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ABSTRACT. In this paper, we study the effect of delayed feedback on the
dynamics of a three-dimensional chaotic dynamical system and stabilize
its chaotic behavior and control the respective unstable steady state. We
derive an explicit formula in which a Hopf bifurcation occurs under some
analytical conditions. Then the existence and stability of the Hopf bi-
furcation are analyzed by considering the time delay 7 as a bifurcation
parameter. Furthermore, by numerical calculation and appropriate as-
certaining of both the feedback strength K and time delay 7, we find
certain threshold values of time delay at which an unstable equilibrium
of the considered system is successfully controlled. Finally, we use nu-
merical simulations to examine the derived analytical results and reveal
more dynamical behaviors of the system.

Keywords: Chaotic system, Chaos control, Time-delayed feedback, Sta-
bility, Hopf bifurcation.
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1. Introduction

Chaotic systems are nonlinear deterministic systems which can display com-
plex and unpredictable behaviors. These systems are recognized by some spe-
cial characteristics such as aperiodic solutions, positive Lyapunov exponents as
well as high sensitivity to the variations of their initial conditions and system
parameters [1,3,15,19].

In recent years, the themes of analyzing chaotic systems and chaos con-
trol are growing with wide theoretical and practical applications in different
scientific fields [10,25]. For instance, some of their applications are found in
secure communication, information processing, intelligent controls, power sys-
tems, liquid mixing, laser physics, nonlinear circuit, active wave propagation,
biology, chemistry, mathematics, ecology and economy [3,5,15,19].

In the discussion of chaos control, elimination of the chaotic behavior is its
main target in order to stabilize the chaotic system towards either a periodic
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orbit or at one of the system’s equilibrium points [9,12,23,26]. There are sev-
eral control techniques which have been developed, such as impulsive control,
passive control, optimal control method, traditional linear and nonlinear con-
trol methods, fuzzy control methods and many others [9,28]. These control
methods are classified into the following two main categories.

The OGY (Ott—Grebogi-Yorke) method is the first category which is based on
invariant manifold and it is a discrete technique. This method is introduced
by Ott, Grebogi and Yorke [6]. The second one is the time-delayed feedback
control scheme which was originally proposed by Pyragas [13] and this method
is frequently used for the purpose of chaos control. The main purpose of the
OGY control method is to make only small time dependent perturbations in
the parameter of the chaotic systems in which the system attractors have em-
bedded within an infinite number of unstable periodic orbits. While the idea
and structure of Pyragas method is to inject an appropriate continuous con-
trolling signal into the system which is proportional to the difference between
the present state Z(t) and the delayed state Z(t — 7) [9,26,28]. As it can be
observed the Pyragas chaos control method is involved with time-delay which
plays an important role in stabilization of unstable periodic orbit (UPO). Thus
time-delay is unavoidable and can be existed everywhere. Because, it has an
important influence in the system’s dynamics and there are many utilization
of one or several time-delays for different reasons in mathematical models par-
ticularly in biological and physical models [7,18]. It can make complicated
dynamics, such as the instability of an equilibrium point and fluctuation of the
systems’ solutions. Usually due to system process and information flow, the
time-delay happens in a particular part of dynamical systems [4,7,18]. Hence to
control chaos in a continuous nonlinear dynamical system, time-delayed feed-
back control is more convenient and it is a powerful tool to stabilize a system
for which the time-delay is considered as a period of unstable periodic orbit
(UPO) [8,9,14,25]. Thus in the controlling process, the existing difference be-
comes zero when the system evolves close to the desired steady state or periodic
orbit which means stabilization [8,9,14].

Compared to the other control methods, the main advantage of applying the
Pyragas method is that it does not require the prior knowledge of the equations
of the system and it can generate the control force from the information of the
system itself [2,9,12]. Another advantage is that the time-delayed feedback
control method has been successfully applied to various fields, such as biol-
ogy, medicine, chemistry, engineering and physics. Particularly, it can be used
to many practical chaotic systems including electronic oscillators, mechanical
pendulums, lasers, gas discharge systems, high power ferromagnetic resonance,
helicopter rotor blades, chemical systems and a cardiac system, see [9,24] and
the references therein.

