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Extended complexification method to study nonlinear passive control

D. Bitar, A. Ture Savadkoohi, C-H. Lamarque,
E. Gourdon, and M. Collet

Nonlinear Dyn 99, 1433-1450 (2020)

Abstract The present research work aims to design a passive vibration control based on nonlinear energy
pumping. An extended asymptotic approach is introduced based on the invariant manifold approach for the
case of 1:1 resonance. It consists in introducing an extended form of Manevitch’s complex variables, taking
into consideration higher harmonics, enabling the detection of the invariant manifold of the system at fast
time scale. At the slow time scale, equilibrium points and singularities are identified analytically in order to
predict periodic regimes and strongly modulated responses. The example of a passive shunt loudspeaker using
a nonlinear absorber is studied. Unlike classical investigations, the first and third harmonics are taken into
consideration. It is demonstrated that the presence of the third harmonic improves the approximations of the
results. Different cases are considered, where the obtained analytical results are in good agreement with those
obtained via direct numerical integration of the principal system of equations.

Keywords Nonlinear energy sink - Extended complexification method - Passive shunt loudspeaker - Fast/Slow
dynamics.

1 Introduction

In order to reach desirable behaviors, researchers employed structural and acoustical systems to control noise
and vibrations [1]. The structural control process covers large categories varying from active [2] to passive [3,4]
controller systems. The passive control processes do not need any additional feeding systems for their activation
and they endow characteristics of the main vibratory systems or coupled ones (as passive controllers) for
reducing vibrations. Classical passive controllers are linear named as tuned mass dampers [5] for mechanical
systems and Helmholtz resonators [6] in acoustics. These linear devices are very efficient around a narrow
frequency width, but they create other resonances in the system. Some systems and oscillators perform nonlinear
behaviors due to their spacial configurations and/or due to their physical properties. For example double
pendulums and also micro electro-mechanical systems can present quadratic behaviors due to electrostatic
excitations and piezoelectric materials [7,8] while shallow arches possess both quadratic and cubic nonlinearities
[7]. There have been some attempts to exploit nonlinear properties of oscillators for passive control process.
Roberson [9] showed that by adding a cubic nonlinearity to a classical passive system, the cancellation band of
the device increases with respect the one of the linear damper [10]. Since then many types of nonlinear absorbers
are developed which as representative examples of the vast list in this domain we can name: pendulum-type
absorbers [11], autoparametric absorbers [12], systems with softening springs, for instance arrays of Belleville
washers mounted back to back [13], impact systems [14] and nonlinear energy sink (NES) [15]. The NES systems
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in their original developments consist of a pure cubic nonlinear system (with no linear part) i.e. without any
linear frequency. This property permits the NES to enter into resonance with any excitations enabling the
transfer of vibrational energy of main structures in a one way and irreversible manner [16,17]. Such passive
systems are applied in different domain such as aerospace [18], civil engineering (buildings [19], cables [20]) and
acoustics [21]. The theoretical background of such systems is quite extensive and still is in the progressing stage:
one of the mostly used techniques is applying complex variables of Manevitch [22] to system and keeping first
harmonics [23]. For prestressed systems, e.g. the systems in gravitational fields, in addition to first harmonics,
constant terms of Fourier series should be taken into account as well [24-26]. The aim of the current paper is to
include the third harmonics (in addition to the first ones) for a better prediction of the principle coupled system
behaviors. The organization of the paper is as it follows: In section 2 we introduce a general representation of
an electroacoustic absorber, consisting of a loudspeaker coupled to an electrical NES. In a brief way, the system
is treated analytically allowing the detection of the invariant manifold. An extended version of the method is
developed in section 3, taking into consideration higher harmonics. In the same section, invariant manifold of
the system together with the equilibrium points and singularities specific to different dynamical regimes are
identified. Section 4 is dedicated to highlight the consequences of adding higher harmonic to the analytical
treatments. Two different regimes are illustrated with results obtained with direct integration of the system
compared to the analytical developments. At the end of this paper conclusions and perspectives are given in
section 5.

