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Equilibria are a class of attractors that host inherent stability in a dynamic system. Infinite
number of equilibria and chaos sometimes coexist in a system with some connections. Hidden
chaotic attractors exist independent of any equilibria rather than being excited by them. How-
ever, the equilibria can modify, distort, eliminate, or even instead coexist with the chaotic
attractor depending on the distance between the equilibria and chaotic attractor. In this paper,
chaotic systems with infinitely many equilibria are considered and explored. Extra surfaces of
equilibria are introduced into the chaotic flows, showing that a chaotic system can maintain its
basic dynamics if the newly added equilibria do not intersect the original attractor. The offset-
boostable plane of equilibria rescales the frequency of the chaotic oscillation with an almost
linearly modified largest Lyapunov exponent or conversely drives the system into periodic oscil-
lation, even ending in a divergent state. Furthermore, additional infinite number of equilibria
or even a solid space of equilibria are safely nested into the chaotic system without destroying
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the original dynamics, which provides an alternate permanent location for a dynamical system.
A circuit simulation agrees with the numerical calculation.

Keywords: Chaotic attractor; infinite equilibria; offset boosting.

1. Introduction

Equilibrium points play an important role in non-
linear dynamical systems, which drive the system
into various states. However, it appears that chaotic
attractors can be independent of the equilibria in

the case of a hidden attractor [Leonov & Kuznetsovl,
IZQHEJ;_LanALQt_aU 2011, 12012, 12015 Zhang &

Wang, M] Chaos exists in dynamical systems

with no equilibria [Zh 2018; Jafari &
oo e dhoucf-4l, g Setel ¥
2016; Jafari et all, 20164], with only stable equi-
libria [Molaie & Jafari, lzmj Wang & Cherl, lzmd
MMQM__

Chen, [2008]. with line equilibria [Ma et _al. Img Li
et al.,

|2M Li et alJ 212 5H vvlth planes of equilibria
ﬂEkmg&:L&_Bm@ Izmd Bao et all, 2017: Jafari
et al., ‘m; , m
or even with any number of equilibria [Wang &
Chen, 2013]. Even when unstable equilibria exist,
the initial condition in the neighborhood of the
equilibria may instead lead to an alternate third
chaotic state |Li et all, [20174; ILi et all, IZMS] All
of the chaotic attractors identified in the above cases
are hidden attractors [Leonov & Kuznetsov, 2013b;
Leonov et all, 2015; Zhang & Wang, [20l9_al] These
hidden chaotic attractors share a common feature
in that their basins of attraction do not cover or
cross the neighborhood of the existing equilibria.
Furthermore, chaos can coexist with infinitely many
equilibrium points when a periodic function is
introduced to construct infinitely many attrac-
tors based on initial-condition-based offset boosting
ﬂKuzu_Qtsmu_t_aU, [2Q13; IB_a.Q_Qt_CLU, [21116; lLiJz_t_aLL
2018b; [Lai & Chen, 2016; Zhang & Wang, 2019h)].
Chaotic systems with surfaces of equilibria have
various mechanisms, some of which are induced by

dimension redundancy [Bao et all, IZDH], a precon-
straint |Jafari et all, 2016}], or even time rescal-
ing |Li & Sprott, 2017]. In fact, function-based time
rescaling produces a mixed effect of frequency mod-
ification and bifurcation control when the surfaces
of equilibria are introduced by a function. Chaotic
systems with surfaces of equilibria have other

possibilities for hosting infinitely many equilibrium
points, including other types of surfaces, lines of
equilibria, and even a solid space of equilibria if
they do not intersect or conflict with the previ-
ously existing attractors. In this paper, from the
newly found chaotic flows with surfaces of equilibria
Jafari et all, IZ)EL”, additional cases with infinitely
many equilibrium points are derived and explored
when new functions are introduced. In Sec. [, the
derived chaotic systems with surfaces of equilibria
are listed with a basic dynamical analysis. In Sec. 3]
from a systematic bifurcation analysis, it is shown
that the newly introduced functions cause a time
rescaling, and the fundamental dynamics of those
cases with infinitely many equilibria depend on the
core system rather than the newly attached equilib-
ria. Electrical circuit simulation described in Sec. @
confirms the findings from numerical simulation. A
discussion and conclusion are presented in the last
section.