Since the last decades, numerous results are dedicated in the context of chaos
control and many scholars have been discussed the control of chaos problems
in various fields of science and engineering. For example, G. M. Mahmoud et
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al. in [9], investigated the control of chaotic Burke-Shaw system using Pyragas
method. In [12], J. H. Yang et al. discussed the effect of delayed feedback on a
finance system. Their results show that, when the delay passes through a cer-
tain critical value, chaos vanishes, i.e., the chaotic oscillation is converted into
a stable equilibrium or a periodic orbit. The dynamics of a three-dimensional
Jerk chaotic system with only one stable equilibrium is studied in [28] by apply-
ing a delayed feedback control scheme. While in [11], H. Zhao et al. have been
focused on control of Hopf bifurcation and chaos in a delayed Lotka-Volterra
predator-prey system by means of time-delayed feedbacks control method.

Motivated by [10, 16,27, 28] and following the idea of Pyragas, this work
focuses on controlling of a three-dimensional chaotic system given by

O _ o) g0,
(1) d?ji—(tt) = p(z(t) — (1)),
diTEft) = z(t)y(t) + (o — py(t) + az(t).

System (1) is proposed by P. P. Singh et al. [17] based on Bhalekar and Gejji
(BG) [20] chaotic system which for 8 = —10, 4 = 55, « = 37, displays chaotic
behavior.

Then for controlling the chaos, we add a time delayed feedback control K (z(t)—
z(t — 7)) to the third equation of (1) as follows:

@ dfT(tt) = p(=(t) = y(t)),
dil—? = 2(t)y(t) + (a — py(t) + az(t) + K (2(t) — 2(t — 7)),

where K € R is the feedback strength which represents the intensity of control
per unit of time.

The organization of this paper is as follows. In Section 2, we first analyze
the system’s stability and determine the range of the control parameters 7 and
K for which one of the unstable equilibrium point is controlled to a stable
state. Then, we analytically derive the conditions for the occurrence of a Hopf
bifurcation. In Section 3, to illustrate the obtained analytical results, numerical
simulations are performed for a set of parameters as given in [17]. The brief
conclusions are finally given in Section 4.

2. Stability and Hopf bifurcation analysis of system (2)

In this section, we study the dynamical behaviors of system (2), when the
delay 7 is considered as a free parameter. We first determine stability of the
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system at the equilibrium E*(z*,y*, z*) for which

¥ =—2a—pu) =p—2aq, Yy =+pP(u—2a), and z*=+/f(p-—2a).
This equilibrium point is feasible if the condition (Hj) holds.
(H1) B —2a) > 0.

Under the transformation X = z(t) — z*,Y = y(¢t) — y*, Z = z(t) — z* and
hypothesis (H;), we linearize the system as follows:

X0 — BX (1) - 20"V (1),

(3) DO = _py (t) + pz(t),
20—y X () + (2% + (@ — )Y (t) + (a + K)Z(t) — KZ(t - 7),

which can also be written as

X(t) X(t) X(t—r)
(4) Y(t) =A | Y{t) | +A | Y(it—7) |,
Z(t) Z(t) Zt—1)
where
8 —2y* 0 0 0 O
Ay=1 0 — I , and A,=]10 0 O
vy ¥ +a—p a+ K 0 0 —-K
Then the characteristic equation can be described by
A—3 2y* 0
AN T) = det 0 At pu — i =0,

—y* —r*—a+p AN—a— K+ Ke ™M
which implies that
(5)  ANT) =N+ LaA’ + Lid+ Lo + (S2A% + S1A + Sp)e ™ =0,
in which
Ly=-K—a+p—pB, Li=p"+(—K—2"=2a—B)u+ (a+K)B,

Lo=(-Bu+(K+2"+2a)8+2y")pu, Sa=K, S =-(BK-Kp),
SOZ_KMB-

When 7 =0, Eq. (5) becomes
(6) AN =N 4 (Ly + S2)A? + (L1 + S1)A+ Lo + Sp = 0.
Hence, E* becomes asymptotically stable if the following conditions hold.