2 Considered model and classical treatment

The dynamics of an electroacoustic loudspeaker, shunt to an electrical nonlinear (cubic nonlinearity) circuit
and subjected to an external periodically varying sound pressure can be described by the following differential
system [27,28]

{Mmsy'c’(t) + Rynsi(t) + Crmex(t) — CBIV,(t) = S Am cos (wt), @

C(Le + Le)Ve(t) + C(Re + Re)Ve(t) + kVE + Bli(t) = 0,

where = and V. describe the small displacement of the loudspeaker membrane and the electrical potential
applied to the capacitor in the nonlinear shunt circuit, with - = d/dt. Mps, Rms and Cpe are the mass, the
mechanical resistance of the moving bodies and the equivalent compliance of the enclosed loudspeaker. Bl is
the force factor of the transducer, B represents the magnetic field magnitude and [ stands for the length of the
wire in the voice coil. A,, represents the pressure amplitude, w the angular frequency and S the diaphragm
area. From the electrical side, R. and L. are respectively the DC resistance and the inductance of the voice
coil and BIV,(t) is the back electromotive force. Re, L. and C are the inductor, resistor and capacitance of
the corresponding nonlinear shunt circuit. k is the nonlinear coefficient (related to the design of the electronic
circuit). After introducing the following non-dimensional time variable T' = wot with wo = \/1/(MmsCmc), the
scaled governing system can be written as it follows

2" +exd’ +x —eaV, = ef cos (27), @)
£

VI VI eVE +a’) =0,
where € = (Le + L¢)/Lo with Lo = 1 can be considered as our small dimensionless parameter, 2 = w/wo,
RinsCmewo = e\, CBICmewo = e, SAmCme = ef, (Re + Re)/(wolo) = v, k/(CwiLo) = €€, Bl/(CwoLo) =
en and ' = d/dT. The choice of parameters scaling is governed by their physical range. The Slow Invariant

Manifold (SIM) of the system can be obtained by treating the system (2) analytically after introducing the
following Manevitch’s complex variables [22, 25]:

o+ iz = o11(T)e' T
{ .

V! + iV, = po1 (T)e™ "

By writing the complex variables into their polar form as p11 = Ni1e® and 21 = N21ei6217 the invariant
manifold of the scaled system (2) at the fast time scale 7o = €°T can be written as follows

N. 3
N11 = 7721\/"}/2 + (1 — Z£N221)2 (4)
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For a = n =202,v=0.35 & =05, A= 0.1, ¢ = 0.01, Figure 1 shows a typical SIM with unstable zone
represented in dashed line passing through local extrema of the SIM, which are clarified as

()

At the resonance frequency corresponding to 2 = w/wo = 1, the scaled system (2) has been solved using a
Runge-Kutta algorithm with the initial conditions s(0) = V,.(0) = V/(0) = 0 and z’(0) = 3.7 which corresponds
to N11 = 3.7 and N2; = 0. Figure 1 shows a comparison between the analytical SIM which provides information
about all possible behaviors of the system and the corresponding results obtained via numerical integration of
System (2). Two different scenarios are shown: the first one is dedicated for an equilibrium point represented
by a pink triangle (weak forcing term f = 0.2) and the second one for a Strongly Modulated Response (SMR)
(higher forcing term f = 0.5). The numerical results oscillate around the right stable branch of the SIM then
jump through bifurcation to experience the left stable branch until its amplitude decreases quasi-linearly (a)
or exhibit a persistent hysteretic SMR (b). Remarkably, jump phenomenon occur around the extrema na1 and
n22. In addition the results of the numerical integration are not symmetrically distributed around the right
branch of the SIM due to the contribution of higher harmonics. So, the following section is dedicated to extend
Manevitch’s complex variables including higher harmonics, expecting improvement of the agreement between
the numerical results and the analytical SIM.

5
4.5 381
4r ] 3.6
i "1
3.5 =~ 1 |
h N 3.4
3 |-
- | n - 3.2¢
2.5 22 z
2t 37
157 ] 2.81
N2
1r —— Numerical integration ] 26¢ —— Numerical integration |
0.5
2.4
0
0 0.5 1 N 1.5 2 0.5 1 1.5 2
21 N2y
(a) (b)

Fig. 1 The curve in black describes the Slow Invariant Manifold (SIM) of the system for & = 0.5 and v = 0.35 with the dashed
line illustrating the unstable zone. The numerical integration of the scaled system (2) for « = n = 0.2, A = 0.1 and £ = 0.01
under forced oscillations are represented in red. (a) and (b) correspond to a periodic regime with weak force f = 0.2 and a
strongly modulated response with higher forcing term f = 0.5 respectively [29].

