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Abstract

In this paper, tracking performance optimization of a second-order sliding mode control (SMC), namely twisting
sliding mode is considered through optimal tuning of its control parameters. Effectiveness of transient response
can be achieved by considering as minimization of maximum-overshoot (M,) and settling-time (t,), which are
obtained through the Response Surface Methodology (RSM). For the optimal tracking performance with the RSM,
the computation process by mean of a central composite design (CCD) is performed through a quadratic
equation. Finding results of a simulation confirm that the optimal tracking performance as the minimization of the
M, and tycan be achieved by the optimization tuning control parameters with the RSM.
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1. Introduction

Sliding mode control (SMC) is a powerful
control technique which is robust for parametric
uncertainty  [1,2]. However, the chattering
phenomena of control input during the existence of
sliding mode is disadvantage in implementation [3].
Extension idea of chattering reduction by the
second-order SMC technique has been widely done
[3-6], because the input of the system is derived as
a new state variable. The input of the system is
dictated by the integration of the switching control
input. Additionally, in the vicinity about the second-
order SMC sliding surface, the control input is
converged to the equivalent control, which is
independent of the differential of the control input.
Therefore, the second-order SMC is continuously
effective in definite vicinity of the 2-sliding set
[6, 7].

For the second-order SMC so-call the
twisting sliding mode control (SMC), it is an effective
control approach for an uncertain nonlinear system
[7-9]. In practice, the twisting SMC is simple and
has high performance of the control ability [8, 10];
however, the high performance of closed-loop
control is a result of the setting value of its control
parameters. By mean of the twisting SMC, the aim of
find-tuning parameters is an essential problem,
because the control parameters are coupled effect
with determining of the setting value. The value
affects to the characteristic of the tracking
performance. Furthermore, even if the tracking

responses can be obtained through the trial and
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error method, it cannot confirm the optimization of
the control performance [11]. Thus, in order to
obtain acceptable tracking performance, it is
necessary to specify the optimal value of control
parameters.

Among the various solutions, alternative
find-tuning parameters through the optimization
approach are widely done [12-15]. The response
surface methodology (RSM) is one of development
approach which widely used in many control
systems [16-19], capable to

present the optimization value by the
optimization method that using the statistic theory,
and experimental design. Therefore, the motivations
of this study are based on the following:

- the RSM application has capability to
optimize the transient response of a
closed-loop control of the twisting SMC;
therefore, the results of the closed-loop
control provide the errors of the steady-
state nearly to zero;

- the acceptation of specific control
parameters of the twisting SMC based
on the results of optimizing the transient
response  of closed-loop  control
especially no overshoot and fast settling
time as in [16].

The remainder of this paper is organized as
follows. First, we present the concept of twisting
SMC. In section 3, the optimization of the transient
response of the twisting SMC with the response

surface methodology is presented. In section 4,
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demonstration the results of the RSM application for

tuning control parameters. Finally, the research
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For the principle of second-order SMC, the higher

order time derivatives of the sliding variable o is

conclusion is presented defined as a(x,t) = 6(x,t) = - = Z:;—:T =
2. Twisting SMC
D
4
— u Output
y Twisting 5| System R
algorithm .
-1

Figure1 Block diagram of the twisting SMC.

The aim of the control approach is to steer the errors
to move along the sliding surface and to maintain its
first successive derivative null [20, 21], while the
removable relative-degree restriction and the
chattering phenomenon are the capabilities of
second-order SMC[7, 22].

Considering the dynamic system as in the

form[7]
5(1 = xZ
X, =6(x,t) +9(x,u (1)

where x; =0, x, =6, 6(x,t) and 9(x,t) are the
smooth function that the frequency response by the
transfer function G(s) can be then used as the SISO
model, u is the scalar control input, t is the time. For
the selection of second-order SMC, namely twisting
SMC(see Figure1), and the relative degree in this

task is assumed to be 2, andthe computation of &
can be expressed as[7]

6d=60xt)+9(x,u 2)

The calculation of the bound is

0 <0 <9<y,

@ | D

<Yy 3)

where 9, is the lower bound, 9, is the upper
bound, 9,4 is some known positive constants[23].
The control input of twisting SMC for relative degree