(Hg) Lo+ S5 >0, Lo+ So >0, (L2+SQ)(L1 —‘rSl) > Lo+ Sp.
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For the Hopf bifurcation analysis, let A = iw (w > 0) be a root of Eq. (5), then
we obtain

7
( ziw3 — Low? +1Lyw + Lo + (—Saw? + Sy + iS1w)(cos(wT) — isin(wr)) = 0.
The corresponding real and imaginary parts can be acquired as
®) (Sp — Saw?) cos(w) + Sywsin(wr) = Low? — Lo,
S1w cos(wT) — (Sp — Sow?) sin(wr) = w® — Lyiw,
which leads to
(9) WO+ (L3 — S5 — 2Ly )w* 4+ (L3 — S? —2LyL + 2558)w? + L3 — S2 = 0.

Let w? = 7. Then from (9) we get

FIGURE 1. System (2) for 7 = 0 or K = 0 is chaotic. The
initial value is (0.1,0.1,10.38).

(10) n*+pn* +an+r =0,
where
p=1L13—S55 2Ly, q=L}—S]—2LyLg+25,Sy, r=L3—5S5

Suppose f(n) =1’ +pn’ +qn+rand f'(n) = 30’ +2pn+q. Wlim,; 10 f(1) =
+o00 and f(0) =r = L% — S2 < 0, then Eq. (10) has at least one positive real
root, hence we can derive the following results based on [21,22].

Lemma 2.1. For the polynomial Eq. (10), the following statements hold.

(i): If H3): >0 & A=p*-3q¢<0, then Eq. (10) has no positive
roots, i.e., if A >0, then this equation have positive real roots.
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FIGURE 2. Phase portrait and time series solution of system
(2) when K = —7.75, 7 = 0.034, E* become unstable and
chaos still exists. Here, the initial value is (0.1,0.1,10.38).

(ii): The Eq. (10) have positive real roots if and only if A > 0, nf =
% >0 and f(n7) <0. More precisely, if the condition (Hy) : r >
0, n7 >0, f(n7) < 0 holds, then (10) has two positive roots, 11 and
n2-

Suppose A > 0,77 > 0, f(n7) < 0, without loss of generality, we assume
that Eq. (10) has three positive roots ng, k = 1,2,3; consequently, Eq. (9)
also has three positive roots wr = /mr (K = 1,2,3). Then from (8), we can
determine the corresponding critical values as

1) o) _ [ alarccos(P) 2], Q0

F i[?w —arccos(P) + 2j7], @ <0,

where

(Sgwﬁ + (LQSl - L152 — So)w% — L051 + SoLl)wk
S%w,‘i + (512 - 25052)&],% + Sg ’

Q = sin(w,T) =

and

(Sl — LQSQ)Wé + (L()Sg — L151 + LQSO)W]% — L()So
S%w,% + (S% - QSQSO)LU,% + Sg '

P = cos(wym) =

Now based on the above analysis, the following result can be presented.

Lemma 2.2. When 7 = T,Ej) (k=1,2,3;5=0,1,2,---), where T,Ej) is defined
by (11), and if (Hy) in Lemma 2.1 holds, then Eq. (5) has a pair of complex
conjugate pure imaginary roots +iwg, and all other roots have monzero real
parts.



Chaos control and Hopf bifurcation analysis... — JMMR Vol. 12, No. 1 (2023) 189

Additionally, let A(1) = ¢(7) + iw(7) be a root of (5) near 7 = T]Ej) such
that cp(TIEJ )
holds.