2. Chaotic Systems with Infinite
Equilibria

Based on the newly found simplest chaotic flows
with surfaces of equilibria [Jafari et all,[2016d], addi-
tional surfaces are considered to introduce extra
equilibria, as shown in Table [[l Here, to employ
a compatible differential equation, the function f;g
represents the original flows proposed in the ref-
erence |Jafari et all, 2016d], while f;; are the func-
tions added to construct other chaotic systems with
new surfaces of equilibria. The Lyapunov exponents
and Kaplan—Yorke dimensions are calculated from
initial conditions close to the attractor, which are
close to those of the original chaotic systems. In the
reference |Jafari et all, [2016d], an exhaustive com-
puter search was performed to seek elegant dissipa-
tive cases for which the largest Lyapunov exponent
is greater than 0.001, where the simplest candidates
for the surface f(z,vy,z) are simple planes (a single
plane, two orthogonal planes or even three orthog-
onal planes) or other standard quadrics (ellipsoids,
hyperboloids, and paraboloids). In Table[Il we show
that different equilibria can be introduced into the
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Table 1. Chaotic systems with surfaces of equilibria.
Cases | System Structure Introduced Functions Surfaces of Equilibria LEs Dgvy | (zo0,y0,20)
&= fij x (y) 0.0071 6
ES1 | 9= fij x (2) fio ==z (ESla) (0,9, 2) 0 2.0065 0
i = fij x (—z +ay® — zz) —1.0864 -1
0.0394
a=154 fii=1+2%2—y> (ES1b) -2t =1 0 2.0065
—6.0477
0.0427
fia =z4+22+4y% (ESlc) 2?4ty =2 0 2.0066
—6.4770
0.0183
fiz=z+2%—y? (BS1d) 2 —a?=2z 0 2.0065
—2.8219
&= fij x (y) 0.0644 0.15
ES2 | g=fij x (—z+az) foo =z (ES2a) (0,9, 2) 0 2.0778 0
2= fij x (by? — x2) —0.8279 0.8
L 0.0830
b3 for =2 (ES2b) (x,y,0) 0 2.0778
—1.0662
0.045417
fao =xz (BS2c) (0.3,2) 0 2.0777
(z,9,0)
—0.58463
0.16203
faz =1+2% —y% (ES2d) -zt =1 0 2.0778
—0.2083
0.18284
foa =z + 2%+ 4% (ES2e) 2 +y? =2 0 2.0779
—2.3481
0.1398
fos =z + 2% —y?  (ES2f) yP—a? ==z 0 2.0779
—~1.7931
&= fij x (y° + axy) 0.0661 0.87
ES3 | y=fij x(=2) fzo =z (ES3a) 0,y,2) 0 2.0397 0.4
z= fij x (b+zy) —1.664 0
2.3995
=2 fo =381 —a® =y = 2% |, ty2+22=3481| o0 2.0397
b=1 (ES3Db)
—60.4616
s 2.1569
fs2 = 3025 =2 —y 22 4 y? = 30.25 0 2.0397
(ES3c)
—54.3899
) ) 0.0640
fas =1+~ 0.3460y 0346042 — 2> =1 | 0 2.0397
(ES3d)
~1.6154
(Continued)
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Table 1. (Continued)
Cases | System Structure Introduced Functions Surfaces of Equilibria LEs Dgvy | (z0,v0,20)
&= fij x (=y) 0.0560 0
ES4 ¥ = fij x (. +2) fi0 =z (ES4a) (z,9,0) 0 2.0516 0.46
2= fi; x (ay® + 22— b) —1.0855 0.7
) ; 2 0.2330
a = =z xT
i Y 2%+ y2 =—z 0 2.0518
b=0.35 (ES4b)
—4.3048
&= fij x (—az) 0.1242 1
ES5 CON 2 (07 Y, Z)
g = fij x (b4 2" — xy) fs0 =xy (ES5a) (2.0,2) 0 2.0677 1.44
xr,U,z
2= fij x (2 - 2y) —1.8356 0
0.0987
a=04
) fs1 =z (ES5b) (0,9, z) 0 2.0677
B —1.4578
0.2613
fso =y (ES5c) (2,0, 2) 0 2.0675
—3.8683
; 2 0.2613
3=z+x
53 Y 2?4y’ =2 0 2.0675
(ES5d)
—3.8683
0.1819
2, .2, .2
= -1
foa ="y 4z Py’ 2= 0 2.0675
(ES5e)
—2.6959
PR 0.1642
=Ty 22 4+y2=1 0 2.0678
(ES5f)
—2.4219
&= fij X (y + ayz) 0,y,2) 0.0294 1
ES6 | §=fi; x (bz+y>+c2?) | foo =ayz (ES6a) (2,0, 2) 0 20725 | 1.3
z=fij x (22 —4?) (z,y,0) —0.4051 -1
a=2 0.1867
c="T —2.5693
0.2327
fe2 = —y (ES6c) (2,0, z) 0 2.0727
—3.2026
0.0385
fos = —=» (ES6d) (2,9,0) 0 2.0725
—0.5311
0.2080
(0,9, 2)
foa = —xy (ES6e) 0 2.0726
(z,0,2)
—2.8649
ety 2.3535
0 = 2T Y 2+ y2 =—z 0 2.0726
(ES6f)
—1.3994
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Table 1. (Continued)