3 Extension of the Method

The analytical results obtained by applying classical form of Manevitch’s complex variables [22] requires an
extension of the method by taking into consideration higher harmonics. Consequently, we consider the following
scaled 2 dofs system, which consists of a primary linear system with the mass 1 and the coupled NES with the
mass €, 0 <e <<1
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{ ot + a1+ ek (21, 20, 22, 15) + ekna (21, 21, w2, 25) = £ f cos (2T) ©)

e(xh + klg(a?1,$/1,$2,$/2) + an(I1,I/1,J72,IIJ/2)) =0.

x1 and x2 represent the displacement of the primary system and the NES respectively and f is the external
forcing term. The linear and nonlinear functions are characterized by ki; and ky; respectively with j € {1,2}.
The main system is excited around its resonance frequency 1, with 2 = 1 + €0 where o is the detuning
parameter. Then, we introduce an extended form of Manevitch’s complex variables [30]

M;
T +i0w; = Z jme ™ forj=1,2 (7)

m=1

which yields to:

M;

Z @jmezmQT + c.c. )
- (8)

1 M,
79 Z ©; .meimQT _ C.C.),

[\J\H

3

<)

where c.c. stands for the complex conjugate of the rest of the terms in the equation. The derivation of Equation
(7) yields

M;

z + iz = Z (@m + iﬂmgpjm)eimQT. (9)

m=1
Then, after replacing Equation (8) into Equation (9) we obtain:
i 1 02
. imQT ¢ * _—imQT
[(cp;-m +i2(m — §)<pjm)e — 7<pjme } . (10)

m=1

In order to detect the analytical invariant, we study in the following section the system behavior around the
1:1 resonance using a multiple scales approach [31].

3.1 Multiple scale analysis of the system

Analyzing the system at different time scales, we introduce the fast time 79 and slow times 71, 72, ... as
T = 170,71 = €7T0,T2 = €270 ... SO,

Ohm = ag;: +58§—;1’” ... forje{1,2}. (11)
It should be mentioned that the £ parameter defined in different time scale, is a physical parameter, i.e. mass
ratio of the two oscillators and not a bookkeeping parameter which never tends to zero. This means that for
treatment of described system in Eq. 2 or Eq. 6 we do not need to use singular perturbation methods [32] for
revealing fast/slow dynamics of the system [33]. Replacing the generalized complex variables (10), (8) and (11)
in the scaled system (6) we get the following system at the first order
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where Kj; and Kp; with j € {1,2} are the €% orders of the linear and nonlinear operators k;; and kn;
respectively. We endow Galerkin’s technique [8,34,35] in order to keep the m*™ harmonics and truncate other
ones. For instance, for a general function 2(79, 71, 72,...) the m*™ harmonic will be kept via:

Ie) 27 /2 i ]
32(7'1,7'2,...):%/ (P11 s PIMy s P20y e e oy P2My s T1y T2y« -+ )€ QOdTo, with m € Ng (13)
0

In using the Equation (13), for our developments we suppose that @1, and @2, with m € {1,..., M1} and
n € {1,..., M2} are independent of time 79. This assumption will be verified during multiple scale method or
when we seek for asymptotic response when 79 — o0o. The present methodology enables the detection of the
system invariant at the fast time scale 7y, together with the detection of the system behaviors at slower time
scales.

3.1.1 The system behavior at 1o time scale

First equation of the System (12) at the order £° yields to:

form =1, 85011 =
70
oo (14
form > 1, 87': +i(m — 1)1m =0,
then,
form:l, 901129011(7'1,7'2,...) (15)
form > 1, @im = Cme (M~ D70, C are constants of integration.
However, the second equation in System (7) at the order €% can be expressed as in the following form
a 21 * * * *
;’0 = Hl(@ll, P11y PIMy P1M, > P21, P21, - - -y P2 Mo, @2M2)7
- 67—0 — m(@llvwllv---7801M17801M17802174P217---7<P2M27<P2M2)a ( )
a‘PQMQ - g * * * *
87_0 - Mz(‘ﬁlla‘#’ll:---:@1M17901M1:S021a§0217~--7902M27902M2)-
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System (16) is used to trace an asymptotic equilibrium governed by a SIM. Fixed points of the system are
obtained when the following criterion is satisfied

