and Engineering Solutions of Sandia,
LLC., a wholly owned subsidiary of Honeywell International,
Inc., for the U.S. Department of Energy’s National Nuclear Secu-
rity Administration under contract DE-NA-0003525.

Compliance with ethical standards

Conflict of interest The authors declare that they have no con-
flict of interest.

@ Springer



280

A. T. Mathis, D. D. Quinn

A Appendix

The coefficients Ii;.’k'l identified in Eq. (24) are defined
as the Fourier components of terms in the slow-flow

equations arising from the cubic nonlinearities. With
Vg = wg no + ¢,§0), these reduce to

755608 _ wj 2/ . . . d
i = A {Cos Vi siny; sin Y s1n1//1} 10,

b4
(42a)
62008 _ wj 2/ ) ) . d
i =5 ), {cosw; cosvrj cos Yy sinyy} dno.
(42b)
JUsc0s _ wj 2/ o o d
ik = A {cos Y sinyr; sin ¥ cos wl} no,
(42¢)
. 27 /w;
,
szj"kclos = ;l f() {cos Vi cosyj cos Py cos 1//1} dng,
(424d)
Is,sin _ Wi mjor . . §i i d
i =5 ), {sin; siny; sinyy sin vy} dno,
(42e)
c,sin _ Wi 2rjei .
I = — ,/() {siny; cos ¥ cos Yy sin vy} dno,
(42f)
v,sin __ Wi 27/ . . .
Iij’kl = g A {sm Y sinyr; sin ¥y cos 1/f[} dno,
(42g)
. 27 /w;
w,
Il,‘j.-,kslm — ;l /0 siny; cosyj cos P cos 11/1} dno,

(42h)

The evaluation of these integrals depends on the
relationship between the frequencies (w;, wj, wi, wp).
Specifically, there exist terms that appear for any set of
frequencies. For example,

Id,cos _ g

iiii _8’ iijj T tijij T Tijji _4’

Id,cos _ gd,cos __ yd,cos __ 1 (43)

while Ii‘j.’kclos = 0 otherwise. Likewise one can show that

Il.‘j.’/f;" = (. However, additional terms arise when there

exists a 3 : 1 resonance between two modal frequen-
cies. For example, if @ and 8 denote mode numbers
such that 3 w, = wg, then there are additional compo-
nents of 79-°8 and [9-51" guch that

@ Springer

d,cos __ yd,cos
Iﬂaaa - Iaﬂaa

_Id,sin _Id,cos _ Id,cos_ld,cos_l sin (wé%)) i

Baaa ™ "afaa aafa™ Taaaf T 8

1
— gdcos_gdcos__ o (wo(l%)) .

aafa taaaf ™ g

(44)

where w;%) =3 (])&0) - ¢l§0). These are in addition to

the terms that exist for any set of frequencies. Similar
conclusions hold for the remaining parameters.
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