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Abstract

A general method to predict the steady-state regimes of a multi-degree-of-freedom unstable vibrating system
(the primary system) coupled to several nonlinear energy sinks (NESs) is proposed. The method has three
main steps. The first step consists in the diagonalization of the primary underline linear system using the
so-called biorthogonal transformation. Within the assumption of a primary system with only one unstable
mode the dynamics of the diagonalized system is reduced ignoring the stable modes and keeping only the
unstable mode. The complexification method is applied in the second step with the aim of obtaining the slow-
flow of the reduced system. Then, the third step is an asymptotic analysis of the slow-flow based geometric
singular perturbation theory. The analysis shows that the critical manifold of the system can be reduced
to a one dimensional parametric curve evolving in a multidimensional space. The shape and the stability
properties of the critical manifold and the stability properties of the fixed points of the slow-flow provide an
analytical tool to predict the nature of the possible steady-state regimes of the system. Finally, two examples
are considered to evaluate the effectiveness and advancement of the proposed method. The method is first
applied to the prediction of the mitigation limit of a breaking system subject to friction-induced vibrations
coupled to two NESs, and next an airfoil model undergoing an aeroelastic instability coupled to a NESs
setup (from one to four) is discussed. Theoretical results are compared, for validation purposes, to direct
numerical integration of the system. The comparisons show good agreement.

Keywords: Multi-degree-of-freedom unstable system, set of nonlinear energy sinks, passive mitigation,
relaxation oscillations, mitigation limit, asymptotic analysis

1. Introduction

In the framework of passive vibration control, it is now recognized that the nonlinear absorbers based
on the concept of Targeted Energy Transfer (TET) also known as Nonliner Energy Sink (NES) are good
candidate to consider especially when low frequency and high level are concerned. A basic NES generally
consists of a light mass, an essentially nonlinear spring and a viscous linear damper. Due to the essentially
nonlinear stiffness (with no linear part), a NES can tune to any frequency content displayed by the primary
vibrating structure even if its mass is small. The TET concept results from nonlinear mode bifurcations
and it can be described as a 1:1 resonance capture [1, 2]. A first review of the state-of-the-art can be found
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in [3] and more recently in [4] as a part of the state-of-the-art about technologies for nonlinear dissipative
devices including for example (without being exhaustive) polynomial, non-polynomial, piecewise linear and
non-smooth stiffness NES, and also vibro-impact NES, track NES, bistable NES and magnetic NES. The
generation of new technologies is always in progress. Recent studies include for example a novel archetype
of NES enhanced by an inerter for vibration reduction [5, 6], a acoustic NES [7] and a virbo-acoustic NES
with a controlled acoustic load [8] for noise attenuation and a grounded NES for rotor system vibration
suppression [9].

NESs are also used to control dynamic instabilities. The possible suppression of the limit cycles of a
Van der Pol oscillator utilizing a NES was first demonstrated numerically in [10] and next considered theo-
retically in [11]. A series of papers was also dedicated to aeroelastic mitigation [12, 13, 14, 15], helicopter
groud resonance instability mitigation [16, 17] and mode coupling instability mitigation in a friction sys-
tem [18]. As a recent works, aeroelastic suppression of an airfoil with control surface using a nonlinear
energy sink is considered in [19]. Panel flutter suppression with NES is discussed in [20]. Note that in these
two recent works only complete Limit Cycle Oscillations (LCO) suppression or make the LCOs less intense
are considered.

A single NES (coupled to the primary system) was the NES configuration the most often studied. Multi-
Degree-Of-Freedom (multi-DOF) NES in series [21, 22, 23, 24] or in parallel [13, 25, 26, 27, 28] were also
considered. The use of several NESs allow to increase the range of excitations (level and frequency) within
which the NES can absorb energy efficiently and/or to extract vibration energy simultaneously from multiple
linear modes of the primary system.

To capture the complexity of the dynamic of the coupled system (primary system + NES) due to the
nonlinear behaviour of the NES, various analysis have been developed including direct time integration
method [25, 9], harmonic balance method [29, 6] or complex-averaging method[5]. The complex-averaging
method [30] gives also access to the slow-flow model of the nonlinear system. This slow-flow is governed by
different time scales and analytical methods such as multiple scale analysis [31], or Geometric Singular Per-
turbation Theory (GSPT) [32] can be used to extract the complex dynamics. In [33], for example harmonic
forcing was considered where response regimes are characterized in terms of periodic and relaxation oscil-
lations of the slow-flow also named Strongly Modulated Responses (SMR). An alternative method known
as mixed multiple scale/harmonic balance method has been proposed by Luongo and Zulli [34] leading to
an equivalent result without the complexification-averaging being necessary. This approach was used by the
same authors[15] in case of NES control of aeroelastic instability.

To go further, a discussion on the relationship between the dimensionality of the critical manifold, the
nature and the distribution of the fixed points of the slow dynamics and the observed response regimes is
explored in [35] where it is apparent that the analysis is difficult for systems with large dimension. Hence, it
seems interesting to investigate the possibility of implementing a procedure able to deal with a multi-DOF
system coupled to a large number of NESs.

In this work, auto-oscillating systems are considered and without loss of generality we focus on multi-
degree-of-freedom unstable vibrating systems undergoing cubic nonlinearities and having only one mode
which can become unstable through Hopf bifurcation. Our objective is to predict the steady-state regimes
(i.e complete suppression of instability, mitigation through periodic response or mitigation through SMR)
when the (primary) system is coupled to a family of single NESs. The proposed procedure starts with the
diagonalization of the primary underlying linear system written in the state-space form using the so-called
biorthogonal transformation. Then, the dynamics of the diagonalized system is reduced ignoring the stable
modes and keeping only the unstable mode of the primary system. The complexification-averaging method
is next applied to the resulting coupled system, leading to slow-flow of the system. Based on the GSPT,



it is shown that the critical manifold of the system can be reduced to a one dimensional parametric curve
evolving in a multidimensional space. This form of critical manifold is similar to that obtained considering a
network of parallel single NESs [28]. Knowing the stability properties of the critical manifold and the fixed
point of the slow-flow (position and stability), the response regimes can be predicted. Finally as in [28] we
introduce and predict the mitigation limit of the set of NESs, defined as the value of a chosen bifurcation
parameter which separates harmless situations (corresponding to responses in which the set of NESs acts)
from harmful situations (corresponding to responses in which the set of NESs does not act).

The system under study is introduced in the next section starting from the physical model, applying suc-
cessively a rescaling step, a diagonalization step and a reduction step. In Sect. 3, the slow-flow dynamics is
first obtained applying the complexification-averaging method and then analyzed using the geometric sin-
gular perturbation theory. Sects. 3.1 to 3.4 describe in detail the mathematical developments which allow to
obtain the critical manifold and the fixed points (position and stability) of the slow-flow. From the knowledge
of that, the Sect. 3.5 provides the procedure to predict the steady-state response regimes and consequently
the mitigation limit. Finally, in Sect. 4, two examples are considered. In Sect. 4.1, the method is first applied
to the prediction of the mitigation limit of a breaking system subject to friction-induced vibrations coupled to
two NESs. A airfoil model undergoing an aeroelastic instability coupled to a set of NESs is next considered
in Sect. 4.2.

2. The system under study

2.1. The initial model

One considers in this work the following primary nonlinear system

MX + Cx + Kx + gV (%) = 0, (1)
- - o« \T . : : L
where X = (x [seees X N) with (.)T denotes the transpose operator, the dot represents time-differentiation
and
N 7711,1 ml,N 5 El,l 51,N . kl,l kl,N
M=| : : , C=| : : and K=] : : (2a)
ﬁ:lN,l ’hN,N C~N,1 5N,N kN,l kN,N

are constant matrices. The nonlinear vector-valued function 8V is called nonlinearity of the primary system.
We assume that each component of g\ is a linear combination of monomial terms of order 3.

We also assume that Eq. (1) can undergo a single dynamic instability of the trivial solution and that the
nonlinear function g\ allows the existence of Limit Cycle Oscillations (LCOs) on which the system can
saturate.