2 is given by [7]

u = —(R;sign (a) + R,sign (6)) (4)
where R; and R, are positive constant and not
equal to 0. The finite-time convergence can be

described as[7]
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(R + R)0p — C > (Ry = Rp)0y + C, (R —
R;)0m > C ()

where C is positive constant, and R4, R,, and C> 0.
3. Optimization tracking performance with RSM

To make the ultimate tuning of closed-loop control
of the twisting SMC, this recommends to consider
the optimization of the output response behavior that
should be without the overshoot (M) while has fast
settling time (t,) [16]. For the finding tuning control
parameter in this work, the response surface
methodology was applied in order to find tuning the
control parameters R, and R, of Eq.(4), which the
specific value of R; and R, is capable to make the
trade-off between fast settling time (t;) and
overshoot of the response; in addition, increasing of
tracking performance and stability of control system
are the result of the specific value of R; and R,. For
the tuning control parameters of the twisting SMC
with the RSM, the system model of the fourth-order
with relative degree two was used in this study as

follow [24]

K(s%+k,s+ky)e™ 0158
(s3+d s2+d,s+d3)

G(s) =

- K(s%+kys+k5)
T (s3+dys2+dys+d3)(1+0.155)

(6)

where G (s) is the transfer function of the system that
is defined to be 8(x,t). Kis 29.8, k; =50, k, =
833, dy =21.2, d, = 51.3, and d3 = 189.5. For the
optimization of M, and ts through the RSM, the

formula of the relative
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between the independent variable and the
dependent variable is unknown exactly; therefore, a
specific scheme is built in order to fit the second-
order polynomial response surface equation that

was applied with the quadratic canonical model [16]

as follow
Y =B+ X Biki + Tic; X Bij %iky +
iy Buk? +e (7)

where Y is the scalar output response of
interest B, B;, B;j and Py are the regression
coefficientsiis the linear coefficients, j is the
quadratic coefficients, k € I't, and e is the errors.
For the Eq. (7), the prediction output (Y) is used for
approximation the specification of M, and t, that
are the measurement output of the closed-loop
control with twisting SMC as in Fig. 1, which the
disturbance parameter was not into accounted. In
the investigation of the M, and t, through Eq. (7),
the central composite design was applied for
determination the factor levels of the parameters R,
and R, as shown in Table 1. Table 2 shows the data
of M, and t,; which were obtained from closed-loop
control with twisting SMC.

For the closed-loop control test, it was simulated
through the Matlab programming which bE9165)ed on
the system of Eq. (6), and the data of M, and t;
were obtained by the check-point in the simulation,
which the data of M, and t; are based on the level
of parameters and control value of twisting SMC as

shown in Table
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2. The quadratic models of the optimization of M,
and t, are demonstrated in Eq.(8) and Eg. (9),
which the prediction value of M, and t, can be
obtained by the substitution with the value of the
level of parameters (R; and R,) as shown in Table 2.
The contour plots of response surfaces of M, and ¢,
are shown in Fig. 2 and Fig. 3, respectively.

The errors of M, and t; between the
prediction by Eq.(8) to Eqg. (9) and the data
screening in the simulation of closed-loop control by
twisting SMC are shown in Table.3, Fig. 4, and Fig.

5, respectively. The errors average of M, (Eq.(8))

and t, (Eq.(9)) are shown in Table.3 which are very
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trivial and can be accepted in the viewpoint of

closed-loop control. Table 4 shows the final
selection of control value of the twisting SMC which
are used for determination the value of R; and R,
that the optimization of R; and R, for closed-loop
control with the twisting SMC are 1030 and 999,

respectively.

Table 1. The value setting of R; and R,.

Level of parameters

Parameters
-1 0 1
R, 1000 1025 1050
R,
950 974.5 999

Table 2. The specification of My, and ¢, of closed-loop control by twisting SMC.

Number of Level of Control value of twisting Response of twisting

Experiment R, R, R, R, M, ts
1 0 1 1025 999 680.317 0.339
2 1 0 1050 974.5 727.645 0.296
3 0 0 1025 974.5 702.857 0.295
4 1 1 1050 999 705.373 0.302
5 -1 0 1000 974.5 680.338 0.363
6 -1 -1 1000 950 707.152 0.303
7 1 -1 1050 950 753.451 0.3
8 -1 1 1000 999 651.304 0.766
9 0 0 1025 974.5 702.857 0.295
10 0 0 1025 974.5 702.857 0.295
11 0 0 1025 974.5 702.857 0.295
12 0 0 1025 974.5 702.857 0.295
13 0 -1 1025 950 729.236 0.3
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M, = 703.18 + 24.61R, — 25.47R, + 1.94R,R, + 1.29R? (8)

t, = 0.30 — 0.089R, + 0.084R, — 0.12R, R, + 0.086R? (9)

Mo

050 —

Figure 2 Optimization value of M, Figure 3 Optimization value of t;.