Hun (011,071, -+ Q1M P1M, P21, 9215 - -, P20y, P200,) =0 for m=1,..., M (17)
By writing the complex variables in the polar form as ¢jm = jmei‘sf"" with j = 1,2 and m = 1,..., Mj,
system (17) can be re-written and reduced after separating its real and imaginary parts to the following form

hr1(011, N11, ..., 0100, s N1y, 021, Not, - . ., d201,, Noas,) 0
hi1(011, N1, ..., 010, N1y, 021, Not, . .., 020s,, Nons, ) 0
A = : - |: (18)
heniy (011, N1ty -« -y 0101y, Niaay s 021, N2ty .o, 020y Nona, ) 0
hing, (011, N1, -« -, 011y, Niagy, 021, No1, ..., 0201, Nona, ) 0

3.1.2 The system behavior at 1 time scale

In order to identify the possible behaviors that the system may achieve (periodic or quasi-periodic), equilibrium
points and singularities should be detected by studying the system at slow time around the SIM. The first
equation of System (12) at €' order reads:

3901m

51 = F1(011, 0115 -+ 1My PIMy P21, 9215+ - - » P2 My > PIM,) for m=1,...,M (19)
Equations (19) can be presented as:
0011
787‘1 :f51(511,N11,...,51M1,N1M1,521,N21,~~-,52M27N2M2)
ON-
67-11 = fn1(011, N11,. .., 010, N1y, 021, Not, . .., 0211, Nons, )
: (20)
00w, _ 511, N S1a1,5 Niag,, 621, N: San1,, N:
o = forr, (011, N11, ..., 0100, N1agy, 021, Na1, ..., 020, Nons,)
ON-
82/[1 = fnam, (011, N1ty -y 01y, N1y, 021, No1y o .o, 020y, Nona, )

oA
Examining the dynamical behavior of the system around the SIM leads to o 0. Combining Systems (18)
T1

and (20) with this later relation leads to the following system

0011
o
ON11
Ohr1  Ohr Ohri  Ohyy  Ohy1  Ohn Ohr1  Bhry oL 0
9011 ONiu1 " 96im, ONin, 9021 ONa1 " Odans, ONan, : 0
Ohi1 Ohi1 Ohi1 Ohs1 Ohsi Ohit Ohi1 Ohi1 901,
611 ONu " 9dim, ONim, 921 ON21  Odam, ONawm, om 0
(9]\71]\/[1
o 0
= 21
on | e
0
8h'rMQ ahrMQ ah/rMQ ahrM? 8h'rMQ ahrM? ahrMQ 8h'rMQ 8];[/‘-;1 0
8611 ON1u1 ' 9b1m, ONipy, 0821 ONai 0 Odam, ONan, on :
Ohinia Ohinia Ohiniz Ohinra Ohiniz Ohinga Ohiniz Ohinre 0
9611 ONi1 " 86iar, ONipr, 0021 ONai T 86anr, ONon, o2, 0
on
ONar,

on
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which can be written in the following form

8hr1 6h7n1 ahrl 8hr1 3521 ahm 6hr1 ahrl ahm f61
8621 ONa21 = Odan, ONang, o 8611 ONiu1 " 981w, ONim,
Ohii Ohi Ohi1 Ohs ON>1 Ohi1 Ohin Ohin Oha fn1
dd21 ON21 " 9dam, ONaw, ot 0011 ONiu1 = 941w, ONinm,
Ohrara Ohraio Ohrara Ohrnra 002, Ohrara Ohraio Ohrara Ohrnra
8821 ONa21 = Odan, ONang, or1 8611 ONiu1 " 9%1m, ONim, fomy
Ohinr2 Ohinga Ohinra Ohinro ON2 s, Ohinr2 Ohinga Ohinra Ohinro
00621 ON2p 00an, ONan, on 0611 ON11 0610, ON1w, INy
H N——r
M F
(22)
Equilibrium points of the system, can be obtained by solving the following system [36]
H =0
F =0 (23)
det(.#) # 0,
and singularities are reached when
A =0
F =0 (24)
det(.#) = 0.

4 Application

In this section, we apply the extended version of Manevitch’s complex variables to the problem presented in
Section 2 and we use the methodology explained in Section 3 for tracing system responses. Before doing so and
in order to optimize the number of equations to solve, let us analyze the contribution of number of harmonics
into the system’s behaviors. For this purpose, we plot in Figure 2 the comparison of dz/dT and dV./dT between
the numerical integration, the contribution of the first harmonic only and the combination of both first and
third harmonics.