System (1) can undergo a single dynamic instability of the trivial solution. In order to protect the primary
system from this instability, M purely cubic ungrounded NESs with masses 7, , damping coefficients ¢;,

and cubic stiffness th (m=1,..., M) are used. Taking into account the NESs displacements hm(t) (m =

1,..., M), the equations of the whole coupled system result on the following form
ME + Cf + K& + 3V ) + fs( diag(c”hm)(T§ - il) + diag(7,, V- (T% - B)) —0 (3a)
diag(in,, )h — ( diag(ahm)<T§ - B) + diag(%, N (TX - B)) =0, 3b)



where h = (h Isoees h M)T, and the constant matrices

- El’l cee Bl,M tl,l e tl’N
B=| : : and T=| : - : “4)

bN,l cee bN,M tM,l cee tM,N

are the influence coefficient matrices (depending on the position of the NESs). The nonlinear vector function
fNL | due to the NESs attachments, is given by

Ny = (030, )

Finally diag(d,,) denotes the diagonal matrix with the main diagonal (d;, d,, ---, d ;).

System (3) is the system under study (a N multi-DOFs the primary system coupled with M one-DOF
NESs).

We now assume that the masses, 7, , and the damping coefficients, ¢, , of the M NESs are small and
we introduce a small, dimensionless pargmeter € (0 < € < 1) and the associated rescaled coefficients, my,
and ¢, , as "

" m, =em, and ¢, =ec, , form=1,....,M. ©6)

Then, rescaling the variables X and h through € as

X = % and h= % (7
and inserting the rescaled parameters m;, and ¢, and the rescaled variables x and h into (3) lead to
Mx + Cx + Kx + eg™ (x) + ¢B diag(m,)h = 0 (8a)
e diag(m,, )h - (e diag(c, )(Tx —h) + ediag(1, " (Tx — h)) =0. (8b)
Finally multiplying (8a) by M~ and (8b) by diag(1/ my, ) we obtain
%+ Cx+Kx + eg™' (x) + eBh = 0 (9a)
eh — (e diag(y,, )(Tx - h) + ediag(e, )N (Tx = b)) = 0, (9b)

withC = M~!C,K = M~'K, B = M~'Bdiag(m,). 7, =c; /m; ., =1, /m, andg""(x)=M-'g\ (x).

2.2. Model reduction

In this section, the system (9) is reduced taking into account that the primary system (1) can undergo
only a single instability of the trivial solution.

First, to simplify asymptotic analysis in next section, it is convenient to introduce new coordinates as

v=Xx+eBh (10a)
w =h - Tx, (10b)
giving reciprocally,
x = (Iy + eBT)"! (v — eBw) (11a)
h=(,, + ¢TB) ' (w + €Tv), (11b)
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where I, is the identity matrix of size n.
Using Egs. (11) with the inverse matrices (Iy + eBT)~! and (I, + ¢TB)~!, approximated respectively
by (I, — eBT) and (I, — €TB), Eq. (9) is transformed into the following form

V+Cv+Kv— e[CB(Tv'+ W) +KB(TV+W)] e w)=0 (12a)
W + diag(y;, )W — TCV — TKv + diag(a;, ™" (w)+
€ [TB diag(y, )W + TCB (Tv + w) + TKB (Tv + w) + TB diag(a, )f NL (w)] =0, (12b)
where only the first order term in € has been retained in the nonlinearity of the primary underline linear
system.

To capture the essential features of the single instability, model reduction is only performed on Eq. (12a),
keeping the whole second equation. To achieve this, Eq. (12a), is written in state-space form as follows

y = Ay + € [Dyy + D,w + D3w| + eDyg™" (y) (13)
wherey = (v, ..., U5, Uy, -, l')N)T, gNL trivially redefined as gNL (y) = gNL ),
0 | Iy
= [ < ] , (14)

0 0 0 0 0
e e ML o L . S IR = v B

The matrix A characterizes the linear dynamics of the primary system.

Because the matrix A is not a symmetric matrix, its diagonalization must necessarily be carried out
using biorthogonality property of the right eigenvectors r; (i = 1,...,2N) and the left eigenvectors 1; (j =
1,...,2N) of A hereafter defined. The method is briefly recalled in this section. The general procedure is
provided for example in [36].

Let us consider the right and left eigenvector matrices

R=[ryrf ...ryry| and L= L1 . Iy (16)

and the associated eigenvalue diagonal matrix A = diag(4,, A}, -, Ay, 4},) corresponding to the following
right and left eigenvalue problems

AR=RA and ATL =LA. (17)

The right and left eigenvectors satisfy the biorthogonality properties stating that LT R and LT AR are
diagonal matrices. It is convenient to normalize the two sets of eigenvectors in order to obtain

L'R=1,, (18)

that results in
LTAR = A. (19)
The biorthogonal transformation consists in introducing the biorthogonal coordinates which are consti-
tuted of N pairs of complex conjugates, g, and g, (n =1, ..., N), and defined by the following relations
y=Rq & q=Ly, (20)
5



where

4= (9147 ans 3" @D
Introducing Eq. (20) in Eq. (13), the equations of motion take the form of the following system
4 =Aq+cL” [D;Rq + D,w + D;w| + eL"D,g"" (Rq), (22)

and therefore Egs. (12) are equivalent to
q—Aq—cL" [D;Rq+D,w+D;w| — eL"D,g"" (Rq) =0 (23a)
w + diag(y, )W — TC(Rqq, + R4,qq) — TK(Rq, + Ry qq)+

diag(aj, N (W) + ¢ [TB diag(y, )W+ TCB (T(Rgq, + Rgrqq) + W) +
TKB (T(R; 4, + Ryrqq) + W) + TB diag(ahm)fNL (w)] =0, (23b)

where the matrix R (respectively the vector q) has been split into a N X N-block matrix (respectively N X 1-
block vector) as

R, R
R = [Rz: Rzr] and q=(q,".qq")" 24)
r

respectively.

From now we assume that one (and only one) mode (without loss of generality the first mode) of the
primary system become unstable through Hopf bifurcation, when the chosen bifurcation parameter, denoted
o, crosses a particular parameter value oy called bifurcation point, i.e

e if 6 < 0y, Re {/1"} < 0Vi €[1, N] and the trivial solution of the primary system is stable,

e if 6 > o), Re {ﬂl} > 0, Re {/1,1} < 0Vi € [2, N] and the trivial solution of the primary system is
unstable.

Because we assume that only the first pair of eigenvalues (4;, 47) may have positive real part, after some
exponentially decaying transients the components g, and g, (n = 2,..., N) become small. Therefore, all
terms related to g, and g, (n =2, ..., N) are omitted from further consideration and Eq. (22) is reduced to

4 = A1q; +ell <D1(r1q1 +r1/q) +Dw+ D3v'v) + el D, (riq, +1iq)), (25)
in which we stated that g, = ¢, =0 (n=2,..., N).
Finally, grouping Egs. (25) and (12b), we obtain the reduced system
4, — (ep+ jw)g, — ell (Dy(riq; +17q)) +Dyw+Dyw) — el DygN (r1q, +17¢}) =0 (26a)
W + diag(y, )W — TC(rt{q, + 1 ¢)) - TK(r}q, +r q}) + diag(a; ™" (w)+
e(TB diag(y, )W+ TCB (T(r{q, +r{"¢}) + W) + TKB (T(r!q, + 1} g}) + W) +
TB diag(a,, " (w)) —0  (26b)

T T
u rd )T'

where the vector r; has been splitas r; = (r]" ,r]

Note that 4, has also been replaced by
Al =ep+jo, 27

with j? = —1 assuming a weak instability i.e. that Re {/ll} is in the order of O(¢) (Re {ﬂl} = ep with p is
in the order of O(1)).



3. Asymptotic analysis

We focus on the motion of the system in the vicinity of a 1 : 1 resonance associated with a frequency
close to the natural frequency (@ see Eq. (27)) of the primary system.

3.1. The slow-flow

The slow-flow describes the evolution of the amplitude and phase of the system which evolve slowly
compare to the oscillations at the frequency w. To obtain it, we use the Complexification-Averaging method
introduced by [30] and discussed in detail in [3].