Cases | System Structure Introduced Functions Surfaces of Equilibria LEs Dgvy | (z0,v0,20)
i = fij x (ay) 0.0113 0
. f70:1*m2*112*22 2 2 2
ES7 ¥ = fij x (z2) (ESTa) ¥ty +z2z7=1 0 2.0119 0.1
= f” X (72 — x2 — byz) —0.9501 0
o gy 0.0115
“=r ne=imr Ty 242 =1 0 2.0119
b=6 (EST7b)
—0.9654
o1t a? g 0.0124
rEaTE Y 2 oa?=1 0 2.0119
(BSTc) 1.0416
@ = fi; x (az +y?) s s 0.0323 0.24
. 2 fso=1—2"—y" —z2 2, 2, 2
ES8 Y= fij x (—y +bx~) (ES8a) Tty +2°=1 0 2.0338 0.2
a
z= fij X (—zy) —0.9552 0
0.0330
S22
Js1 vy 22 +y2=1 0 2.0339
b=5 (ES8b)
—0.9733
f 1422y 0.0348
s2= ey v -2 =1 0 2.0339
(ES8c) 1.0261
&= fij x (y° — azy) a2 0.0388 0.06
ES9 | 9= fij x (x2) foo=1-a"-y 2 4y?=1 0 2.0321 0
) (ES9a)
for = 0.0028
no (0,9,2) 0 2.0318
b=17 (ES9Ob)
—0.0875
PR 0.0399
o2 = e Y a1 0 2.0320
(ES9c) 1.2485
@ = fij x (a—2%) . 0.0420 0
. floo=1+2"—y 2 9
ES10 | 9= fij x (z2) y -z =1 0 2.1883 —0.08
(ES10a)
z2 = [fij x (y + bxz) —0.2330 0
0.0316
=0.1 =1-22—y?2 -2
“ f101 R R (P S S 0 2.1891
b=1 (ES10b)
—0.1671
P 0.0364
102=2=% Y 2 +y2=1 0 2.1879
(ES10c)
—0.1938
(Continued)
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Table 1. (Continued)