) =0 and w(T,ij )) = wg, then the following transversality condition

(2@
Lemma 2.3. If f'(ni) # 0 and (H3) in Lemma 2.1 holds, then M #0
and f'(nx) have the same sign.

Proof. Substituting \(7) into characteristic Eq. (5) and differentiating its both
sides with respect to 7, we obtain

dX
3A? 4+ 2LoA + Ly + (2)\52 + 51)6_)‘T — (52)\2 +SiA+ So)Te_)‘T] e

- (SQA2 SN+ SO)Ae*”.

This gives

dA - (3)\2 + 2L + Ll) + (51 + QSQA)G_AT
<dT) B (SQ)P +SA+ 50) Ae—AT

(52A2 LS+ SO)Te*AT
(12) -

(ng + S1A+ So ) e
(38X 4+ 2LoA + Ly ) (51 +25:0) -
(5202 + 80+ 80)A (522 + 51+ 50)A Y

From (8), we have

(13)

(3A% +2LaA + Ll)e/\T} o = (L1 = 3w}) Cos(wkr,gj)) — 2Lowy, sin(wkrlgj))]

T=T

+ [2Lows cos(wkrlgj)) + (L1 — 3wy}) Sin(wlegj))]ia

(14) [(252/\ + Sl)} e = Sl + ZSkai,
and
(15) |:(SQ)\2 + S1A+ SQ))\:| o = —Slw,% + (Sowk — Sgw]%)i.

T=T)
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From (12)—(15) and (8), we obtain

d(Re(\) ]~ [ (BX 4 2L + Ly)e
dr o (8222 4+ S1A+So)A |
A=iwy =lwg
2552 + S
4 Re (2522 + 1)
(S2A% 4+ S1A + So) A s
=iwy
. —Sw2{(L — 3w?) cos(wi?) — 2Low sin(w )
A 1W 1 Wi WETy, 2WE WETy,
— S%w? 4 wi(Sp — Sgw,%){Zngk cos(wkrlgj))
+ (L1 — 3w}) sin(wlegj)) + 282&}]6}1
N P 62 ()
= (L1 — 3wi)wg (So — Sowj;) sin(wry”’)
_ () 2 _ 2 (4)
Siwy cos(wrTy”’) ¢+ 2Lowiq (So — Sawy) cos(wry”’)
+ Siwg sin(wkr,gj))} — S%w? 4+ 255wi (S — Sgwi)] .
Therefore
—1
d(Re()))

3wf +2(L2 — S5 — 2L, )wi

A

+ {L} — 2LoLy + 2555 — Sf}w,%}

1
=1 (30.}2 + 2pwi + qwi)

= % [%(37713 + 2pny, + q)}

_ Tk
- A (nk)a

where A = w}S? + (Sowy — Sawi)?.
Thus, we have

| dRe)

= sign

%f/(nk)‘|~

T:Tlgj),/\:iUJk
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Furthermore, since 7 > 0 and A > 0, we conclude that [%TO‘)} @ aei
T=Tk ZTA=IW g

and f’(nr) have the same sign. Also, if we assume that [‘”307()‘)] o <0
T=Ty

then the characteristic equation has roots with positive real parts when 7 < 7.

It contradictions the local stability of the positive equilibrium point. Hence,

{%T(A)] W 0 and the proof of Lemma 2.3 is complete. O
T=T,,

2()
@
x(0).y(t

TS0 s ) 5 10 15 20 25 30 5 0 20 40 60 80 100
v Time

3D view of phase portrait

Yo -20 60

FIGURE 3. Phase portraits and time series diagrams of system
(2) when K = —7.75 and 7 = 0.12. Chaos vanishes and equi-
librium point E* becomes locally asymptotically stable. The
initial value is (0.1,0.1,10.38).

Define 79 = 7, = minj<g<3{7x},wo = Wk,,Mo = w3, according to the de-
rived Lemmas 2.1, 2.2, 2.3, a Hopf bifurcation occurs.