The first step is the complexification! which consists in introducing the following complex vector

=W+ jow (28)
or equivalently
(=& e+l ., JO
w= R W= and w=§—7(C+C*) (29)
and expressing the complex variables g; and ¢ as
q, = ¢/ and ¢ =&/ (30)

where the scalar ¢ and the vector & are the complex (assumed slow modulated) amplitude of the fast com-
ponent e/,

The second step is the averaging which consists in, first, substituting Egs. (29) and (30) into Egs. (26),
and next, averaging the resulting equations over one period T' = 2z /w. We obtain the slow-flow described
by the following differential equations

p=cf (@), (la)
E=g(¢.&e) (31b)

where the functions f and g are defined by

£ @6 = (41D DN IoR) o+ (50D, JiTDy ) (20)
= (Ag+ A19*) o+ ATE, (32b)

where the vector ¢V L (r; ) is obtained from the nonlinear function gN"(r, ) replacing each monomial r;r, Tk

by ririr+ r“r’fjrlk + ry;ryry, (where ry; is the i-th component of ry) and

. 1, (. 3ap,
g(¢.&.¢) = (TKr' + TCr!)¢ — ~ diag ( jo +y, —j——=I¢,% )&
2 m T 43

—c [ (TCr{ (p+17D;r) + TKBTr} + %TCBTrf )¢ (33a)
TCr! ( —1'D, + 11'D

IO 2P+l Ps ¢
1 1 . 3,

+= (TCB+ —TKB + TBdiag ( 7, +j—=1,1%) ) ], (33b)
2 jw m 43

=80(9.8) +eg ($.0). (33c)

!This step is not necessary for the variable g, because it is already a complex variable.
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The scalars A, and A,, the vector A; and the vector functions g, and g, have been introduced to simplify
the analysis in next Section.

Finally, it is convenient to rewrite Eqs. (31) considering real variables. To achieve this, polar coordinates
are introduced as

¢ = se/ °, (34a)
& = diag (¢/%)r, (34b)
where r = (rl, . M)T and s and 6 (respectively r,, and 6,,) characterized the modulus and the argument

of ¢ (respectively &,). Substituting Eqs. (34) into Egs. (31) and separating in real and imaginary parts,
Egs. (31) reduce to

s=¢eF (s,r,9) (35a)
r=G(,r,9,¢) (35b)
9=H(s,r,9,¢), (35¢)

where the argument differences 9,, = 6,, — 6 have been considered and written in vector form as 4 =
(81, ey Iy )T. The functions F, G and H are deduced from functions f and g in Egs. (31) as

F=Re{fe/°}, (36a)
G = Re {diag (¢ /%) g}, (36b)
0 ~jé
H:Im{diag(er >g}—elm{Ufes } (36¢)
where U =(1, ..., l)T is a vector of size M.

3.2. The Critical Manifold

The slow-flow described by Eqgs. (35) has a slow-fast nature. Indeed, Eq. (35a) contains only O(¢) terms
and Eqgs. (35b) and (35c¢) contain both O(1) and O(e) terms. Consequently s is the slow variable whereas
the vectors r and 9 contain the fast variables r,, and 9,, (m=1,..., M).

Equations (35) can be reformulated by switching from the fast time scale ¢ to the slow time scale 7 = et

as
s =F(,r,9) (37a)
er' =G(s,1,9,¢€) (37b)
ey =H(s,r,9,¢), (37¢)

where ' = dd—T. Solutions of the slow-fast system (35) (or (37)) can exhibit slow and fast epochs characterized
by the speed at which the solution advances.
Stating € = 0, the following subsystems are derived from (35) and (37) respectively

§=0 (38a)
F=G(s,r,9,0)), (38b)
9=H(s,r,9,0), (38¢)

8



which is the fast subsystem, and

s =F(s,r,9) (39a)
0=G(s,r,4,0), (39b)
0=H(,r,93,0), (39¢)

which is the slow subsystem.
The algebraic equations (39b) and (39c) of the slow subsystem define the so-called Critical Mani-
fold S [32] as

S = { (s.,1,9) € R2M*1 | G(s,r,9,0) = 0 and H (s, 1, 9,0) = 0} (40)
corresponding to the subspace where the slow motions take place and also to the fixed points of the fast

subsystem (38).
Looking at Egs. (33c) and (36), one can deduce that

. _.jem
G(s.r,9,0) = Re {diag(e/’)g,} and H(s,r,9,0)=Im {diag(e )go} , 41)
r

m

and after some algebraic manipulation, Eqs (39b) and (39¢) can be written in the reduced complex form as

. —j 1 . . . 3ahm
diag (e /19m) (TKr'l‘ + TCrf) s — 3 diag <Ja) +7n, —J e rfn> r =0. 42)
Introducing the complex functions F,, (m =1, ..., M) of a real variable as
Fm(X) = B—m 1-—- ‘]? - 4—w4x = Rm(X) +_]Im(.X), (43)
where
B, = -2j (TKr{ + TCr{) (44)

with (.),, stands for the m—th coordinate of the vector (.), the Critical Manifold .S is characterized by

s>=H,(r,), (m=1,..,M), (452)
9, =—arg(F,(r,), (m=1,...,M) (45b)

where the real functions H,, (m =1, ..., M) of a real variable are defined as
H,,(x) = x* [R,(x)* + L,(x)*] . (46)

It is interesting to note that the general form (45) of the Critical Manifold S is the same as found in [28]
in the case of a one-DOF unstable primary system coupled to several parallel NESs. Indeed, in the latter
case, the equivalent functions F,, can be obtained from (43) stating B,, = 1. From this form, as suggested
in [28], specific properties of the Critical Manifold can be deduced which can be advantageously used to
characterize the response regimes of the system under study.



3.3. Critical Manifold properties and stability

Due to Eqgs. (45), the critical manifold S appears as a one dimensional parametric curve evolving in
R+"*" as a solution of the M nonlinear equations (45a) with respect to the M +1 unknown (ry, ..., 7y, 5). A
classical continuation method can be used to obtain .S. Equivalently .S can be obtained solving the following
differential-algebraic equations

—(u)> + <—(u)) =1, foru <u<u, (47a)
o du du
s(u)? — H, (r,w)=0, (m=1,....,.M) (47b)
d dr
d—;(0)=1, d—:(0)=0, m=1,...,M) 47c)
s0) =5, r, 0 =r, (m=1,...,M) (474d)
where u is arclength variable in the range u;(< 0) to u,(> 0) and (r(l), ,r?u, 9 e R+"*" is a root of the

algebraic equations (47b), chosen to be close to trial solution (. An example of typical critical manifold for
a system containing two NESs are plotted Fig. 1. .S starts at the origin by a straight line followed by a finite
number of successive simple curved lines curving in opposite directions (with respect to s) and ended by
an unbounded straight line. Each simple curve is characterized by a curving point defined by a horizontal
tangency in at least one (r,,, s)-plane (i.e ds/dr,, = 0).

The critical manifold ' can also be viewed as the intersection of the M manifolds

M, ={x,s) R | 2=H, ()}, (m=1,-, M) (48)

in the (ry, ..., 7y, S)-space.

A typical projection of M, onto the subspace R+ corresponding to the variables (r,,, s) is depicted in
Fig. 2. Its geometrical form is characterized by the properties of the function H,,. From Eq. (46), it can be
shown that, for each m, if the following relation holds

Y, < —=. (49)

V3

then H,, admits a local maxima r}** and a local minima r}*"

dH,,/dx. An easy calculus shows that

2 2
2—\/1—3(“—'") 2+ 1—3(”‘—'")
pmax 2 2 @ @

mX = 2o and rmin = 242 (50)
3 ah m 3 ah

m m

given as the positive roots of its derivative

with F7#* < rﬁi“. Each extrema, defined by (},, sb) with sb, = 1/ H,,(+h,) where the upper-script p stands
for min or max (see Fig. 2 where condition (49) is satisfied) is associated to a curving point of .S

As already mentioned, each point of S is also a fixed point for the fast subsystem (38) and the stability
can be determined by examining the sign of the eigenvalue real parts of the Jacobian matrix of the differential
system (38b)(38c). Hence the stability range of S is defined by the points (rl, eI s) on S that satisfy

dH,,

dx
10

Vm e [1, M],

(rn) > 0. (51)
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Figure 1: (a) Example of typical critical manifold .S of a system containing two parallel NESs (N = 2) in the (r, r,, s)-space (i.e.