Cases | System Structure Introduced Functions Surfaces of Equilibria LEs Dgvy | (z0,y0,20)
&= fij x (yz) ; s 0.0283 0.46
ES11 | 9 = fi; x (z — azz) 10 =2+ 4y 22 +y?=—z 0 2.0458 0
5 (ES11a)
2= fij x (x—b2?) —0.6171 0.8
0.1033
=4.84 — a2 —y? — 22
N SR - I S V! 0 2.0458
b=0.6 (ES11b)
—2.2565
; La? 0.1047
=4 — x° —
11,2 Y 22 +y? =4 0 2.0457
(ES11c)
—2.2891
; La? 095, 0.0375
= x” —0.
11,3 Y 0.25y2 — 22 =1 0 2.0458
(ES11d)
—0.8180
&= fij x (yz) S 0.0068
ES12 | = fij x (—az) fizo=z+2"—y L 0 2.0135 0
) (ES11a)
z=fij x (-2 +by” +xz) —0.4998
o ; L 0.0165
a=0. = z2 —
12,1 Y T 0 2.0135
b=6 (ES12b)
—1.2226
; 2 0.0080
=z X
12,2 Y 22+ y2 =—z 0 2.0136
(ES12c)
—0.5907
same core structure, including simple planes, a fs10 = (2 + 22 +y?)(1 + 2 — 0.3906y%),
sphere, a circular cylinder, a hyperbolic cylinder, 9 9
a paraboloid, and a saddle surface. All of the intro- fsn = wy(z + a7 +y7),
duced equilibria exist outside the attractor without foaz = zy(l + 22 — 0.3906y2),

influencing the basic dynamics. For systems ES3b,

ES3c, ES11b, and ESllc, the minimum radii are fs13 =z(z+ 22 + 92 (1 4 2% — 0.3906y2),
5.9, 5.5, 2.2 and 2, respectively. The corresponding 9 9 9 9
typical attractors with their corresponding equi- fsna=y(z +a” +y ) (1 +27 —0.3906y") and
libria are solved by the fourth-order RungefKutta fous = zy(z + 22 + y2)(1 + 22 0.3906y2);
method based on Matlab and are shown in Fig. [Il

The time step is 0.005, and the data is 64-bit float-  correspondingly, the derived systems share more
ing point number. than one surface of equilibria, as shown in Fig. [2

In fact, different equilibria can coexist in the Offset boosting [Li et all. 2019: ILi_et ql!. 20184 Li
et al., 2017 can be applied to the original system
to shift the attractor in case it touches the surface
of equilibria.

In an extreme scenario, the expanded equilibria
fo6 = x(z + 2% + ), can form a solid space. Taking ES8 as an example;
except for the isolated original equilibrium point,

same system if they do not intersect the attractor.
For example, for the case of ES5, the newly intro-
duced functions can be:

2, .2
s =y(z+2"+y7), new functions can be introduced to embed infinitely
= z(1+ 2% — 0.3906y?), many surfaces of equilibria and even a solid space.
As shown in Table 2] the new function ¢(z) can
fso =y(1 + a? - 0-390692)7 be defined to introduce the equilibria of the solid

2130014-6
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Fig. 1. Typical phase trajectories of the cases in Table[l] (a) ES1b, (b) ES2f, (c) ES3c, (d) ES4b, (e) ES5d, (f) ES6e, (g) ESTb,
(h) ES8c, (i) ES9c, (j) ES10b, (k) ES11d, and (1) ES12b.
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Fig. 2. Coexisting surfaces of equilibria and chaos in the case of ES5: (a) f510, (b) f5,11, (¢) f5,12. (d) f5.13, () f5,14 and
(£) f5,15.

Table 2. Chaotic flows induced from ES8 with a solid space of equilibria.

Case | System Structure Introduced Functions Surfaces of Equilibria (%0, Y0, 20)
b= ? 0.24
T = f;; X (az +
Bss | &= i (az+y )2 fs3 = pl—(z +0.6)] (ES8d) ©< 06 o
g = fij x (—y +bz”) .
2= fij x (-zy) fsr = @[0.04 — (24 0.6)% — 2 — (2 4+0.6)?2 | (@+0.6>+y*+(24+06)* | 0
(ES8e) < 0.04
o=t 2 2
b=5 fss = ¢[0.04 — (z +0.6)2 —y?] (ESSf) (x4 0.6)* +y* < 0.04
2 2
fs6 = ¢[-(1+2? —y?)] (ES8g) yP—a®>1

2130014-8
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Therefore, a cubic, sphere, cylinder, or even a hyper-
boloid space of equilibria can be planted into the
body of chaotic systems, whose phase trajectories
and equilibria are shown in Fig. Bl Furthermore,
if f;; = 1, all of the core systems share the same
shapes of the chaotic attractor.