Theorem 2.4. For system (2), we have.

(i): If the condition (Hs) in Lemma (2.1) holds, then E* is asymptotically
stable for all 7 > 0.

(ii): If A =p? =3¢ >0, f'(n0) # 0 and if there exists only one positive
real root, then there exists a positive number 1q such that the equilibrium
E* is locally asymptotically stable when 7 € [0,79) and unstable when
T > 79. Moreover, system (2) undergoes a Hopf bifurcation at E* when
T =170-
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(iii): If 7'1(0) < 7'2(0) then there exists m € N such that 71(0) < 7'2(0) (

<M<
7‘2(1) << Tl(m) < TQ(m) < T2(m+1) < Tl(mﬂ), and E* 1is asymptotically
stable for T € [0, 7'1(0)) U U?:1(72(n—1)7 Tl(n)) U (7'2(7"), Tl(m+1)) and unsta-
ble for T € UT:O(Tl(n),TQ(n)). Moreover, if (Hy) in Lemma (2.1) and
f'(nk) # 0 hold, then the system (2) undergoes a Hopf bifurcation at

E* whent =17 fork=1,2; j =0,1,2,---.

3. Numerical simulations

In this section, we use MATLAB 2013a and Maple 2017 as the calculation
tools to carry out some numerical simulations for verifying the analytical results
obtained in the previous section. For the parameters § = —10,a = 37, u = 55,
we get E*(—19,13.784,13.784). Also, for chaos control, we suppose K < —1.72,
especially K € (—13.75,—1.72). Thus when 7 = 0 or K = 0, system (2)
becomes chaotic (see Fig. 1).

Let K = —7.75 € (—13.75,—1.72). By equations (10), (11) and lemma 2.1,
we obtain

(16)
mo=391, w =107, 79 =0213+ g F'(m) = 208372.84,
1
() 2,
ne = 11050, wp=10.52, 7 =0.325+ ==, f/(n2) = ~120737.125.
2
From lemma 2.3, we have
d(Rex(+) d(Rex(7{)
d(ReA(r,”)) ~ 0.0020 > 0, d(ReX(r")) ~ —0.0032 < 0.
d7'1 dT2

In addition, notice that
70 =0213 <7 =0325 < 7Y = 05308 < 7Y =0.9222 < - .

Thus all the conditions in Lemmas 2.1, 2.3 and Theorem 2.4 are satisfied. The
graphical results with initial value (0.1, 0.1,10.38) show that when 7 < 0.048,
the equilibrium E* still displays chaotic behavior (see Fig. 2). When 7 €
(0.048,0.13], E* becomes asymptotically stable. Fig. 3 indicates the phase
trajectories of system (2) for 7 = 0.12. For the critical value 7 = 7'1(0) =7 =
0.213, the system undergoes a Hopf bifurcation and a periodic orbit emerges
around E*. Thus for 7 = 0.231, a limit cycle appears which is depicted in Fig.
3. By further increasing of 7, stability of E* is changed and the system regains
its complex dynamical behavior, i.e., it becomes chaotic again when 7 > 0.36.

4. Conclusion

In this study, a state feedback control method with single time delay is used
to stabilize UPOs and unstable equilibrium point of a chaotic system that was
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2(t)
x(t)y(t)

y(t) Time

3D view of phase portrait

v -0 0

FIGURE 4. Phase portraits and time series solutions of system
(2) when K = —7.75 and 7 = 0.231. Chaos vanishes and a
stable periodic solution bifurcates from E*. The initial value
is (0.1,0.1,10.38).