IR”S). S (in red) is the intersection between the blue surface s = 4/ H,(r,) and the green surface s = 1/ H,(r,). The parameters of
the primary system are those used in Sect. 4.2 resulting in @ = 0.82. The NESs parameters are: y, =0.3,7,, =02, q, =a,, =6,
B, = 0.028 — j0.923 and B, = 0.030 — j0.819 (corresponding to the second and the third NESs in the example of Sect. 4). (b)
Projection of the CM in the (r,, r,)-plane.

Stability condition can be also written equivalently in terms of arclength variable u at the point (rl W, ....,ry W, s(u))

of S as

dr, >_1
— (u) > 0. (52)
du

We assume from now that Eq. (49) is satisfied for the M NESs.

For each m (1 < m < M), the extrema points (r}**, s7'#*) and (r;‘i“, s‘rgin) characterize two bounds on S
where S ceases to be hyperbolic> connecting stable or attractive (continuous line) and unstable or repulsive
(dashed line) parts of .S (see Fig. 2). It follows that (rj}**, s}'*) (respectively (r;‘in, sﬁi“)) defines a point
fmam (respectively £™™) on S called fold point by

Vm e [1, M], %(u)(

ma,m — ma,m ma,m max ma,m ma,m max
f = (e s e T S ) (53a)
. mi,m  _ mi,m mi,m _min _min,m min,m _min
(respectively f = (r1 TN SN St Su S S ) (53b)
with /1™ (respectively r;ni””) satisfied for n = 1,....,M,n # m, H(r}™™) = H(r,™) (respectively

H(r™m) = H(r™n)). The number of fold points is equal to 2M (2 by NES).
Moreover in each (r,,, s)-plane, the dynamics of any point not on .S is entirely defined by the direction
of the fast variable r,, as given by Eq. (38a) (i.e. s = Cte) and which is indicated by the horizontal arrows

2§ is hyperbolic if all eigenvalues of the Jacobian matrix of the differential systems (38b)(38¢c) have nonzero real part.
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Figure 2: Part of the Critical Manifold (CM) corresponding to the m-th NES, Eq (46). The parameters of the primary system are
those used in Sect. 4.2 resulting in @ = 0.82. The NESs parameters are: y, =0.2,q, =6, B, =0.030 - j0.819 (corresponding
to the third NES in the example of Sect. 4).

in Fig. 2. Hence at a fold point f™" (respectively f™-") on .S, a jump occurs (fast dynamic) to a point
on .S named arrival point and denoted j™®" (respectively j™"). During the jump, s = s and for n =
1,.... M, n # mthe trajectory lies in the manifold M, leading to

ema,m  __ ma,m ma,m _up ma,m ma,m _max
J = (st 1 2 S8 (54a)

. smi,m _ mi,m mi,m _do _mi,m mi,m _min
(respectively j = (r1 T FURERY At SR s S ) (54b)

with the ordinate )’ (respectively rsqo) is obtained solving H,, (rump ) =H, (r'"”x) (respectively H,, (rdo) =

. m m
H,, (r™n)) that leads to

2

2
1+ 1+3(“—m> - 1-3(“—m>
24/2 24/2
= \3/—0)2 “ (respectively rgf = \3/—0)2 ¢ ). (55)
®p

m m

rip
m

ap

It follows that the stability domain of .S is only characterized in the (r{,r,, ..., F),)-space (R+M) by the
subspace D given in terms of Cartesian product as

M
p=]]D,. (56)
m=1
where .
D,, = [0/ U [r™ + o) (57)



denotes the stability range associated to the m-th NES (see Fig. 2).
Eq. (56) may be expanded as the union of 2™ disjunct Cartesian products I, (with k = 1,...,2M) as

2M
p=J1, (58)
k=1

where I, appears as the product of close or left-close intervals resulting in an isolated stable or attractive
part of the the critical manifold .S as

L= [T ro.rm IT i, +c0), (59)

meCy meC;

with Cy is a part of the finite set {1,2,..., M} and C} its complementary. The first and the last Cartesian
products are chosen as I; = HZIZI [0, /*] and Iu = Hﬁle [r‘;llin, +00)] respectively. With this choice, the
first branch of .S is defined on I, whereas the last branch of .S is defined on I,» (see Fig. 1b).

Finally a more compact representation of the CM can be used obtained projecting .S inthe (r{, 75, ..., Fps)-
space resulting in a one dimensional parametric curve in R+™ . The intersection of this curve with D defines
the stable zone of the CM which can be decomposed as successive branches, one branch by subset I, named
hereafter .S,. The first branch S starts at origin of R+M denotes b} = 0 and ends at the fold point b% = fma.m
where m = argmin, ., ., 17" (i.€ m is the subscript value at which r’** is minimal). The last branch S)u

starts at the fold point b; = ™7 where fn = argmax ¢, < ps rﬁi“ (i.e m is the subscript value at which r;‘i“

is maximal) and it is unbounded (i.e bg v = 00). The other branches .S, are ended by two fold points defined
by b,lc = ™7 where i = argmax,ece rFMin and bi = MM where m = argmin, e, r,**. Note that for each
of the points b, and by (except for b; and b3,,) we can also associated the arrival points (following the jump)
named a; and a2 defined by al = j™" and a2 = j™ with the corresponding value of .

Such a multi-S-shape of the critical manifold .S provides a possibility for relaxation oscillations [37] of
the slow-flow characterized by fast transitions (jumps) of the dynamics during each cycle (the possible fast
transitions between the two stable branches of .S are denoted by arrows in Fig. 2). Because several NESs
are considered, complex relaxation oscillations scenarios may be contemplated. Such relaxation oscillations
of the slow-flow explain the existence of Strongly Modulated Responses [33, 14, 11] (SMRs) of the non-
averaged system (26).

We proceed to a more detailed analysis of the possible steady-state regimes in next section computing
fixed points of the slow-flow and their stability.

3.4. The fixed points of the slow-flow

Following the Geometric Singular Perturbation Theory (GSPT) [38, 32, 39], the nontrivial fixed points
of the slow-flow (31) can be approximated computing the fixed points of Eq. (39).
Substituting first Eq. (45a) with n = 1 (any n € [1, M] can be chosen) into Eq. (39a) , we obtain

1 dH,

o /H, (r)

which can be rewritten, substituting Eq. (45b) into the resulting equation, as

(r1) r'1=F< H, (rl),rl,...,rM,l()l,...,19M) (60)

dH,
dx

(r1) Fy =S (Fio oo rar) (61)
13



where

fo (1o ) = 20, () F ( Hy (7))o Fage =t (Fy () o oo —arg (FM(rM))) )

The function f, will be explicitly given here after. Note that f, is a function of a real variable (here r;)
because all variables r, (with n € [2, M]) are linked to | (H,(r,) = H,(ry), see Eq. (45a)).
From Eq. (61), it is possible to detect fixed points as

fr(Pioeiry) =0, Hy(r,) = Hy(r)) (m=2,....M) (63a)
dx

(r) #0 (63b)
and folded singularities as

fr (Fiseeosryg) =0, Hy(r,) = Hi(r;)) (m=2,...,M) (64a)
dH,
dx

(r) =0. (64b)

Folded singularities correspond to situations for which fixed points and fold points coincide, they are hints
of possible canard explosions [40].

The remaining of the section is dedicated to the analysis of the fixed points which, for 0 < € « 1, are
assumed to be the fixed points of (35).

Combining Eq. (62) with Egs. (45), Egs. (43) and Eq. (46), and using the notations introduced Eq. (32b),
the function f, reduces to

M

Fr (riseorag) =2 (A + ARH (r)?) Hy(r) +2 )72, (Amem(rm) + A{mlm(rm)> . (65)

with 4, = A(If +jAl A = Af + jAf and A; = Af + jAf where A, is the m-component of the vector
A,
Hence, finding the fixed points of Eq. (35) goes back to find the roots of

M
(AF + ATH (r))) H (ry) + Z rrzn <Amem(rm) + A{mlm(rm)> =0 (66a)

H,(r,)— Hr)=0, (m=2,...,M), (66b)

which can be easily solved with a regular computer (at least until N = 5 or 6).
To check the stability of a fixed point (denoted r* = (rT ,r*N)), Eq. (61) is written as

9
%zf(rl,...,rN), 67)

where

2 (AR + ARH (r)?) H (r) +2 32 12 (Amem(rm) + A{mIm(rm))
f(rl,...,rN): T ’ (68)
ax (1)
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and the stability is deduced from the sign of y rf where, using Eq. (66b), —| takes the form
1 Ir=r*
af of of
| =2ZL 69
drlr Orl() m§2 ()dr] ( a)
of of  S(n)
=)+ 2 =) (69b)
! n=2 "M “dx (rm)

Moreover, to be stable a fixed point must be on a stable branch of the critical manifold .S
Finally, a fixed point r* = (r’l“, e r”}‘w) of Eq. (61) is stable if the two following conditions are satisfied

d
_f < O’

dry | pzp .