Similarly, lines of equilibria can be introduced
in chaotic systems. Taking ES5 as an example,

T =z X (—az)
g=yx (b+2*—ay) (2)
2=y x (2% — xy)

Fig. 4.

Coexisting Infinite Equilibria and Chaos

0.2

WO Fomea s r -0.2
1 0
4 06 X

Coexisting solid space of equilibria and chaos in the case of ES8: (a) ES8d, (b) ES8e, (c) ES8f and (d) ES8g.

& =sgnlz(x +1)] x (—az)
g=senlyly+1)] x (b+22—zy)  (3)
¢ =sgnly(y +1)] x (a? — zy).

The corresponding phase trajectories are shown in
Fig. @ Here, in the above systems (2)) and (3)), the
newly introduced functions in three dimensions are
different, and usually the signum function is used
to remove the amplitude information

M] Surfaces of equilibria can be introduced to
the chaotic flows with a line of equilibria [Jafari &
Sprott, IZDJELH] Taking LE1 as an example,

& =gix(y),
y=gix (—z+yz), (4)
Z=g; X (—r — axy — bxz).

4_1______ — -\.\\

2| \
N 0]

2]

4 -

4 S N\

0 AL e L I N
" 2 5 0 2 4
X
(b)

Coexisting lines of equilibria and chaos in the derived system of ES5: (a) System () and (b) system (B).
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Fig. 5.
22 + 4% =1 and (d) surface y% — 22 = 1.

When g; = 1 — 2,1 — 22,22 + 9% — 1,1 + 22 — 32,
coexisting surfaces of equilibria are introduced in
the chaotic flow with a line of equilibria, as shown

in Fig. Bl

3. Frequency Control and
Dynamical Analysis

As conjectured, the derived flows with different
types of equilibria exhibit almost the same funda-
mental dynamical behavior. The introduced equi-
libria result from the unified functions in all dimen-
sions. Generally, for a dynamical system such as

X:F(X), X = (371,372a~'7xn)T7
F = (flanv”'afn)T’
X = (@1, d9,...,dn)"

_ (o dee o dz)
S\ dt dt’ T dt ’

a positive real constant ¢ in the differential equa-
tion X = ¢F(X) only introduces a time scaling
since the transformation t — % can restore the
equation to its original form. The function in the
equation X = ¢(X)F(X) produces a surface of

equilibria g(X) = 0 and simultaneously modifies

Coexisting line and surface of equilibria and chaos of system (@): (a) Surface x = 1, (b) surface x = £1, (c) surface

the frequency and revises the dynamics accordingly.
Taking system ES5 as an example, the projection of
the chaotic attractor is located in the first quadrant
in the z—y plane; therefore, we introduce a flexible
offset-boostable plane in the core structure ES5 as
follows:

&= (x—d)x(—az)
j=@-dxb+2-a) ()
= (z—d) x (2% — 2y).

When the distance between the attractor and the
plane x = d varies, the frequency of the chaotic
oscillation is nearly linearly rescaled, and finally, the
system ends in a limit cycle as shown in Fig. [6l
Another plane y = d produces the same influence
as shown in Fig. [ when it is introduced in the core
system ES5:

&= (y—d) x (—az),
g=(y—d)x (b+2*—uy), (6)
2= (y—d) x (2% — 2y).

The effect of the surface of equilibria can be clearly
identified by the offset d in the function f = x —
d. When the offset d increases from —2 to 0.8,

2130014-10
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d

Dynamical evolution of system (B) under the plane of = d: (a) Lyapunov exponents and (b) bifurcation diagram.

Fig. 7. Dynamical evolution of system (@) under the plane of y = d: (a) Lyapunov exponents and (b) bifurcation diagram.

systems () and (@) remain dominantly chaotic with
linearly rescaled Lyapunov exponents and finally
end in a periodic oscillation. A larger Lyapunov
exponent indicates a high frequency as shown in

- d=-10

3

25

> 2
1.5

1

35

Fig. B The effect of the frequency rescaling can be
enlarged by the power function. When f = z, 22, x3,
the frequency is modified in the positive correla-

tion shown in Fig. [ The offset in the z-dimension

Fig. 8. Phase trajectory of system (@) with a = 0.4 and b =1 in the  — y plane: (a) d = —10 and (b) d = 0.1.