studied in [17]. We investigated the existence and stability of a Hopf bifur-
cation both analytically and numerically by analyzing the distribution of the
roots of the corresponding characteristic equation. An explicit formula which
determines the critical values for occurrence of a Hopf bifurcation is derived.
Then a necessary condition is proposed and proved under which this bifurca-
tion occurs. Thus to eliminate the chaotic behaviors, the feedback strength
K and time delay 7 are adequately designed and applied to stabilize one of
the unstable equilibrium point of the system is stabilized. It is shown that the
appropriate choice of two important parameters K and 7 has a prominent influ-
ence on the problem of chaos control. Furthermore, numerical calculations can
be easily implemented in this scheme and the chaotic behaviors of the system
can be controlled successfully by proper selections of the feedback gain and the
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corresponding critical value of the time delay. According to the numerical re-
sults, we find out that the time-delayed feedback control is an efficient method
for control of the chaos phenomenon.

5. Aknowledgement

We would like to thank the reviewers for their thoughtful comments and
efforts towards improving our manuscript.

References

[1] A. Elsonbaty, A.A. Elsadany, Bifurcation analysis of chaotic geomagnetic field model,
Chaos, Solitons and Fractals 103, (2017) 325-335.

[2] A. Gjurchinovski, T. Sandev, V. Urumov, Delayed feedback control of fractional-order
chaotic systems, arXiv:1005.2899v2 [physics.gen-ph] (2011) 1-17.

[3] B. Naderi, H. Kheiri, Exponential synchronization of chaotic system and application in
secure communication, Optik 127, (2016) 2407-2412.

[4] B. Li, X. Zhou, Y. Wang, Combination synchronization of three different fractional-
order delayed chaotic systems, Complexity (2019) 1-9.

[5] C.Li, H. Li, Y. Tong, Analysis of a novel three-dimensional chaotic system, Optik 124,
(2013) 1516-1522.

6] E. Ott, C. Grebogi, J.A. Yorke, Controlling chaos, Phys Rev Lett 64, (11) (1990)
1196-1199.

[7] F. Mohabati, M. R. Molaei, T. Waezizadeh, A dynamical model and bifurcation analysis
for glucagon and glucose regulatory system, Journal of Information and Optimization
Sciences (2019) 1-29.

[8] F. Khellat, Delayed feedback control of Bao Chaotic System based on Hopf bifurcation
analysis, Journal of Engineering Science and Technology Review 8, (2) (2015) 7—11.

[9] G.M.Mahmoud, A. A. Arafa, T. M. Abed-Elhameed, E. E. Mahmoud, Chaos control of

integer and fractional orders of chaotic Burke—Shaw system using time delayed feedback

control, Chaos, Solitons and Fractals 104, (2017) 680-692.

H. Zhao, Y. Lin, Y. Dai, Bifurcation analysis and control of chaos for a hybrid ratio-

dependent three species food chain, Applied Mathematics and Computation 218, (2011)

1533-1546.

[11] H. Zhao, Y. Sun, Z. Wang, Control of Hopf bifurcation and chaos in a delayed Lotka-
Volterra predator-prey system with time-delayed feedbacks, Abstract and Applied Anal-
ysis (2014) 1-11.

[12] J. Yang, E. Zhang, M. Liu, Bifurcation analysis and chaos control in a modified finance
system with delayed feedback, International Journal of Bifurcation and Chaos 26, (6)
(2016) 1-14.

[13] K. Pyragas, Continuous control of chaos by self-controlling feedback, Phys Lett A 170,
(6) (1992) 421-428.

[14] K. Pyragas, V. Pyragas, H. Benner, Delayed feedback control of dynamical systems at a
subcritical Hopf bifurcation, PHYSICAL REVIEW E 70, (2004) 1-4.

[15] M. Ababneh, A new four-dimensional chaotic attractor, Ain Shams Engineering Journal
9, (2018) 1849-1854.

[16] M. Xiao, J. Cao, Bifurcation analysis and chaos control for li system with delayed
feedback, International Journal of Bifurcation and Chaos 17, (12) (2007) 4309-4322.