According to the results obtained in Figure 2 (a) the contribution of the third harmonic of dxz/dT in the
transient regime is negligible. Then, we can deduce that the first harmonic is sufficient to describe the dynamics
of the main system. However, for dV./dT, the contribution of the third harmonic till 7' = 500 (see Figures (b))
managed to provide more reasonable results in comparison to the the first harmonic truncation. This situation
illustrated in this example is in fact quite generic. Therefore, we apply the extended version of Manevitch’s
complex variables, taking into account the first and third harmonics for the NES only. Let us consider in
Equation (7) M1 =1 and M2 = 3 with p22 =0 and

m=w ki (w1, 21, 22, 25) = Ax] — azs 1 kiz(w1, @1, w2, 25) = ywy + nw) (25)
an
2=V, kni(z1, 27, 22,25) =0 kno(z1, 2}, 20, 25) = £as.
Then, the applied new complex variables are given as follows
o +iQz = 11 (T)e T (26)
VC/ + 12V, = <p21(T)€iQT + (pgg(T)€3iQT.

For the present case, replacing the complex variables depicted in System (26) into the scaled System (2) we
obtain the following equations
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Fig. 2 A comparison between the numerical integration including all harmonic of the scaled system (2) using an explicit
Runge-Kutta (4,5) formula implemented in Matlab(@© [37] of dz/dT and dV./dT (red line), their first harmonic filtering (green
curve) and the combination of their first and third harmonics (blue line) for the following scaled parameters: a = n = 0.2,
v =0.35, &£ =0.5, A =0.1 and € = 0.01 with the external forcing term f = 0.3 and the detuning parameter o = 0.
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Applying the Galerkin Technique given in Equation (13) together with the multiple scales approach represented
in Section 3.1 we will analyze below the system behavior around its 1:1 resonance.

4.1 The system behavior at 79 time scale

Resonant terms at 79 scale in system (27) yields (See Equation (14) for m = 1)

19}
P11 =0= p11 =p11(m1,72,...) (28)
019
In addition, fixed points of the system can be described by the following system when lim 8;72771 = 0 for
To—> 00 7'0
m = {1,3} (See System (16) with M1 = 1, M2 = 3 with 22 = 0)
a * * *
P21 = H1(8011a P11, P21, P21, P23, 8023):
0710 (29)
89023 * * *
P = Ha(p11, 911,921, 921, P23, P23)-
70
Then, previous System (29) presents an asymptotic equilibrium governed by the new SIM
Hi(p11, 911, 21, P21, P23, P23) = 0,
* * * (30)
H2(§0115 P11, P21, P21, P23, @23) =0.

Writing the complex variables into their polar form as @jm = N jmeiéjm, so system (30) can be re-written and

reduced after separating its real and imaginary parts into the following form (See System (18))

hr1(011, N11, 021, Na1, 923, N23) 0
hi1(d11, N11, 021, Na1, 623, Na3) 0
(611, N11, 621, N21, 623, Na3g) = ’ ’ ’ ’ ’ ’ 31
(911, N1, 21, No, 023, Nag) hr3(011, N11, 021, Na1, d23, Na3) 0 (31)
hiz(d11, N11, 021, Na1, 623, Na3) 0
where
3. .
hr1 = No1[y + Zf sin (3021 — 623) N21Nas| + ncos (611 — d21)Ni1 = 0 (32)
3 3 3 .
hi1 = Na1 [1 — Z€N221 — §§N223 + 15 CcoSs (3521 - 523)N21N23} + nsin (511 — 521)]\711 =0 (33)
hy3 = 4yNaz — £ sin (3621 — 623)Nay = 0 (34)
3 3
hiz = 4Na3[ — 5 + 55N§1 + Z§N§3] — £cos (3021 — 823)Nay = 0 (35)
Replacing Equations (34) and (35) into Equations (32) and (33) respectively we obtain
N33
— N2y — 3’YN7 = ncos (011 — d21)N11 (36)
21
No1(1— ZENZ, — 15N—2 +3EN3; + E ) = 7sin (611 — d21) N1t (37)
21

Squaring and summing Equations (36) and (37), the SIM describing the system behaviors at the infinity time
scale 79 can be expressed as follow

Nz, 9 _Nj,
Nuf— 1+3 +( §N221—15 2 3 4 3¢ENZ, + g ),
N (38)

¢’ Ng) = 16N23 7+ (=5 + 5N21 + §N23) ]

The relationship between the modulus No1 and Nag given in Equation (38) can be expressed by the following
cubic equation after setting Z = N2,



10 D. Bitar, A. Ture Savadkoohi, C-H. Lamarque, E. Gourdon, and M. Collet

agZ3+a2Z2+a1Z+ao =0 (39)
with

a3 = 952
az = —120¢ + 3662 N3,
a1 = 400 + 167 — 2406 N3, + 362N,

2776
ap = —§"Naj.