2.Vm, 1 <m< M, ri €[0rm]u[rmin 4+ ).

m

1.

A stable (respectively unstable) fixed point is denoted r} = (r;‘ e ri,,) (respectively ry = (r: e rea)
Finally, each fixed point (stable or unstable) as a point of .S is a part of one of branches .S.

3.5. Prediction of the steady-state regimes

As discussed for example in [12, 11, 14, 18, 28] when a NES is coupled to an unstable system, four
types of steady-state regimes can be generated corresponding to a complete suppression of the instability,
mitigation through Periodic Response (PR), mitigation through Strongly Modulated Response (SMR) or
no mitigation. Complete suppression means that the trivial fixed point, common to both the non-averaged
system and the slow-flow, is stable. Mitigation through PR means that a stable (nontrivial) fixed point
of the slow-flow is reached leading, for non-averaged system, to a LCO with an amplitude smaller than
the amplitude of the corresponding LCO undergone by the primary system without absorbers. Mitigation
through SMR means that the slow-flow undergoes relaxation oscillations corresponding to a phase-amplitude
modulated regime for the non-averaged system, the so-called "Strongly modulated response”. Finally no
mitigation means that the NESs are not able to mitigate the instability and the non-averaged system saturates
on a LCO which has an amplitude close to that of the case without NES. Regarding the slow-flow, it reaches
a stable fixed point with large amplitude with respect to the variable s. This stable fixed point denoted r;™
corresponds to the stable fixed point at which the amplitude with respect to the variable s is maximized.
This stable fixed point is positioned in the branch S, .

As proposed in [28], these regimes can also be classified into two groups named harmless situation and
harmful situation reflecting the situations in which the NESs act or not. Harmless situation includes complete
suppression, mitigation through PR and mitigation through SMR regimes. Harmful situation corresponds
to no mitigation regime. The main objective of NESs is to put the system in harmless situations.

The nature of the steady-state regime depends on some features of the slow-flow. Firstly, the initial
conditions from which one can know where the fast dynamics leads the system trajectory on the critical
manifold. Secondly, the slow subsystem (39), in particular its fixed points (position and stability), which
guides the dynamics on S at the slow time scale. In accordance with real word situations, the following
prediction is limited to a set of initial conditions [s(O), r0),...,r N(O)] as a small perturbation of the trivial
solution.

To predict the steady-state regimes, we have the CM .S, the stable domain D of S in terms of the Cartesian
products I, and the associated branches .S, in the (r(, ..., r,,)-space with the corresponding bounds bllc and
bi (which are fold points) and the associated arrival points a}{ and ai. We have also the stable fixed points
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r; and unstable fixed points r;’ which are positioned in the corresponding branches .S. Note that the bound
point b} is the trivial equilibrium of the system.

Recalling the two subsystems (38) and (39), the trajectory of the system is a succession of slow (given
by (38)) and fast (given by (39)) parts. The slow parts lead in .S whereas the fast parts are jump occurring
out of .S between two points of S.

From a given initial condition, after a first fast transient response (a jump), the trajectory reaches the
critical manifold .S on the branch b, = .S at the point p;.

We assume that we are at the end of the step / of the procedure i.e on the branch b, = .5 at the (arrival)
point p;.

The step [ + 1 (from / to / 4+ 1) reads as follows.

The trajectory follows b, = .S slowly starting form p; and the following cases are possibles:

Case 1. There are no fixed points in Sy , then, depending of the sign of the function f (rl, eIy ) ’ (see
r=p,

Eq. (67)), bllC or bi are reached, the trajectory leaves .S; jumping to the arrival point p;,; = a}( (or
1 1 1

ail) on an other branch S given k;,; = k and b;,; = S}.

Case 2. The arrival point p, is between an unstable fixed point and b}cl (resp. bil), then b}cl (resp. bil) is
reached, the trajectory leaves S, jumping to the arrival point p;, | = a}{ (resp. ail) on an other branch
1

Sy given k., = k and by, = S%.

Case 3. The arrival point p; is between an stable fixed point and b}c (resp. bi ), then the stable fixed point
1 1
is reached and the procedure stops.

Case 4. The arrival point p; is between an stable fixed point and unstable fixed point, then the stable fixed
point is reached and the procedure stops.

At the end of step / + 1, if the trajectory reaches a new branch b, at the point p,,; a new step can be
performed.

The procedure stops when one of the following conditions are meet resulting in harmless or harmful
situations:

e The system is in a harmless situation if

» During a step, the trajectory stops on a stable fixed point which differs from r;™ (€ S,u) result-
ing to a Mitigation through Periodic Response (Cases 3 or 4).

At each step, the trajectory reaches a new branch. Due to the finite number of branch .S, the
trajectory will reach the same branch in the same condition resulting to a Mitigation through
Strongly Modulated Response (SMR) (Cases 1 or 2).

e The system is in a harmful situation if the trajectory stops on the stable fixed point r;™ (€ S,um).
Indeed, in this case, the reached fixed point has a large amplitude close to that of the case without
NES.

Using the notion of harmless and harmful situation, the concept of mitigation limit of the system can
be introduced. For a given parameter of the system named "bifurcation parameter”, the mitigation limit
is defined as the value of a chosen bifurcation parameter which separates harmful situation from harmless
situation.
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From a given set of parameters, the procedure described hereinbefore gives a theoretical prediction of the
resulting steady-state regime and therefore allows to know if the system is a harmless or harmful situation.
Consequently, the mitigation limit can be predicted theoretically as the first value of the chosen bifurcation
parameter for which harmfull situation holds.

4. Applications

Two self-excited mechanical systems are used in this section to check the relevance of the analytical
procedure proposed in Sect. 3.5. The first one is the well-known Hultén’s model [41] which reproduces the
typical dynamic behavior of friction systems. The second one is a 2-DOF nonlinear airfoil model. It has
been already used by Lee et al in [12].

4.1. Mode coupling instability mitigation in a friction system using two NESs

The system is shown in Fig. 3. It is composed of a 2-DOFs Hultén’s model (the primary system) coupled
to two NESs in ungrounded configuration. This model has already been considered in [18] where it was
shown that the use of NES appears to be an interesting way to control mode-coupling instability in braking
systems. The objective here is to verify that the method presented here allows us to distinguish between
strongly modulated responses and no mitigation responses, the method in [18] being not able to make this
distinction in all the cases.

Following Sect. 2.1, the equations of motion of the system take the form (see Appendix A)

x’l' + Cxlx’l +x, - thzxz +e€ (5x1x§ - M‘fxzxg) + €mh1h’1’ =0 (70a)

XY+ E X+ Q0xy + uxy + € (ué, x) + €, x3) +emy B =0 (70b)
3

Ry —vy (X, —h,) =y (x,—h,) =0 (m=1,2) (70c)

where Eqs. (70) correspond to Egs. (9). The corresponding Eqgs. (12) and Eqgs. (23) hereafter referred in-
distinctly as the Reference Model can be easily deduced as well as the slow-flow model corresponding to
Egs. (31).

The bifurcation parameter under consideration throughout this section is the friction coefficient y. The
following set of numerical values are used, for the other parameters: £, =5,¢, =0, =0.01,{, =0.08
and Q = 0.9 for the primary system, and y;, = 0.75,y;, = 0.2, a; = 4 and a;,, = 9 for the NESs. Moreover,
my, = my =2 and several values for ¢ will be considered.

This set of numerical values leads to a Hopf bifurcation for the Hultén’s model without NESs at u

1
wo

Hopf =
0.073. If u < ,uggpf the system is stable and if y > y}‘zgpf the system is unstable. In the latter case, the

model variables increase and reach a LCO due to the nonlinear terms. The LCOs are what we call "harmful
situations", i.e. the large amplitude vibrations we want to mitigate using the two NESs. Here we focus on
the possible mitigation regimes which can appear when the primary system is unstable.