[17] P. P. Singh, J. P. Singh, M. Borah, B. K. Roy, On the construction of a new chaotic
system, IFAC-PapersOnLine 49, (1) (2016) 522-525.

10



(18]

(19]

(20]

(21]

(22]

(23]

(24]
(25]

[26]

27]

28]

Chaos control and Hopf bifurcation analysis... — JMMR Vol. 12, No. 1 (2023) 195

R. Rakkiyappan, K. Udhayakumar, G. Velmurugan, J. Cao, A. Alsaedi, Stability and
Hopf bifurcation analysis of fractional-order complex-valued neural networks with time
delays, Advances in Difference Equations 225, (2017) 1-25.

S. Wang, S. He, A. Yousefpour , H. Jahanshahi, R. Repnik M. Perc, Chaos and complex-
ity in a fractional-order financial system with time delays, Chaos, Solitons and Fractals,
131, (2020) 109521.

S. B. Bhalekar, V. D. Gejji, A new chaotic dynamical system and its synchronization,
In Proceedings of the International Conference on Mathematical Sciences in honor of
Prof. A. M. Mathai (2011) 3-5.

S.G. Ruan, J.J. Wei, On the zeros of a third degree exponential polynomial with applica-
tions to a delayed model for the control of testosterone secretion, J. Math. Appl. Med.
Biol. 18, (1) (2001) 41-52.

S.G. Ruan, J.J. Wei, On the zero of some transcendential functions with applications to
stability of delay differential equations with two delays, Dyn. Cont. Discrete Impulsive
Syst. Ser. A 10, (6) (2003) 863-874.

U. E. Kocamaz, A. Goksu, H. Taskin, Y. Uyaroglu, Control of chaotic two-predator
one-prey model with single state control signals, Journal of Intelligent Manufacturing
(2020) 1-10.

X. Guan, G. Feng, C. Chen, G. Chen, A full delayed feedback controller design method
for time-delay chaotic systems, Physica D 227, (2007) 36-42.

Y. Song, J. Wei, Bifurcation analysis for Chen’s system with delayed feedback and its
application to control of chaos, Chaos, Solitons and Fractals 22, (2004) 75-91.

Y. Feng, Z. Wei, Delayed feedback control and bifurcation analysis of the general-
ized Sprott B system with hidden attractors, Eur. Phys. J. Special Topics 224, (2015)
1619-1636.

Y. Ding, W. Jiang, H. Wang, Delayed feedback control and bifurcation analysis of Rossler
chaotic system, Nonlinear Dyn. 61, (2010) 707-715.

Z. Wang, W. Sun, Z. Wei, S. Zhang, Dynamics and delayed feedback control for a 8D
jerk system with hidden attractor, Nonlinear Dyn (2015) 1-12.

ABDUL HUSSAIN SUROSH®'®

ORCID NUMBER: 0000-0002-6356-1791
*DEPARTMENT OF APPLIED MATHEMATICS
SHAHREKORD UNIVERSITY

SHAHREKORD, IRAN

bDEPARTMENT OF MATHEMATICS
BAGHLAN UNIVERSITY

PoL-E-KHOMRI, BAGHLAN, AFGHANISTAN

Email address: abdulhussain_surosh@stu.sku.ac.ir

REzZA KHOSHSIAR GHAZIANI

ORCID NUMBER: 0000-0002-1839-6619
DEPARTMENT OF APPLIED MATHEMATICS
SHAHREKORD UNIVERSITY

SHAHREKORD, IRAN

Email address: Khoshsiar@sku.ac.ir

JAVAD ALIDOUSTI

ORCID NUMBER: 0000-0002-8595-2945
DEPARTMENT OF APPLIED MATHEMATICS
SHAHREKORD UNIVERSITY

SHAHREKORD, IRAN

Email address: alidousti@sku.ac.ir



	1. Introduction
	2. Stability and Hopf bifurcation analysis of system (2)
	3. Numerical simulations
	4. Conclusion
	5. Aknowledgement
	References

