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Abstract: In this article, the behavior of hidden bifurcation in a two-dimensional (2D) scroll via saturated
function series controlled by the coefficient harmonic linearization method is presented. A saturated func-
tion series approach for chaos generation. The systematic saturated function series methodicalness
improved here can make multi-scroll and grid scroll chaotic attractors from a 3D linear autonomous system
with a plain saturated function series supervisor. We have used a hidden bifurcation method in grid scroll.,
where the method of hidden bifurcation presented by Menacer, et al. in (2016) for Chua multi-scroll
attractors. This additional parameter, which is absent from the initial problem, is perfectly adapted to
unfold the structure of the multispiral chaotic attractor. The novelty of this article is twofold: first, the
saturated function series model for hidden bifurcation in a 2 — D scroll; and second, the control of hidden
bifurcation behavior by the value of the harmonic coefficient ks.
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1 Introduction

During precedent and until now, the generation of multispiral chaotic attractors has been extensively exam-
ined due to their hopeful applications in manifold real-world technologies. Few techniques have been sug-
gested, like linear and nonlinear modulating functions and in electronic circuits (saturated circuits, etc.), for
generating multispiral chaotic attractors see [1-3]. The issue of hidden oscillations in nonlinear control
systems forces us to improvise a novel approximation of nonlinear oscillation theory. Meanwhile, during
the initial institution and evolution of the theory of nonlinear oscillations in the first half of the twentieth
century broad attention was given to the analysis and composite of oscillating systems, for which the solution
of existing problems of oscillating ranks was not too uneasy [4].

The construction itself of many systems was such that they had oscillating solutions, the nature of
which was almost clear. The rise in these systems’ periodic solutions was visible by numerical analysis
when the numerical integration procedure of the trajectories permitted one to track from the little neigh-
borhood of equilibrium to a periodic trajectory [5,6]. A self-excited attractor’s basin of attraction interferes
with the neighborhood of an equilibrium point, whereas a hidden attractor’s basin of attraction does not
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intersect with the small neighborhoods of any equilibrium points, making it hard to find. The hidden
attractors are important in engineering applications [1,7-15]. Though most multi-spirals generations are
have been known for many years, it is only recently that they have been studied underneath the area of
bifurcation theory [14]. In all the multispirals previously familiar, the number of spirals (or scrolls) is a fixed
integer, whereas it depends on one or more discrete parameters after the rapid development in more than a
decade. In [14], the authors modified the model of discrete parameters by producing hidden bifurcations
and generating multispirals.

Thus, hidden bifurcation theory is instituted based on the hidden attractor theory introduced by Leonov
et al. [8,10]. In this work, the focus is on the study of paradigm hidden bifurcation in 2D grid scroll chaotic
attractors generated by saturated function series. In the work of Chen et al., a saturated function series was
suggested for generating multispiral chaotic attractors, including 1D n-scroll, 2D n x m-grid scroll, and 3D
n x m x l-grid scroll chaotic attractors [9]. Additionally, in order to find the hidden bifurcations, we fixed
D1, P2, and gy, g> and introduce the new control parameter € in the nonlinear part, governed by a homotopy
parameter € while keeping p1, p,, and q;, ¢, constant. The parameter € varies between 0 and 1, indicating
that when it takes the value 0, the non-linear part of the system (1-2-3) is unpaired and an attractor in the
form of a cycle is obtained, whereas when it takes the value 1, the attractor of the original system (1-2-3) is
found to be, with a number of spirals, m = (p; + g1 + 2) = (p> + g» + 2). Between these two values of €, the
number of spirals is increased in direct proportion to .

The aspects of this article are as follows: (i) the study of hidden bifurcation of 2D n x m-grid scroll chaotic
attractors via saturated function series with a method based on a homotopy parameter € while conserving the
number of scrolls constant [14]; the novel idea of controlling the parameter k3 harmonic linearization method
the spirals in 2 — Dn x m grid scroll chaotic attractors via saturation function series is introduced, which is
related to the behavior of spirals while taking one and two values of the parameter k;.