(40)

Using Cardano’s method, the algebraic Equation (39) can be solved analytically following the steps below.
Writing Z = 3 — a2/(3a3), Equation (39) can be written as

3 +ps+q=0 (41)
with
1 2
p:_ga%_l_g
a3 as
; (42)
= Laznm gay, o
q 27 a3\ a2 as as’

The discriminant Acara of the cubic Equation (41) is given by

Acard - *(4173 + 27(]2) (43)

According to the values of v and £ the sign of Acarq changes. Then, the existence of a single and multiple real
roots for Nas in terms of N2 varies. Consequently, for a given couple of parameters (v, £) the solutions can be
detailed as follows

— Acard < 0, Na23 has a unique solution for 0 < N23 < R; and Na23 # Ra,

— Acara > 0, N23 has a unique solution for R1 < Na23 < Ra.

Therefore, the SIM can be easily represented in two dimensional manner as Na; versus N23. In order to study
the influence of adding the third harmonic to classical version of Manevitch’s complex variables, we consider
the following parameters: ¢ = 0.01, n = a = 0.2, v = 0.35, A = 0.1 and & = 0.5. For the system with the
following initial conditions (Corresponding to the initial velocity of the membrane)

2(0)=0  Ve(0)=0

dz dVe (44)
— =0 = O,
dT dT
which corresponds to
N11(0) = o,
N21(0)=0 (45)
N23(0) = 0.

Figure 3 shows a 3D flow of the SIM with the first harmonics view (Ni1 vs No1). First of all, we can notice
that the geometry of the SIM (based on the first and third harmonics) changes for higher amplitudes with the
occurrence of three values of N11 versus N21. Figure 4 shows a comparison between the analytical classical SIM
(black thick curve) based on first harmonics i.e. terms of p,1e*“7 in Equation (26) and modified SIM (green
triangles) obtained after considering the third harmonics for the NES variables, the numerical results obtained
by a direct integration of the system (2) (red line). One can clearly see that the addition of the third harmonic
managed to decrease the gap between the analytical approximations and the numerical results, especially during
jump phenomenon. For Acarq < 0, Equation (41) has one real root and the solutions are expressed as follows

1 1
30 =ud + v (46)
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Fig. 3 (a) 2D flow of the SIM N1 vs Nai, (b) 3D flow of the SIM Nij vs N2; and Na3 for £ = 0.5 and n = 0.2.

4.2 . :

I

——Numerical integration
4+ —Classical SIM
> Modified SIM

1
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361

2.4 ¢

2.2 : : :

0.5 1 1.5
N21

Fig. 4 A comparison between the analytical classical SIM (black line), the new one obtained by taking into consideration the
third harmonics (green triangles and the numerical integration of the scaled system (2) (red curve).

with
o 1 Acard
vo=gmaty =)
1 Acard
v = S(=a— /=)

Then, the modulus N23 can be expressed as a function of N2 as

1 a2

Naz = F(Na1) = (30 — ff)%.

3as

Let us now investigate the dynamical behavior of the system at 71 time scale.
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4.2 The system behavior at 71 time scale

At slow time scale, equilibrium points around the SIM can be detected by treating the first equation of System
(27) at the order ' (See Equation (19)). It reads:

0p11
or1

* * A .
=F1(9011,<P11,<P2173021)=—(§ +ZO)<P11+%<P21+£ (49)

Equation (49) can we written in the following system after writing it into its polar form

06 A

S = f51(811, N11, 821, Na1) = — 5 Nig + 2 Na cos (621 — d11) + / cos (611)

o 2 2 2 (50)
ONu _ fn1(011, N11,021, N21) = = (gNm sin (021 — 611) — o N11 — isin (611))

oT1 N1 ’ ’ ’ Nip ‘2 2 ’

According to the analytical developments extended in Section 3.1.2, equilibrium points and singularities are
described by the following matrix equation