=

10 =X
_MS

¥ L
n —_—
o | (b)
200 0 20 40 60 80
t fiHz
Fig. 9. Frequency rescaled by power functions in system ES5 with a = 0.4 and b = 1: (a) Chaotic signal of z(¢) and

(b) frequency spectrum of z(t).

2130014-11



C. Li et al.

x(t)

15
—f=|z|+3
10 f=z+3 5
— f=(243)
&
k=]
. . (a)
0 100 150 200 0 20 40 60 80
t fiHz

Fig. 10. Frequency rescaled by other offset-boosted planes in system ES5 with a = 0.4 and b = 1: (a) Chaotic signal of z(t)

and (b) frequency spectrum of z(t).

0 ——v—"F" —r
1 !
w 0.5
w
]
-1
Ly _‘,',,I‘.._‘__
-1.5 b
0.1 0.2 0.3 0.4
a a
(a) (b)
Fig. 11. Lyapunov exponents and bifurcation diagram of chaotic system ES5a.
1.2 1.4
1.1 1.2
> > \
1 1 \
¢ | e = \
ES5b:a=0.1 0.8 ES5b:a=0.1514
0.8 ES5d:a=0.1 ’ ES5d:a=0.1519
0.9 1 T 1:2 0.8 1 1.2 1.4
X X
(a) (b)
1.6 2 -
1.4 y
1.5
1.2
> > —
0.8 |—ES5b:a=0.1983 —ES5b:a=0.2754
0 ES5d:a=0.1981 0.5| ES5d:a=0.2699
0.8 1 1.2 1.4 0.5 1 1.5 2
X X
(c) (d)
Fig. 12. Simultaneously appearing periodic oscillations in systems ES5b and ES5d.
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can also produce surfaces of equilibria when f =
|z| +3, 2+ 3, (2 + 3)2, providing frequency rescaling
as shown in Fig. [0

For the fixed surfaces of equilibria, taking ES5
as an example, all of the systems exhibit a simi-
lar period-doubling bifurcation as shown in Fig. [Tl
Specifically, limit cycles appear almost in the same
periodic windows. Period-1, period-2, period-4, and
period-3 cycles appear simultaneously in systems
ES5b and ES5d as shown in Fig. Furthermore,
it is found that many of these cases with surfaces of
equilibria exhibit the same fundamental dynamics
when the equilibria are removed.

4. Circuit Implementation

To verify the chaotic flows with surfaces of equilib-
ria, electrical circuit simulations were carried out as
follows. Taking system ES5Hd as an example, a cir-
cuit schematic is designed as shown in Fig. [[3] and
the circuit equation is

Coexisting Infinite Equilibria and Chaos

j =[x i <i+iz2—ix>
y RyCy \ R11  Rg Ris v)

z=fx Fig <ix2—ix >
Ri6C3 \ Ri5 Rig V)

Ry R 5, Rz )

>+

x + z
R5Rao RigRo1 Y Ri7Rq9

J = Ry <
(7)

Here, the parameters are set as Ry = Ry = Ry =
Rs = R¢ = Ry = Ry = Rg = Ryp = Ri1 =
Ry = Ri3 = Riy = Ri5 = Rig = Ri7 = Rig =
R19 = RQQ = Ro1 = Roy = 10kQ, Ry = 4 k) and
Cy = Oy = (3 = 100nF. Small capacitor values
are selected for suitable time rescaling. The initial
values are 1V, 1.44V, and 0V, respectively. All the
operational amplifiers are LM741H, which are pow-
ered with Voo = 15V and Vgg = —15V. For the

R5
» T
10kQ
100nF y
A7 n Y A5 R2210kQ
= 21C=1.44V | R10 R6 T T
'i,( 10kQ v oy R2110ko
1VIV OV
A6 R19 10kQ
sl
1VIV OV
A8 T
Yo R17
-x: D R18 10kQ 10kQ
VIV OV
A9
yeor—
e R15 10kQ
1VIV OV

Fig. 13.

