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Abstract - In this paper, the shunted nonlinear resistive-capacitive-
inductance junction (RCLSJ) model of Josephson Junction is considered
due to potential high-frequency applications. This junction shows the
chaotic behaviors under some parameter conditions. Because the
chaotic motion is undesirable, the chaos control in Josephson Junction is
discussed in this paper. In order to remove chaotic behaviors in the
RCLSJ model of Josephson Junction, a nonlinear controller based on
feedback linearization method is developed. With the abilities of exact
cancellation of nonlinear terms, the developed controller can not only
eliminate the chaotic oscillations in Josephson Junction but also
generates the stable voltage which may be desirable for future
applications regardless of the chaotic region of the junction’s parameters.
The numerical simulations are carried out to verify the validity of the
proposed control approach and the obtained results demonstrate the
perfect performance of the developed controller.
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1. Introduction

Nowadays, fabrication technology and high
temperature superconducting materials are developing
rapidly and have some perfect results for potential
applications [1, 2]. This development allows us to expect
high temperature Josephson Junction (JJ) with higher
critical current in the near future. Therefore the JJ has
attached much attention by many researchers [3-7]. There
are two types of JJ model which have received more
attention, namely, the shunted linear resistive-capacitive
junction (RCSJ) and the shunted nonlinear resistive-
capacitive-inductance junction (RCLSJ). The RCSJ model
is the second order system while the RCLSJ model is the
third order system. The RCLSJ model is found to be more
accurate in high frequency applications [5, 6].

The Josephson Junction is a highly nonlinear system
due to characteristic of the nonlinear resistance; moreover,
it can behave chaotically when the parameters and external
current fall into the chaotic region [7]. There have been
some control methods developed to control Josephson
Junction such as nonlinear backstepping [8], delay linear
feedback [9], and sliding mode [10]; however, some
shortcomings exist. The nonlinear backstepping method
has quite complicated procedure to design the controller
while choosing the time delay is problematic in delay linear
feedback. The chattering phenomenon is a drawback of the
sliding mode method. In addition, all these methods utilize
a new input which is inserted into the system as a control
signal instead of the external current. This can become a
problem in practical system.

In this study, in order to eliminate the chaos and drive
the junction to stable voltage, a simple and effective

Tom tat - Trong bai bao nay, mé hinh phan dong phi tuyén tro-
dung cam clta moi n0| Josephson dwoc nghién cteu do tiém nang
trng dung cy day tan sé cao. Méi n0| nay sinh ra dao dong hén loan
khi tham sé clia n6 roi vao mot sé digu kién. Do dao déng hon loan
c6 tac dong tiéu cwc nén diéu khién hoén loan trong mdi nbi
Josephson la bai toan can giai quyét trong nghién ctru nay, Dé loai
triy nhirng hoat déng hén loan, mét bo diéu khién phi tuyén dwoc
xay dwng dwa trén phwong phap héi tlep tuyen tinh héa. V&i kha
nang bu chinh xac thanh phan phi tuyén cta hé théng, bo diéu
khién khong chi c6 thé khir cac dao dong phi tuyén mét cach hiéu
qua ma con lam cho m0| n0| Josephson sinh ra dién &p 6n dinh bat
chép tham sb ctia méi ndi roi vao vung hén loan. Mé phong sb
dwoc thuc hién dé xac minh tinh dung dan cla giai phap digu khién
dé xuét va két qua mo phdng cho thay kha nang van hanh tét cia
bd diéu khién da dwoc phat trién.

Tir khéa - Diéu khién hén loan; héi tiép tuyén tinh hoa; méi ndi
Josephson; diéu khién phi tuyén; hé théng phi tuyén.

controller is developed. To take the benefits of the
feedback linearization control method on exactly
cancelling the nonlinear terms and possessing the fast
response, the controller based on feedback linearization
method is develop to remove chaos in JJ. Therefore, in
comparison with previous control methods mentioned
above, the developed controller can completely remove the
chaotic oscillation in JJ and rapidly make the junction’s
voltage stable. This stable voltage may be used for practical
applications. In addition, the control input given by
developed controller is used as the external current in RCSJ
model, which brings the control approach to feasibility
when it is applied to practical systems.