Ohr1 Ohr1 Ohr1 Ohyri 0021

0021 ONz1 0823 ONoas o Ohr1 Ohr

0611 ON11
Ohi1 Ohi1 Ohir Ohe1 ON21
8521 8N21 8(523 8N23 87‘1 ah’ll 8h7’1 f§1(5117N11a5217N21)

= —| 0611 ON11 (51)
Ohy3 Ohrz Ohr3 Ohr3 0623 fn1(011, Ni1, 021, Na1)
D21 ON21 Dd23 ONag on 0 0
Ohiz Ohiz Ohi;z Ohis ON23 0 0
0021 ON21 0023 ONas ot
M

Equilibrium points of the system, can be obtained by solving the following system

H =0
for=fn1=0 (52)
det(.#) # 0,

and singularities are reached when
H =0
fs1=fn1=0 (53)
det(.#) = 0.

4.3 Results and Discussion

Solving the systems of Equations (52) and (53), the equilibrium and singularities of the system are illustrated
in Fig. 5 as a function of the detuning parameter o for several values of the external forcing term f: (a) first
column with f = 0.2 (respectively (b) second column with f = 0.6 and (c) third column with f = 0.65). The
amplitudes of N11, N21 and Na3 (down to top) are plotted versus the detuning parameter o. It can be seen
that the influence of the third harmonic is increasing with the amplitude of the external forcing f. So it is clear
that the third harmonic has to be taken into account for higher values of f.

In Figure 6, for n = a = 0.1, the amplitudes of N21 and Ni:1 are plotted versus the forcing term f values
between 0 and 1 at the resonance frequency w = wo (¢ = 0). Clearly the critical values of f corresponding to
the transition between 1 and 3 solutions depends on the number of harmonics in the analytical approach. In
order to highlight the importance of generalizing the analytical approach by including higher harmonics, the
following section is dedicated to validate the performance and reliability of the results obtained.
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Fig. 5 Variation of Ni1, N2; and Nag versus the detuning parameter o. (a) first column with f = 0.2, (b) second column with
f=0.6 and (c) third column with f = 0.65.

4.83.1 Response under weak forcing amplitude: f = 0.2

As a first example of validation between the analytical predictions and the numerical simulations, we consider
the weak forcing term f = 0.2. The analytical predictions of energy levels of both primary system and the NES
via inclusion (or not) of the third harmonics are represented in Fig. 5 (a). At the resonance frequency wo (for
o = 0), the corresponding numerical results obtained by solving System (2) using a Runge-Kutta algorithm
compared to the SIM are depicted in Figure 7. For the initial conditions corresponding to z(0) = V.(0) =
VZ/(0) = 0 and z'(0) = 3.7, the numerical integration of the scaled system oscillates around the upper branch of
the new SIM. Once reaching the stability border, it jumps to follow the low level SIM amplitude to be finally
be attracted by an equilibrium point represented with a pink triangle.
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Fig. 6 (a) Variation of Ni; and Na2; versus the forcing term f at the resonance frequency wg = w (o0 = 0), taking into
consideration the presence and absence of the third harmonic. Zoom of N11 (b) and Na1 versus f.
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1.5}
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NZl

Fig. 7 SIM of the system with the corresponding numerical integration with the external forcing term f = 0.2 and the detuning
parameter o = 0.

The presence of an equilibrium point (N21, N11) = (0.328,1.677) in Figure 7 indicates the fact that the
system undergoes a periodic regime. This assumption is verified in Figure 8 where the velocity of the main
system presents a periodic oscillations in the permanent regime with the amplitude 1.677. In order to confirm
the previous analytical predictions presented in Figure 5 (a), we plot in Figure 9 the amplitude histories of

g—;ﬁ + ¢2z| which corresponds to N1 and ‘fi‘q/f +i£2V,| at the resonance frequency which corresponds to o = 0.

Numerical results are in good agreement with the analytical predictions depicted in Figure 5 (a) confirming
the attraction of the system by an equilibrium point with amplitudes Nij;3 = 1.677 and N2; = 0.328. Then,
the NES is able to control the primary system against periodic external forces by presenting small amplitudes

during periodic regimes.