First of all, the procedure described in Sect. 3.5 for the prediction of the trajectory of the slow-flow in the
(r,ry)-space is illustrated in Fig. 4 for € = 2 - 10~ and four values of the bifurcation parameter y (friction
coefficient). The CM .S, computed from (47) and (52), is depicted with their stable parts (in gray), , i.e. the
S, (withk=1,... ,2M = 4) and unstable parts (in black). The stable and unstable fixed points, computed
from (63) and (69), are represented by magenta and blue points respectively. We can see in Figs. 4b to 4d a
stable fixed point with a large value on the unbounded straight line (i.e. S,» = S,). The latter corresponds
to a large amplitude LCO mentioned above, if it is reached, we are in a harmful situations.

Following the procedure (as described in Sect. 3.5) the theoretical trajectory of the slow-flow is deter-
mined and plotted with a dashed green line. This theoretical trajectory is compared to the trajectory obtained
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Figure 3: (a) Hultén’s model with two NES. (b) Zoom on the NES,. (c) Zoom on the NES,.
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Figure 4: Critical manifold in the (r, r,)-space defined through Eq. (40) together with theoretical and numerical trajectories of the
slow-flow (31). Selected parameter values with e =2 - 1073,

from the direct numerical integration of the slow-flow (plotted in red). The Fig. 4a shows an harmless sit-
uation through a periodic regime, i.e. a stable fixed point of the slow-flow (in magenta) which is not in S,
(here it is in ) is reached. In this case, the theoretical and numerical trajectories of the slow are almost
superimposed. In Figs. 4b and 4c again harmless situations are depicted but through SMRs. Indeed, two
different scenarios of relaxation oscillations of the slow-flow in r,-direction are observed. Finally, because
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Figure 5: Direct numerical integration of the Reference Model (solid blue line) and of the slow-flow (red dashed line). Parameters:
the same as those used for (a) Fig. 4c and (b) Fig. 4d.

a stable fixed point is reached in .S, the Fig. 4d corresponds to an harmful situation. One can see that for
the last three situations (i.e Figs. 4b, 4c and 4d), during the slow epochs on .S the theoretical and numerical
trajectories of the slow-flow are again almost superimposed. However, during fast epochs (i.e. the jumps
between each slow epoch) a difference is observed. In particular, unlike the theoretical trajectory, the numer-
ical trajectory is not at each jump parallel to only one direction of the (r, r,)-space. This difference is due
to the 0-order approximation of the proposed asymptotic approach. Indeed, figures similar to Fig. 4 using
e = 10™* would show a perfect agreement between theoretical and numerical trajectories.

In addition, Fig. 5 shows the direct numerical integration of the Reference Model (solid blue line) and
of the slow-flow (red line) for situations corresponding to Figs. 4c and 4d. In Fig. 5a, we can see that
only w,(?) is a strongly amplitude modulated signal (i.e. SMR) which corresponds effectively to relaxation
oscillations of the slow-flow in the r,-direction. A large amplitude periodic regime (which is a harmful
situation) corresponding to a large stable fixed point of the slow-flow is observed for the reference model
signals in Fig. 5b.

Now, the relevance of the theoretical estimation of the trajectory with respect to the parameter € is inves-
tigated. The comparison is first performed in term of the mitigation limit. For this purpose, the following
quantities are defined:

e ™ the theoretical value of the mitigation limit,
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Table 1: Comparison between numerical and theoretical estimations of the mitigation limit and the NES efficiency rate for several

values of the little parameter €.

| | €

2.107 2-1073 21072

uth 0.07553 0.0929 0.173

Mitigation limit | fy%. 0.07546 0.0918 0.162

T 0.07543 0.0917 0.159

AR 3.47 27,26 136.99

NES efficiency rate ﬁ;ll‘gF 3.47 25,75 121.92
A 3.47 25,62 117.81

Ath — ADum
Relative error | 100 x —— e 4.2 % 6.4 % 16.28 %
ml,RM

e u ok the numerical estimation of the mitigation limit "measured” on the graphs of the maximum

steady-state amplitude obtained from numerical simulations of the slow-flow,

HoRy- the numerical estimation of the mitigation limit "measured"” on the graphs of the maximum

steady-state amplitude obtained from numerical simulations of the Reference Model.

Then the comparison is completed checking the differences in term of NES efficiency rate, denoted A
(in %) and defined as the relative difference between the mitigation limit and the Hopf bifurcation point of
the airfoil model without NES

th _ MWO
1 Hopf
A =100 x "2 (71a)
MHopf
Hrol.SE ~ MHiopt
Anmlfrle = 100 X —Mwo (71b)
Hopf
Ml SRM ~ ’uﬁgpf
Anmulf?{M = 100 X T. (71c)
Hopf

This quantity gives indeed a direct estimation of the efficiency of the NESs: the larger it is, the more efficient
the NESs network is.

The results of the comparison are reported Tab. 1. One can observe that the mitigation limits obtained
from numerical simulations of the slow-flow and of the reference model are very close. Moreover, the com-
parison between theoretical and numerical values shows a good agreement. Indeed, a difference of the order
of magnitude of € is observed. However, in term of NES efficiency rate, we can see that in efficient situations
(i.e. € = 2 - 1072) the theoretical prediction can lead to a relatively large overestimation (a relative error
of 16.28 %). As previously, these overestimations are due to the 0-order approximation of the asymptotic
approach presented in Sect. 3. This could be reduced by considering larger orders of approximation.
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Figure 6: (a) Sketch of the two DOFs airfoil (primary system) coupled to three one-DOF NESs. (b) Zoom on the m—th NES (with
m=1,...,M).

4.2. Flutter mitigation in an airfoil system using M NESs

The system is shown in Fig. 6. It is composed by a 2-DOF nonlinear airfoil model coupled to M NESs.
Following Sect. 2.1, the equations of motion of the system take the form (see Appendix B)

M
x" + s(p(p” +O%x + eéjxx3 + Cxx’ + uA® (@(p + x') +e Z mhmh;’l =0 (72a)
m=1
M
ré(p” +5,x" + ré(p + eé‘q,(p3 +¢,0" —nuA® (g +x')+e Z 5mmhmh;’l =0 (72b)
m=1

W4y, (6,0 + 1, —x) +ay, (8,0 +h,—x)"=0 (m=1,....M) (72

where, similarly as in Sect. 4.1, Egs. (72) correspond to Eqgs. (9) and the corresponding Eqs. (12) and
Eqgs. (23) hereafter referred indistinctly as the Reference Model can be easily deduced as well as the slow-flow
model corresponding to Egs. (31).

The bifurcation parameter under consideration is now the reduced speed of the flow ©.

In the first instance, a model with three NESs (M = 3) is considered and we use the following parameters
of the primary system: &, = 1, ¢, = 1, {, = 001, ¢, = 0.01, 5, =02, r, =05, Q =051 =0,
A =2rx and 4 = 1/(10x). Two sets of NESs parameters are used, hereafter referred as configuration 1 and
configuration 2. The configuration 1 is defined with y;, = 0.4, 7, = 03,7, =02, a, =7, a, =06,
ap, = 6,6, =-0.9, 6, = -0.8 and 6; = —0.7 which considers almost identical NESs. The configuration 2
is defined with y;, = 0.35,y, =03,y, =025 a, =7, a, =6, a, =1,6, =-09,6, =-0.85and
63 = —0.8 where the third NES has a small cubic stiffness compared to those of other NESs. Moreover, for
both configurations m;, = m;, = m;, = 1and several values for e will be considered.

With this set of numerical values, the airfoil model (i.e. the primary system) undergoes an Hopf bifur-
cation at @ﬁgpf = 0.933 due to a mode coalescence phenomenon. If @ < @ggpf the system is stable and if
0> GKgpf the system is unstable. As previously, in unstable situations, the system reaches an harmful LCO
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we want to mitigate using the three NESs. We focus again on the possible mitigation regimes which can
occur when the primary system is unstable.