This article is organized as follows: in Section 2, we first present the model of 2D n x m-grid scroll chaotic
attractors generated by saturated function series proposed in [9], then we introduce the analytical-numerical
method for hidden attractor localization proposed by Leonov [10], Leonov and Kuznetsov [11], and finally we
introduce the Poincare map for harmonic linearization in vector case. Section 3 is devoted to the localization
of hidden bifurcations of 2 — Dn x m grid- scroll chaotic attractors via saturated function series. In addition,
we presented a new idea about controlling the parameter k3 harmonic linearization method of behavior of the
spirals, and we are given the results of the numerical bifurcation of the analysis. Finally, in Section 4, a brief
conclusion is drawn.

2 Analytical-numerical method for double-spiral chaotic attractors
from saturated function series

2.1 Double-spiral attractors generated via a saturated function series

In the following, to create a 2D n x m-grid scroll chaotic attractors [1], a saturated function series as a
controller is added to system 1 leading to [9], and see the Figure 1,

Figure 1: Graph of saturated function series for k = 9, h = 18.
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v, = Qg2 + Dk, v, = k(y — ihy) + 2ik,, y; = (2 + Dk, and y, = -2, + Dk,.
The parameters p1, qi, P2, 42, i, hy, and ki, k, are integers and a, b, c, d;, and d, are real numbers.
So, the number m of scrolls is defined as follows:

m

=+ @ +2)x P2+ q+2).

Forlq = k; = 50, h; = h, = 100, p; = p, = 1,and q; = ¢, = 0, a nine-scroll attractor is generated as the verged
attractor of system (1-2-3), see Figure 2.

2.1.1 Attraction basin of the nine spirals attractors

For our system (1-2-3), we have a (2p; + 2g; + 3) * (2p2 + 2g> + 3) equilibrium point situated along the
y-axis, which can be categorized into two different sets as follows:
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For all equilibria in two sets N, and M, are saddle points (for more information see [9] (Lii 2007)).
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Figure 2: Two-directional 3 x 3-grid scroll chaotic attractors for k; = k, = 50, h; = h, =100, p, = p, =1,g, =g, = 0.
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Figure 3: The attraction basin of 9 spirals attractors. (a) Attraction basin attractors cross section passing through four equi-
librium points (0, -50, 0), (0, -100, 0), (0, —-150, 0) and (b) attraction basin zooming in around (0, 100, 0) equilibrium point.

In this obstacle, we took p; = p> = 1and q; = ¢; = 0, so we have 25 equilibrium points that are unstable
points. Since all of the points in our system are unstable, we do not have any hidden attractors, which is
why we are interested in the attraction basin. We took some points as we saw that the same outcomes
appeared in all figures. The motion starting in these initial state regions is depicted by cyan color, which
will diverge from equilibrium points, while the yellow regions denote the attraction basin of chaotic
attractors (Figure 3).

2.2 Analytical-numerical method for attractors localization

Twelve years ago, Leonov [10], Leonov and Kuznetsov [11,13], proposed an effective method for the numer-
ical localization of hidden attractors in multidimensional dynamical systems. They improve this method,
especially for Chua attractors. In 2016, the method developed by Menacer et al. to discover hidden bifurca-
tions in the multispiral Chua attractor was published. For the search of periodic solution close to harmonic
oscillation, we consider a coefficient of harmonic linearization k; at like the matrix G, as:

% = Gx + 6¥(x™x), xeR3, ()

where G is a constant (n x n) matrix, § and k are constant n-dimensional vectors, T is a transposition
operation, W(¢) is a continuous piecewise-differentiable vector-function, and W(0) = 0. Consider a coeffi-
cient of harmonic linearization ks at like the matrix G, as:

GO =G+ k36KT (5)

which *iwg (wg > 0) eigenvalues the matrix Gy and the rest have negative real parts. We assume that such
I3 exists. Then, rewrite system 4 as follows:

dx _ Gox + 8p(x"x), (6)
dt
where p(1) = ¥(1) - kst. We introduce a fixed sequence of functions p°(1), p!(1), ..., p"(1) such that the graphs
of the neighboring functions pi(1) and p™*1(1), (i = 0, ...,n — 1) partly disagree from each other.
Suppose that the function p°(¢) is small, and p™(0) = p(¢). In this situation, the smallness of function
p°(1) allows one to apply the method of harmonic linearization for the system
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% = Gox + 6p°(xTx) 7

and determine a stable nontrivial periodic solution x°(t). In order to localize the attractor of system (5), put
up the numerical transformation of this periodic solution. As we obtain the primary condition x°(0) of the
periodic solution, system (7) can be changed by H(X = HY) to the form:
21 = —woz + vip°(z + C3TZ3)
2 = wozy + V(2 + €1 23) (8)
23 = AgZ3 + V3p0(21 + C}:TZg).
So z; and z, are scalar values; Z5 is an (n — 2)-dimensional vector, 15 and ¢; are an (n — 2)-dimensional

vectors; v; and v, are real numbers; and As is an (n — 2) x (n — 2) matrix, where all of its eigenvalues have
negative real parts. Supposed that, for the matrix A, there exists d; > 0 such that

ZI(As + ADZ3 < -2d51Z52 VY3 e R™2 9)

2.3 Poincare map for harmonic linearization in vector case

Define system (8) with ¢p = £p, where the parameter ¢ is (¢). Suppose, for the p(z),
oz - pz")| < Liz' - 2"| vZ',z" e R" (10)
is satisfied. In a phase space of system (8), we introduce the following formula:
Q={Z3| <M, 2z =0,z € [A, ]} (11)
Hither, M > 0, A; > 0, A, > 0. Introduce n-dimensional vector O,, (¢) as follows:

0(e)
On(e) =] : (12)
0(e)

By using the conditions (10) and (8) for the solutions with initial data from Q, we take out the formulas
z(t) = cos(wot)z(0) + O(e),
2(t) = sin(wot)z1(0) + O(e), (13)
Z5(t) = exp(At)Z5(0) + Op-2(&).
From relation (13), it follows that for any point z,(0), z,(0) = 0, and Z3(0) belonging to Q, exists a number
A = N(z1(0), 2(0)) = 211 / wo + O(¢) (14)
such as relations
zi(t) >0, 2z(t)=0, Vte(0,N) (15)
are not verified. Construct a Poincare map P of the list Q for the trajectories of system (8):
z(0), z(T),
P=] 0o, II=1 O, I (16)
2)(0). z)(T).
Introduce the describing function @ of a real variable ¢ as follows:

21 [ wo
D) = I py(cos(wot)r), (sin(wot), 0) cos(wot) + p,(cos(wot)t), (sin(wot), 0) sin(wpt) |dt. )
0
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From relation (13) and condition (10) for solutions of system (8), we obtain the following relations:

ly;(A)] < D, (18)
z3(A) - 23(0) = 2z1(0)e®(z,(0)) + O(e?). (19)
Theorem 1. If the inequalities
D) >0, D) <O (20)
are verified, then, for € > 0, we have
PQ c Q. (21)

From this theorem, and the Brouwer fixed point theorem, we have the following conclusions.

Theorem 2. If the inequalities (20) are verified, then, for € > 0, system (8) has a periodic solution with the
period as follows:

A =21/ w + 0(¢). (22)

This solution is stable in the sense that its neighborhood Q is mapped into itself: PQ c Q.

Theorem 3. If the conditions

dod(1r)
dt
are verified, then for € > 0 system with scalar nonlinearity has A periodic solution.

Do) =0, by

ey > O 23

2.3.1 Justification of hidden bifurcation in a 2D scroll via saturated function series (harmonic
linearization method in vector case)

The Theorems 1-3 were proved that the positive parameter iy is a solution for the function ® to find a
Poincare map [12].