The remainder of this paper is organized as follows. In
Section 2, the mathematical model of RCLSJ is described.
The nonlinear controller design is presented in Section
3.The numerical simulations are given in Section 4.
Finally, the conclusion is offered in Section 5.

2. RCLSJ model of Josephson Junction

In high frequency application, the RCLSJ model of
Josephson Junction is founded more accurate and appropriate
than others [5, 6]. The schematic of RCLSJ model is displayed
in Figure 1 and the circuit equations are given as follows:
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Figure 1.RCLSJ model of Josephson Junction
where h is Planck’s constant, € is electron charge. R, L,
and I, are the shunt resistance, inductance, and current
respectively. I. and 1, are critical current and external

current applied across the junction. C and V are the
capacitance and voltage of the junction. & is the phase
difference of superconducting order parameter across the
junction. R(V) is nonlinear resistance of the junction, and

expressed by:

RWV) R, if |V|>V,
TR, if V]2V, @
where R,, R, and V, are the junction normal state

resistance, the sub-gap leak resistance, and the gap voltage
respectively.

For simulation and analysis, (1) can be rewritten in
dimensionless form as:

2
B ST€+ g(v)g—f+sin(9)+ i, =1,
deo
EZV, (3)
,BL%HS =V,
where dimensionless parameters are defined as follows:
T = wpt,
o, = 2zl..R/h,
B. = 2rel..RXC/h,
B, = 2rzel..L/h,
g(v) = R/RV),
v = V/ICR,,
i, = I./1c,
i = loo /e,

where g(v) is approximated as a step function switching
from R,/R, to R;/R, as:

C[R/R,if V>V, /IR
g(v)_{Rs/ng if V<V, /IR )

For temperature T =4.2°K, R /R, is equal to 0.061

and R, /R, isequal to 0.366 at v = 2.9 ; the function g(v)
can be described by the step function as shown in Figure 2.

g(v)
0.366

0.061

29 Vv

Figure 2. Approximate junction characteristics
By introducing new notations as X, =6, X, =V, and
X, =g, we can present (3) in the standard form of nonlinear
dynamical equations as follows:
dx

=100, ®)
X2
where f(x) =1/ [io —9(X,)-X, —sin(x) —x,] | and
l/ﬂl_'[xz_xa]
X,
X=X, |
X3
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Figure 3.Chaotic oscillation in Josephson Junction

The dynamics of RCLSJ model have been extensively
studied in [7]. These studies demonstrate that the RCLSJ
produces chaotic oscillations when the external dc current
and the parameters fall into a certain area. For examples,
the junction in (5) with zero initial states exhibits chaos

when B, =0.707, B =26, and i, =1.2 as shown in

Figures 3-4. Figures 3-4 describe the oscillations of the
junction states when the junction parameters fall into the
chaotic region. Figure 3(a) expresses the phase difference
of superconducting order parameter across the junction.
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This value always increases when a voltage is applied
across the junction. Figure 3(b) shows the chaotic motion
of the junction voltage while Figure 3(c) depicts the chaotic
oscillation of the shunt current.

3

25

3

Figure 4.Strange attractor on plane x - x,

3. Feedback linearization control design

In this study, in order to control the junction, the external
current i, is considered as control input and replaced by

the control signal u . Consequently, the junction (5) with the
output y can be described in the standard form of SISO

(single input, single output) system as:

x=f(x)+g(x)u, (6a)

y=h(x), (6b)
X, 0

where x=|x, |, g(x)=[1/4. |, h(X)=X,, and
X 0

X2
f(X): ]/ﬂc-[_g(xz)-xz _Sin(x1)_x3] )
]/ﬂL'[XZ_XS]

With the control signal U is added to the system above,
the system (6) has the relative degree r =1, and with Lie
derivatives, a(x)=L:h(x) and b(x)=L;h(x), the
equation in (6b) can be rewritten as:

y=a(x)+b(x)u, (7)
Where

a() = L h(x) = %[—g(xz).xz “sin(x)-x],  (8)

1
b(x) = L,h(x) =—.
() = Lsh(x) 7 ©)

C

Now our aim is to design a controller that can drive the
junction to produce the stable voltage which is desirable
for applications; in other words, the output y(t)eR

follows the reference value vy, (t) € R, which is supposed

to be smooth and measureable up to the first order. An
effective way to reach the aim is to use the feedback

linearization method with which the control law is
given as:
1
u(x) = ———a(x)+w(t)|, 10
()b(x) (x)+w(t)] (10)

where W(t)€R is a new input which is known as
linearization input.
Substituting (10) into (7), one can obtain:
y=Ww. (17)
Let e(t)=y,(t)—y() be the tracking error, and
choose the new input W as:

w=y, +ke, (12)

where K is a positive constant and chosen in such a way
that P(s) =$+ks is Hurwitz polynomial.