First, in the Fig. 7 the CM S, computed from (47) and (52), is depicted in the (r{, r,, r3)-space with
their stable parts (in gray), i.e. the S, (withk =1, ..., 2M = 8), and unstable parts (in black). The stable
and unstable fixed points, computed from (63) and (69), are again represented by magenta ans blue points
respectively. We can see in each of the four figures a stable fixed point with a large value on the unbounded
straight line (i.e. S,» = Sg). As in Fig. 4, this fixed point corresponds to a large amplitude LCO and if it is
reached, we are in a harmful situations.

The theoretical trajectory of the slow-flow is determined for the four values of the bifurcation parameters
O (in green) and compared to the trajectory obtained from the numerical simulation of the slow-flow (in red).
The Fig. 7a shows an harmless situation through a periodic regime, i.e. a stable fixed point of the slow-flow
(in magenta) which is not in Sy (here it is in .S} ) is reached. In Figs. 7b and 7c harmless situations through
SMRs are shown. Indeed, relaxation oscillations of the slow-flow are observed with respect to r; in Fig. 7b
and to r; and r, in Fig. 7c. Finally, because a stable fixed point is reached in Sy, the Fig. 7d corresponds to
an harmful situation.

Similar observations as in Fig. 4 can be expressed: (1) during the slow epochs on .S the theoretical and
numerical trajectories of the slow-flow are again almost superimposed and (2) due to the O—order approxi-
mation of the asymptotic approach, differences are observed during fast epochs. Indeed, in the latter case,
unlike the theoretical trajectory, the numerical trajectory is not at each jump parallel to only one direction
of the (ry,r,,73)-space. Again, figures similar to Fig. 7 using e = 10~ would show a perfect agreement
between theoretical and numerical trajectories.

The Fig. 8 shows the direct numerical integration of the Reference Model (blue lines) and of the slow-
flow (red lines) for situations corresponding to Figs. 7c and 7d. In Fig. 8a, w;(¢) and w,(¢) are strongly
amplitude modulated signals (i.e. SMRs) which corresponds to relaxation oscillations of the slow-flow in
both r; and r, directions. A large (harmful) amplitude periodic regime corresponding to a large stable fixed
point of the slow-flow is observed in Fig. 8b.

Now the theoretical value of the mitigation limit ®$1 is compared to the numerical estimation of the
mitigation limit "measured” on the graphs of the maximum steady-state amplitude obtained from numerical
simulations of the slow-flow @?n‘}flép and from numerical simulations of the Reference model G)fn”lf%M.

Again, the comparison is also performed in term of NES efficiency rate A (in %), now defined with
respect to the parameter ©

@th _ (WO
h ml Hopf
A:nl =100 x @T’ (73a)
Hopf
UM __ gwo
AT = 100 x —or (73b)
Hopf
UM _ gwo
Ay = 100 22—, (73¢)
Hopf

The comparison is presented in the Tab. 2 for both configurations 1 and 2. Moreover, numerical bifur-
cation diagrams for the variables v; and v, (calculated from (10)) of the reference model are shown in Fig. 9
(in red). The diagrams are compared to diagrams obtained for the primary system alone (in blue). Each of
them is obtained from direct numerical integration of the corresponding system of equations and plotting
the maximum steady-state amplitude, denoted Au,, (n =1,2), of each variable as functions of ®.
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—— CM (stable) =—— CM (unstable) e Unstable fixed points e Stable fixed points
—— Theoretical trajectory —— Trajectory from numerical integration of (31)

0.0 0.0
(a) ® =0.9372 (b) ©® =0.9434

0.0
(c) ® =0.9458 (d) ® =0.9474

Figure 7: Critical manifold in the (r,, r,, r;)-space defined through Eq. (40) together with theoretical and numerical trajectories of
the slow-flow (31). Configuration 1 is considered with ¢ = 1073.

Once more, similar conclusions as in Sect. 4.1 can be made from Tab. 2. Indeed, Tab. 2a shows that
the mitigation limits obtained from numerical simulations of the slow-flow and of the reference model are
very close and a difference of the order of magnitude of e is observed between theoretical and numerical
values. In term of NES efficiency rate (see Tab. 2b), we can see that in efficient situations (i.e. € = 1072) the
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Figure 8: Direct numerical integration of the Reference Model (solid blue line) and of the slow-flow (red dashed line). Parameters:

the same as those used for (a) Fig. 7c and (b) Fig. 7d.

theoretical prediction can lead to a relatively large overestimation of the NES efficiency rate, for the same

reasons as above.

As a final step, the influence of the number of NESs is examined. The results are shown in Tab. 3 in
which the configuration 1 is considered for a number of NESs from M = 1to M = 4. Inthe case of M =4
a fourth NES is added with the following parameters: y, = 0.1, a;, = 6 and 6, = 0.6. We can see that the
prediction is relatively robust with respect to number of NESs even if a global slight increase of the relative
error between theoretical and numerical efficiency rates is observed when M increases.
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Table 2: Comparison between numerical and theoretical estimations of (a) the mitigation limit and (b) the NES efficiency rate for
several values of the little parameter €.

| | ¢
| Mitigation limit | 107 1073 1072
en 0.93448 0.9471 1.057
Configuration 1 00k 0.93446 0.9460 1.021
CLkH 0.93444 0.9459 1.020
en 0.93430 0.9453 1.038
Configuration 2 Oyt 0.93428 0.9444 1.013
CLkH 0.93426 0.9442 1.013
(b)
| | ¢
| NES efficiency rate | 107* 1073 1072
AR 0.16 1.51 13.29
Configuration 1 AN 0.16 1.39 9.43
ml,SF
num
A 0.16 1.38 9.32
AR 0.14 1.32 11.25
Configuration 2 LSE 0.14 1.22 8.57
Anum 0.14 1.2 8.57
ml,RM

5. Conclusion

In this paper, dynamic instability mitigation of a multi-DOF system using Nonlinear Energy Sinks
(NESs) is considered. The steady-state regimes of the coupled system is classified into two categories de-
pending on whether the dynamic instability is mitigated or not and therefore separating harmless situations
from harmful situations. The value of a chosen bifurcation parameter which separates harmless situations
from harmful situations is called mitigation limit.

The prediction method of steady-state regimes has three main steps. The first step is the diagonalization
of the primary system using the so-called biorthogonal transformation. Assuming a primary system with
only one unstable mode the diagonalized system is reduced ignoring the stable modes and keeping only the
unstable mode. The second step consists in applying the complexification-averaging method for the purposes
of obtaining the slow-flow of the reduced system. It appears that the slow-flow is a slow-fast system. In light
of that fact, in the third step, performing an asymptotic analysis using geometric singular perturbation theory
of slow-fast systems, the critical manifold and the fixed points of the slow-flow are computed. The analysis
shows that the critical manifold of the system can be reduced to a one dimensional parametric curve evolving
in a multidimensional space. The response regimes of the system (and therefore the mitigation limit of the
NES setup) is predicted by locating attracting parts, repelling parts and fold points of the critical manifold
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Figure 9: Comparison between numerical bifurcation diagrams of the airfoil model with and without NESs with respect to the
reduced speed of the flow ®. Configuration 1 is considered with (a) e = 107, (b) e = 1073 and (c) ¢ = 1072,

Table 3: Comparison between numerical and theoretical estimations of the mitigation limit and the NES efficiency rate for several
number of NESs attached on the airfoil for ¢ = 107*. Configuration 1 is considered for a number of NESs from M = 1to M = 3.
In the case of M = 4, a fourth NES is added with the following parameters: y,, = 0.1, @, =6and 6; =0.7.

Number of NESs attached (M)

| | 1 2 3 4

on 09392 09440 09471  0.9486
Mitigation limit | @™ 09380 09432 09460  0.9469
onm 09388 09430 09459  0.9467

AR 0.66 1.17 1.51 1.64

NES efficiency rate A“mL;‘,gF 0.63 1.08 1.39 1.47

A 0.62 1.06 138 1.45

th _ ADum
Relative error | 100 X % 645%  1038%  942%  13.1%
ml,RM

together with position and stability properties of the fixed points of the slow-flow. It is worth noting that the
number of NESs does not appear as a theoretical restriction of the prediction method.

Finally, the method is applied to the prediction of the mitigation limit of two self-excited mechanical
systems coupled to a NES setup. The first one is the well-known Hultén’s model which reproduces the typ-
ical dynamic behavior of friction systems (it can undergo mode coupling instabilities) and coupled to two
ungrounded NESs. The second one is an airfoil model undergoing an aeroelastic instability and coupled
to a multi-NES setup (up to four). Theoretical results are compared, for validation purposes, to direct nu-
merical integration of the system. The comparison shows a good agreement and highlights the limits of the
asymptotic approach.