The previous work [16] has proven a hidden bifurcation in multispirals generated by saturated function
series, which is similar to the method introduced by Menacer et al. [14] for Chua multi-scroll attractors. In
this work, we apply the above-described multi-step procedure for the localization of hidden bifurcation in
vector case (Poincare map harmonic linearization), and we developed for study a hidden bifurcation in 2D
scroll.

After a lot of calculation for our system (1-3), we found a field for the parameter ¢, (the solution),

L<lp< Db (24)

in this field, we noted that the last three theorems are satisfied. For our system, we took ¢, > 50 and ¢y < 10
in this field and the function @ has a solution.

3 Method for uncovering hidden bifurcations (2D scroll)

Theorem 2 can be used for looking hidden bifurcation with n x m-grid scroll chaotic attractors generated via
a saturated function series. In order to find a hidden bifurcation in a 2D scroll, the harmonic linearization
coefficient, ks, is essential. For this study, we rewrite the system 1-3 as follows:

dx

i Gx + 6¥(x'x), xeR3 (25)
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Table 1: Numerical results of 2D hidden bifurcations for p, = p, =1 and g, = g, = 0 (9 scroll)

Values of € 0.55 0.7 0.75 0.82 0.85 0.93
Number of spirals 2 4 5 7 8 9
Here,
O 1 O 0 -d,/b O
G=|0 0 1| ¢6=|o0 0 1
-a -b -c d; d, 0
010
K=[1 0 0}f.
010

Define the coefficient k3 and a small parameter €, then system (25) can be rewritten as follows:

% = Gox + 6gp(xTx), (26)

where

200 L n L L
-150 -100 -50 0 50 100 150

(c)

Figure 4: The increasing number of spirals of system (1-2-3) according to the increasing € values, when p, = p, =1 and
g, = g, = 0 for nine scroll, k3 = 0.3, k = 50, and h = 100. (a) Two spirals for € = 0.55, (b) four spirals for € = 0.7, and (c) five
spirals for € = 0.8.
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Figure 5: The increasing number of spirals of system (1-2-3) according to the increasing € values, when p, = p, =1andg, = g, = 0
for nine scrolls k3 = 0.3, k=50, and h = 100. (a) Seven spirals for € = 0.82, (b) eight spirals for & = 0.85, and (c) nine spirals fore = 0.94.

1/bksds 1 1/bksds
GO =G+ kgaKT = 0 0 1
k3d1 -a -b k3d1 -C

The transfer function Wg(s) of system (25) can be given as follows:

0 a/db - dis —dys
s> +cs2+bs+a s> +cs2+bs+a
(-dy/b)s? — (c/b)s — d, — dy -d;
Ws(s) =10 . 27
6(s) s> +cs2+bs+a s3+cs?+bs+a @
0 a/dzb—dls )
s> +cs2+bs+a s> +cs2+bs+a

From this transfer function W;(s), the following starting frequency wg and a coefficient of harmonic linear-
ization k3 are computed:

wy=6.8, k=03, and ki=0.17

3.1 Numerical result of hidden bifurcation in 2D scroll

The goal of this article is to study the hidden bifurcation in a 2D scroll, and we focused on the behavior of
spirals when we took one value for coefficient harmonic linearization and two values for coefficient har-
monic linearization for the solutions of system 26.
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Figure 6: The increasing number of spirals of system (1-2-3) according to increasing € values, whenp, =p, =1andg, =g, =1
for 16 scrolls, k3 = 0.3, k=50, and h =100. (a) Two spirals for e = 0.55, (b) four spirals for e = 0.7, and (c) six spirals fore = 0.8.