Substituting (12) into (10) and using (8), (9), one can
get the nonlinear control law as:

1
u(x) = %[—a(x) +W(t)] )

=[90x,)-%, +sin(x1)+x3]+[)7i[yd +ke].

C

From (11) and (12), the tracking error of the closed loop
system is obtained as:

é+ke=0, (14)
which represents an exponentially stable error dynamics,
where €(t) converges to zero exponentially.
Moreover, by setting X, =0, the zero dynamics of the
SISO system (6) can be described by:
% =0,

Xy = =1/ B Xs.

The equation (15) demonstrates that when X,

(15)

converges to zero, X; converges to a constant value while
X; exponentially converges to zero.

Remark 1: In this paper a high frequency generator is
expected, so a fast and exact controller is required. With
the exact cancellation of nonlinear terms, the feedback
linearization method can bring the proposed controller fast
response, exponential convergence to zero. Therefore the
controller based on feedback linearization method can
match with the requirements. On the contrary, the
fuzzy/neural control techniques use the approximation of
nonlinear terms to synthesize the control law. These
approximation processes require a few times for
convergence and it also produces the approximation errors.
Consequently, the controllers based on fuzzy/neural
control cannot match requirements of fast response and
zero convergence of errors.
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4. Numerical simulations

Here numerical simulations are carried out to verify the
validity of the proposed method. The system parameters, and
the initial states are set as f. =0.707, S =2.6 and

[)(1(0) X, (0) x3(0)]:[0 0.3 0]. The
parameter is assigned as k =1, and the reference value is

givenas Y, (t) =0.2sin(t) at first. In this case the system is

c the control input is used for external current of the junction,
the junction does not produce the chaotic oscillations when
u<l. In this case, the junction acts as a normal nonlinear
dynamical system and under the influence of developed
controller, the junction can rapidly generate the stable

voltage (X, ) with zero convergence of the error. Figure 5(a)

displays the obtained stable voltage. This stable voltage can
simulate the reference voltage signal exactly. In Figure 5(b),
It is easy to find that the tracking error can converge to zero
very fast; pariculaly converging after 3 seconds. Figure 5(c)
shows the control signals. Because the junction parameters
is out of the chaotic region, the control signals still keep the
shape as the reference signals.

controller
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Figure 5. Control performance with y, (t) =0.2sin(t) .
(a) junction voltage; (b) error; (c) control signal

Second, the simulations are executed with reference value
y, (t) = 2sin(t) . In this case, with the given parameters above

and initial state [%(0) X,(0) x,(0)]=[0 3 0], the

control signal encroaches upon chaotic region, that is, the
junction displays the chaotic behavior when u >1 asin[7, 8].
However, under the influence of the developed controller, as
shown in Figure 6, the chaotic behavior is completely
repressed and the junction generates the stable voltage
successfully. Figure 6(a) shows that the obtained stable
voltage can follow the reference signals completely. In Figure
6(b), the tracking error can also converge to zero very fast. It
is about 4 seconds. In Figure 6 (c) the control signal shows the
different shape to the shape displayed in Figure 5(c). This
shape is reasonable because the junction is in the chaotic
region. Finally, all obtained results demonstrate the superior
control performance of the proposed control approach.
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Figure 6. Control performance with y, (t) =0.2sin(t) .
(a) junction voltage; (b) error; (c) control signal

5. Conclusions

In this study, a nonlinear controller based on the
feedback linearization method is developed to suppress the
chaos in Josephson Junction. In addition, the developed
controller can drive the junction to produce the stable
voltage which can be used in some applications. The
developed controller can operate effectively and shows
perfect performance regardless the chaotic region of the
junction’s parameters. The simulation results illustrate the
advanced abilities of the proposed controller.
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