Circuit schematic of system ES5d.
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| Oscilloscope-xsc % | Oscilloscope-XSC3 x

(a) (b)
‘:;:: e == - M
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multiplier, the scaling parameters are A1 = Ay =  phase trajectory of system ES5d on the oscilloscope
As = Ay = A5 = 1V/V. The newly introduced  is shown in Fig. 4l
equilibria become a “wall” of multipliers, which To observe the influence of the distance between
introduces feedback into the core structure. In fact, = the surface of equilibria and the attractor, an
this wall of equilibria does not influence the attrac-  offset-boostable plane is introduced in the core

tor while providing a new parasitic position for the  system ES5. The corresponding circuit schematic
system when the initial conditions are present. The  is designed as shown in Fig. [[5, and the circuit
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equation is
. Ry 1
T=fx RiCh <—R—32),

y=fx

(

Ry ( 1 . 1 5 1 >
—+ —2"— —uay |,
RyCy \ R11  Rs Ris Y

z=fx Hus <L$2—Lx )
Ri6C3 \ Ri5 Rig v)

Here, the parameters are set as Ry = Ry = Ry =
Rs = R¢ = Ry = Rg = Rg = Ryp = Ry =
Ris = Ri3 = Ry = Ri5 = Rig = Rir =
Rig = Rig = Ry = IOkQ,RQ = 4kQ and
Cl = CQ = Cg = 100nF. Select R19 = R20 = RQQ =
1002 and Rig = Rog = Roy = 1k for different
offset-boosting. As shown in Fig. B it is clear that
the frequency of the chaotic attractor of system ([
is modified accordingly. A larger offset produces a
higher frequency as shown in Fig.

5. Conclusion and Discussion

Chaotic systems with infinitely many equilibria are
discussed in this paper. Specifically, extra functions
are introduced in the differential equation in a uni-
fied or slightly different manner to construct lines,
surfaces, or even a solid space of equilibria. Follow-
ing this method, additional cases of chaotic sys-
tems with surfaces, lines or even a solid space of
equilibria are constructed based on the previously

. tigger
Trigger
ege: [F] YV |[] 0] e
o G

et
wi s [wa] am | e [Ee e [E] T T

Phase trajectory of system (Bl) on the simulated oscilloscope in the z—y plane: (a) Rjg = Rgop = R = 1kQ, and
Viqa = —10 and (b) R19 = Rog = R = 1001, and V5 = 0.1.

found elegant flows. In fact, if the surface does not
intersect the existing attractor in the core struc-
ture, any desired equilibria of a particular type can
be introduced into the core structure. Note that for
considering dynamical systems generated by ODEs,
their limit objects (like attractors) and limit quan-
tities (like LEs and Dgy) should be investigated,
and one should study the existence and uniqueness
of ODE solutions and extensibility of these solu-

tions over time to positive infinity [Kuznetsov et all,
2018; [Leonov et _all, 12015]. In this work many of

those induced systems are artificially constructed
with continuous yet nonsmooth functions in their
right-hand side (such as the function in Eq. (), or
the absolute value function) and even discontinu-
ous signum functions, further investigation on Lip-
schitz condition or the boundedness of solutions is
suggested in the future for ensuring that the ODEs
indeed generate dynamical systems.
Offset-boosting makes the surface farther from
or closer to the attractor in the core system, pro-
viding time rescaling, which influences the fre-
quency without changing the basic dynamics.
Newly equipped surfaces of equilibria can be intro-
duced and superimposed, which provides an addi-
tional parameter to vary. A bifurcation analysis
shows that the fundamental dynamics are almost
independent of the newly introduced infinite equi-
libria in some circumstances. Dynamical maps
or basins of attraction analysis are suggested to
enhance this claim for further exploration. The cir-
cuit simulations agree with the numerical simula-
tion. The possible practical application of the devel-
oped systems is that in such systems those newly

2130014-15
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equipped surfaces of equilibria can be applied for
controlling the system to various stabilities.
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