~—

3.1.1 One value for coefficient harmonic linearization

In the first, we took one value for the coefficient of harmonic linearization kj, so fora=b=c=d, =
d, = 0.7, k = 50, h = 100 and taking k3 = 0. 3'. Then, the solutions of system 26 are calculated by increasing
sequentially € from the value € = 0.55to € = 1, for p; = p, = 1, ¢; = g¢» = 0 for 9 scroll the initial conditions
given by,

X°(0) = -93.5056, y°(0) = 30.1536, z°(0) = 37.5733 (28)
and for p; =1, p, =1, ¢, = q; = 1 for 16 scroll the initial conditions given by
X°(0) = 51.2850, y°(0) = -63.5128, 2z°(0) = —8.2182. (29)

Using these initial data, the procedure described above in Section 2 produces the values of the parameter €
at the bifurcation points where the attractor increases the number of spirals from 2 to 9 spirals (16 spirals,
respectively), as shown in Table 1, in the following order: 2, 4, 5, 7, 8, and 9 (for 16 scroll, 2, 4, 6, 8, 10, 12, 14,
and 16) depending on the values of €, as shown in Figures 4-8.

Remark 1. In the case pl1 = p2 = 1; g1 = g2 = 1, 16 scroll the apparition behavior of spirals is even (two by
two) where the attractor increases the number of spirals from 2 to 16 spirals (2, 4, 6, 8, 10, 12, 14, 16), see
Table 2 and Figures 6, 7, 8.
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Figure 7: The increasing number of spirals of system (1-2-3) according to increasing € values, whenp, =p, =1andg, =g, =1
for 16 scrolls, k3 = 0.3, k = 50, and h = 100. (a) Eight spirals for € = 0.55, (b) ten spirals for £ = 0.829, and (c) twelve spirals
fore =0.8.

200 T T T 250
150 200
150
100
100
50
50
> 0 > 0
50 -50
-100
-100
-150
-150
-200
200 " " " n 250 " " " " " L n L L
-200 -150 -100 -50 0 50 100 150 200 -250 -200 -150 -100 -50 0 50 100 150 200 250
X X

(a) (b)

Figure 8: The increasing number of spirals of system (1-2-3) according to increasing € values, when p; = p, =landg, =g, =1
for 16 scrolls, k3 = 0.3, k =50, and h = 100. (a) Fourteen spirals for € = 0.865 and (b) 16 spirals for € = 0.94.
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Table 2: Numerical results of 2D hidden bifurcations for p, = p, =1 and g, = g, = 1 (16 scrolls)

Values of € 0.55 0.7 0.8 0.829
Number of spirals 2 4 6 8
Values of € 0.83 0.86 0.865 0.94
Number of spirals 10 12 14 16
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-150 . . » . -150
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150 200
X X
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-150 -100 -50 0 50 100 150 200
X
(c)

Figure 9: The increasing number of spirals of system (1-2-3) according to increasing € values, when p; = p, =0andg, =g, =1
for nine scrolls, k5 = 0.3, k=50, and h = 100. (a) Five spirals for € = 0.8, (b) seven spirals for € = 0.82, and (c) eight spirals for
£ = 0.85, in symmetry with the increasing number of spirals according to increasing € values, whenp, = p, =1andg, = g, = 0.

Table 3: Numerical results of 2D hidden bifurcations for p, = 1, p, = 1, and g, = g, = 1 for the second case (16 scrolls)

Values of € 0.55 0.85 0.867 0.873 0.9 0.915 1
Number of spirals 4 6 8 10 12 14 16

Remark 2. In the case p1 = 0, g1 =1, p2 = 0, g2 = 1, the apparition behavior of spirals is different on the
case(right) p1 = 1,91 = 0, p2 = 1, g2 = 0, from these numerical results, it appears clearly that there exists
some symmetry in the five, seven and eight spirals such as hidden bifurcation routes we studied in [16] see
Figure 9.
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Figure 10: The increasing number of spirals of system (1-2-3) according to the increasing € values, when p; = p, =1 and
g, = q, = 1 for 16 scrolls, k3 = 0.3 and k3" = 0.17, k = 50, and h = 100. (a) Four spirals for € = 0.55, (b) six spirals for € = 0.85,
(c) eight spirals for € = 0.867, and (d) ten spirals for € = 0.873.