As a perspective, a generalization of this analysis could be suitable in the case of a primary system
undergoing a multi-instability, as can be seen in some finite element models of braking systems. Indeed,
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during the first step of the method, not only one but several unstable modes would be kept. However, as a
result of the increase of the critical manifold dimension, the prediction of the steady-state regimes would
require a more advanced mathematical procedure.

Appendix A. The nonlinear Hultén’s model with two NESs

The system is similar to the one used in [18], it is composed of the nonlinear Hultén’s model [42] cou-
pled to two ungrounded NESs with masses m,, , linear stiffnesses k;, , damping coefficients ¢, and cubic

stiffnesses k}]:] L' (m = 1,2, see Fig. 3). The motion equations of the system are

% < < < NL:=3 NL:=3
X+ X+ ke Xy —pk, X +e (kx] x| - ,ukx2 x2> +

~ 2 % ~ 7 \3

&, (%) —h1)+kNL(x1 -h)’ =0 (A.la)
§2+cx25.62+kx2)~c2+”kx1)~cl +€( kNL 3 kNL §>+

&y, %y = hy) + kpt (G =y’ =0 (A.1b)
iy, By = G = Bp) + kN (R, =R, =0 (m=1,2) (A.1c)
where the time derivative is denoted € - €. In this model the tangential force F;- due to friction contact is
assumed to be proportional to the normal force F as given by Coulomb’s law: F = uF,, where u is the
friction coefficient.

Introducing the following notation: w, = y/k, /m, Q = w,/w, {, = ¢, [(mwy), & = kN /(mo?)
(with n = 1,2) for the primary system parameters and and n”1hm = mhm/ (ma)%), ¢ h, = Ehm /(mw,) and
& = kNE/ (mw%) (with m = 1,2) for the NESs parameters, Egs. (A.1) become

x/l, + Cx.xll +x; - MQZXZ t+e€ (éﬂx — HEx X ) ” =0 (A.2a)
XY+ E X+ Qg + uxy + € (U, X7 + &, x3) + iy, ) = (A.2b)
Y )—ahm( Cm)=0 =12 (A20)

The system of equations (A.2) has the general form of Eq. (3) with

%= (2) = <Z;> (A3)

~ 1 ~ 0 ~ 1 —uQ?

M:[O (1)] cz[%l .t K:[M b ] (A.4a)
. [e 0 . 10 1o

G=|> 50}], B_[O X ] and T_[O X ] (A.4b)

The nonlinear vector function contains cubic nonlinearities
3
~ X2
gV (®) = (5)‘1 o = %) : (A.5)
5’Cl xl + éxz x2
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and the nonlinearities of the NESs have the required form, i.e. fN: (Ti - il), with fNI given by (5).
According to the method proposed in Sect. 2.1, the small parameter e is introduced to take into account
small inertia and damping terms of the NESs

l’hhm =emy , 5hm = GChm (m=1,2), (A.6)

and the variables X, (n = 1,2) and 7zm (m = 1,2) are rescaled through ¢ as

xm hm
x, =" (=12 h,=-" (m=12). (A7)

n m
€ €

Consequently, the equations of motion have the following final form

x’l' + Cxlx’l +x, - quxz +e€ ( xlxi - ﬂéxei) + Emhlh,{ =0 (A.8a)

X+ C X+ Q0xy + uxy + e (ué, X + €, x3) +emy B =0 (A.8b)
3

= (=1 =, (50 =ha) =0 =12 (A

Appendix B. The airfoil- M -NESs model

The two degrees of freedom airfoil model coupled to several NESs (see Fig. 6) and used in Sect. 4 is
described in this appendix.
Assuming small angle, we derive the equations of motion of the airfoil- M -NESs model as

mi+S,p+ K Z+KN'2 +C2+qPA(0+2/U)+
< 3
ZCym(i—dmfo—fzm)+Ky1:L (2-dpp—5,) =0 (B.1a)
m=1
= = ~ NL ~3 2 ~ 2
I¢(p+Sq,z+Kq,(p+K(p @ +C¢(p—quaA((p+z/U)+
il 3
D 4uC, (£=dydp = 5,) + d KN (2= o = 5,) =0 (B.1b)
m=1
~ ~ ~ A A A ~ ~ 3
mymym+Cym(dmg0+ym—z)+KmeL(dm(p+ym—z) =0 (m=1,...,M) (B.1c)

where again the time derivative is denoted € - €. b = ¢/2 is the semichord length. A is the aerodynamic
center, B the elastic axis, C the center of gravity of the airfoil. e is the location aerodynamic center A
measured from B (positive ahead of B). m and [ o are the mass of the airfoil and its mass moment of inertia
with respect to B. S, = mBC is the mass unbalance in the airfoil. K, and K, are the linear heave and pitch
stiffnesses respectively whereas K)V* and K" are the cubic heave and pitch stiffnesses. C, and C,, are
the heave and pitch damping coefficients. U is the constant and uniform flow speed around the airfoil and
q= %me2 is the dynamic pressure where p, is the density of the flow. P, is the planform of the airfoil, A
is the lift curve slope and d,, (m = 1, ..., M) are the offset attachments of the NESs to the airfoil. Finally,
ﬁzym, C'ym and K me L'(m=1,..., M) are the masses, the damping coefficients and the cubic stiffnesses of the
NESs respectively.
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For convenience, Eq. (B.1) is written in dimensionless form

M
£+ 5,0" + QX+ EX + (X + uhO (09 + %) + ) iy B =0 (B.2a)
m=1
M
29" + 5,5 + 120+ E,0° + L@ —nuA® (Op + X') + Y 6,0, Al =0 (B.2b)
m=1
i, B+ G (6,0 + T X' ) + & (8, +hy—%) =0 (m=1,....M) (B.2c)

where the time 7 has been replaced by the dimensionless time 7 = w,t (with w, = 1/K,/1,) and time
derivative d/07 is denoted € / €. The dimensionless displacements are defined by x = z/b, h = y/b.
Moreover, 6,, =d,,/b(m=1,..., M), s, =S,/(mb), A =w,/w, (Withw, = /K, /m)andn =e/b. r, =
\/ 1,/ (mb?) is the radius of gyration of the cross section of the wing. The dimensionless nonlinear stiffnesses
and damping coefﬁcientNS are 5{ = KéVLb2/(ma)é), ¢ = C,/(mw,), &, = K(JPVL/(ba)é), ¢, = C,/(bw,),
&, =K y’t’n Lo f(ma?), &, = C, [(mw,). The mass and density ratios are defined by i, =, / (ma)é)
and y = bP,p.,/(2m) respectively. Finally, the bifurcation parameter under consideration is the reduced

speed of the flow ® = U /(bwg).
The system of equations (B.2) has the general form of Eq. (3) with

% hy
i=<> h=|h,|, (B.3)
@ 713
M = L s, ~_ [Sx+uO 0 K= Q? He? (B.4a)
Se ri ’ -nu® ¢’ 0 ré —nue?|’ )
1 =6
(}:[% o1, ﬁ:[lé 15 15] and T=(1 -6|. (B.4b)
f(p -9 702 793 1 —53
The expression of the nonlinear vector function gN" is given by
%) = <5X’~‘3> (B.5)
&0 )" '
and again fNI (Ti - il) , with NI given by (5).
Following Egs. (6) and (7), we define
my, =emy, , & =€l (m=1,..,M) (B.6)
and -
@ o
X = p=—, h,m,=— (m=1,...,M) (B'7)
VT
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to obtain the final form of the equations of motion

M
X'+ 5,0" + QP x + e£ X + L X + uAO (@ +X') +€ ) my HlI =0 (B.8a)
m=1
M
2@ + 5, X"+ 1r2g + €£,0° + (0 —nuA® (O +x') + € Y 8,m; hr =0 (B.8b)
m=1

W4y, (8,0 +H, —x) +a, (5,0 +h,—x) =0 (m=1,...,M) (BSc)

with yhm = (hm/mhm and ahm = ﬁhm/mhm (m = 1, ,M)
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