4.3.2 Response under higher forcing amplitude: f = 0.6

Figure 10 represents the analytical predictions of the different scenarios that the system amplitudes may reach
according to the detuning parameter for the system with f = 0.6. The system may present different possible
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Fig. 8 Histories of velocity dz/dT obtained by a direct integration of system (2) for the external forcing term f = 0.2 and the
detuning parameter o =0
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Fig. 9 Histories of system amplitudes \d—; + 402z| and | ch

+ i£2V,| obtained by direct integration of the scaled system (2)

with the external forcing term f = 0.2 and the detuning parameter o = 0.

scenarios between periodic and quasi-periodic regimes which can be stable or unstable. Systems (52) and
(53) allow an analytical identification of the dynamical regime to be reached. For instance, for ¢ = 0.0453
System (53) is validated, with N21 = 1.5027 and Ni1 = 2.7368 which corresponds to the minimum value of
the SIM. This later proves the existence of a singularity where the system is subjected to an SMR, [38]. This
prediction is validated in Figure 11, where we plot the numerical integration of System (2) compared to the
SIM. Particularly, the system presents a closed loop with direct and reverse jumps phenomena between the
stability borders (711, 722) and (12, N21).

Histories of the velocity dx/dT illustrated in Figure 12 confirms the analogy between the analytical iden-
tification of SMR. Histories of the system amplitudes |j—§f + if2x| and ‘Z%C + i2V,| are shown in Figure 13
confirming the analytical predictions illustrated in Figure 10 showing the fact that the system hits two different

points during long time span.
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Fig. 10 Variation of energy of both the main system and the NES with respect to the detuning parameter o for the external
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Fig. 11 SIM of the system with the corresponding numerical integration with the external forcing term f = 0.6 and the
detuning parameter o = 0.0453.

4.3.83 Response under forcing term f = 0.65

For a higher forcing term with f = 0.65, the analytical predictions of energy levels of both primary system and
the NES via inclusion (or not) the third harmonics are represented in Fig. 5 (¢). For the detuning parameter
o = 0 which corresponds to the resonance frequency {2 = wp. It is seen that the inclusion of third harmonics in
the system changes the curve corresponding to consideration of only first harmonic dramatically. Solving the
scaled system (2) numerically, we plot in Fig. 14 the histories of variables |j—% + i£2z| which corresponds to
Ni1 and ‘fi‘;s + i02V;|. Noticeably, the numerical integration of the system for o = 0 indicates that the value
of Ni11 corresponds to 3.2224, which is in good agreement with the analytical prediction represented with a
magenta triangle in Fig. 5 (¢) when including the effects of the third harmonic. To conclude, the consideration
of the third harmonic in the analytical developments permits to predict the system behavior closer to the exact
behavior obtained by numerical integration, especially for higher forcing terms.
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Fig. 12 Histories of velocity dz/dT obtained by a direct integration of system (2) for the external forcing term f = 0.6 and
the detuning parameter ¢ = 0.0453
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Fig. 13 Histories of system amplitudes j—; + 42z and Cfi‘j/f + 02V, obtained by direct integration of the scaled system (2) with

the external forcing term f = 0.6 and the detuning parameter ¢ = 0.0453.

5 Conclusions

An extension of complex variables of Manevitch is applied to a scaled general two degrees of freedom system
for taking into account the effects of higher harmonics. The system consists of a primary structure coupled to
a nonlinear energy sink. The problem is treated analytically around the 1:1 resonance by using a multiple scale
approach. The general slow invariant manifold of the system including all harmonics is obtained at fast time
scale. Studying the dynamics of the system at slow time around its slow invariant manifold permits the detection
of equilibrium and singular points. These points correspond to periodic and modulated regimes, respectively.
This approach is then applied to a system consisting of an electroacoustic loudspeaker linearly coupled to an
electric nonlinear shunt circuit acting as a nonlinear energy sink. In this paper we show that it is necessary to
take into consideration the presence of the third harmonic in analytical developments. Comparisons between
results obtained from keeping first harmonics and then keeping first and third harmonics are carried out,
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with the external forcing term f = 0.65 and the detuning parameter o = 0.

highlighting the importance of employing the higher harmonic in the analytical approaches and so in prediction
of more punctual positions of equilibrium and singular points. Good agreements between results obtained from
direct numerical integration of the system equations and those obtained from analytical predictions are seen.
Future works are devoted to the physical setup of an electroacoustic loudspeaker confirming the obtained
numerical integration and analytical predictions, in addition to an optimization process for better design of the
nonlinear energy sink.
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