3.1.2 Two values for coefficient harmonic linearization

We took two values of the coefficient of harmonic linearization k3 where k3’ = 0.3 and K} = 0.17, then, the
solutions of system 26 are calculated by increasing sequentially € from the value € = 0.55 to € = 1.

The results about the behavior of points bifurcations each spiral genesis in the cell (oblong) and the
appearance of points bifurcation organized two-by-two-in all number of the scroll. For this purpose, we
studied a 16 scroll for p; = 1, p, = 1, ¢1 = g> = 1, we noted that the differences in the first spiral were that, in
the first case, the first step (spiral) began with two spirals, whereas in the second case, the first step began
with four spirals. The second difference in eight spirals is that, in the first case, the spiral number 8 has
come up on top, not down as it is imposed, whereas in the second case, the appearance of two spirals to
complete eight spirals is organized for building an oblong. The third difference in 14 spirals is that, in the
first case, the behavior of two spirals from 12 to 14 spirals one up and then down just in the left side, whereas
in a second case the behavior of two spirals from 12 to 14 spirals one up and then down in both sides (left
and right), and we noted the other difference in values of €, which is explained in Table 3 and Figures 10-14.

Remark 3. In our results, we noted that the coefficient harmonic linearization controlled the apparition
behavior of hidden bifurcation, and in the case of two values for the coefficient harmonic linearization, we
noted that it organized the apparition behavior of the hidden bifurcation better than the first case.
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Figure 11: The increasing number of spirals of system (1-2-3) according to increasing € values, whenp, = p, =1andg; = g, = 1
for 16 scrolls, k3 = 0.3, k3’ = 0.17, k = 50, and h = 100. (a) Twelve spirals for € = 0.9, (b) 14 spirals for € = 0.915, and (c) 16
spirals for € = 0.96.
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Figure 12: The comparison between the behavior of spirals of system (1-2-3) according to increasing € values, when p, = p, = 1
and g, = g, = 1 for 16 scrolls in two cases. (a) Two spirals for £ = 0.55 for one value for coefficient harmonic linearization
ks = 0.3 and (b) four spirals for € = 0.55 for two values of coefficient harmonic linearization k3 = 0.3 and k3" = 0.17.
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Figure 13: The comparison between the behavior of spirals of system (1-2-3) according to increasing € values, whenp, = p, = 1
and g, = g, = 1 for 16 scrolls in two cases. (a) Eight spirals for £ = 0.829 for one value of coefficient harmonic linearization
ks = 0.3 and (b) eight spirals for € = 0.867 for two values of coefficient harmonic linearization k3 = 0.3 and k3’ = 0.17.
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Figure 14: The comparison between the behavior of spirals of system (1-2-3) according to increasing € values, when p, = p, = 1
and g, = g, = 1 for 16 scrolls in two cases. (a) Fourteen spirals for € = 0.865 for one value of coefficient harmonic linearization
k; = 0.3 and (b) 14 spirals for € = 0.915 for two values of coefficient harmonic linearization k3 = 0.3 and k3’ = 0.17.

4 Conclusion

This article has initiated the behavior of hidden bifurcation in scroll via a saturated function series con-
trolled by the coefficient harmonic linearization method, where a saturated function series approach is used
for generating multi-scroll chaotic attractors, including 1D-scroll, 2D-grid scroll, and 3D-grid scroll attrac-
tors [9] from a given 1D-2D linear autonomic system with a saturated function series as the controller. In
particular, a 2D Poincaré return map has been harshly structured to fulfill the chaotic behaviors of the
double-scroll attractor. The method used is similar to the one presented by Leonov [10] and Leonov and
Kuznetsov [11]. Such hidden bifurcations were first uncovered in 2016 for Chua multi-scroll attractors,
which depend on a discrete parameter [14]. The novelties that this article introduces are (i) the model
hidden bifurcation in a 2D scroll via saturated function series and (ii) controlling the behavior of a hidden
bifurcation by the value of coefficient harmonic k;.
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