Table 3 The prediction value by quadratic equation and closed-loop control by

twisting SMC.

Number of  Level of parameters  Predict Response Twisting SMC Error

experiment R, R, M, ts M, ts M, ts
1 0 1 679 0.384  680.317 0.339 1.317 0.045
2 0 727.79 0.297 727.645 0296 0.145 0.001
3 0 0 703.18 0.3 702.857 0.295 0.323 0.005
4 1 1 705.55 0.261  705.373 0.302 0.177 0.041
5 -1 0 678.57 0.475 680.338 0.363 1.768 0.112
6 -1 -1 707.27 0.271  707.152 0.303 0.118 0.032
7 1 -1 752.61 0.333  753.451 0.3 0.841  0.033
8 -1 1 652.45 0.679 651.304 0.766 1.146 0.087
9 0 0 703.18 0.3 702.857 0.295 0.323 0.005
10 0 0 703.18 0.3 702.857 0.295 0.323 0.005
11 0 0 703.18 0.3 702.857 0.295 0.323 0.005
12 0 0 703.18 0.3 702.857 0.295 0.323 0.005
13 0 -1 729.94 0.216  729.236 0.3 0.704 0.084

Average 0.60 0.035
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Figure 4 Comparison data of M, between the
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Figure 5 Comparison data of t; between the prediction

prediction and the twisting SMC.

Table 4. Selection data for tuning parameters of closed-loop control of twisting SMC.

Method Level of control parameters Control value of twisting SMC Output

R, R, R, R, M, t
Optimization 0.20 1 1030 999 684.88 0.33
Minimum € 0 0 1025 974.5 702.86  0.29
Minimum M -1 1 1000 999 652.44  0.67

To make clear the proposed of the
optimization M, and ts through the RSM tuning, the
next section shows the result of applied the RSM in
order to optimization the control parameters of the
twisting SMC, which were tested in the simulation

with Matlab programming.

4. Results and discussion

In this section, the response surface
calculation of M, and tg were checked with the
substitution the level of control parameters (R, and
R;) into Eqg. (8) and Eqg. (9) as the results of M, =
684.31 andt; = 0.34, respectively. To check the

characteristic of the set-point tracking performance

(see Fig. 6) by the reference value is equal to 650,

the finding shows that the optimization for the trade-
off between fast convergence and small overshoot
is the result of optimizing the values of R; = 1030
and R, = 999, and the phase plane plot of s and s
of the optimization M, and tg are shown in Fig. 7
which s and § are convoluted to zero.

For the errors of tuning control parameters
with the RSM (see Fig.8), the M, and t, by the
calcution with Eq. (8) and Eq. (9) are over than the
M, and tg by the closed-loop control with twisting
SMC. These effected from the determination of the
sampling interval of the level control parameters (R,
and R,), which can increased the errors of tuning

control parameter if the range of the level of
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parameters (R, and R,) are extended and high
standard deviation.  Furthermore, since the
measurement of the M, and ¢t are obtained through
the check-point; therefore, this can cause to arise
the errors if the data of measurement is not
accurate. However, the optimization value of R; and

R, with the RSM tuning can be accepted for
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setting the control parameters of twisting SMC as
the errors between the check-point (M, and t;)
through the closed-loop control test in the simulation
and the prediction value (M, and t,) with Eq. (8)
and Eq. (9) are very trivial that can be

accepted in the viewpoint of control systems.
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Figure 6 Set-point tracking of difference tuning.
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Figure 7 Phase plane plot of S and S
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Figure 8 Errors of tuning with RSM.

5. Conclusions

The response surface methodology (RSM)
is developed in the optimization of the transient
response by considered as the optimal control
parameters of the twisting SMC. The proposed
solution can be considered as the optimization of
the maximum overshoot (M,) and the settling time
(ts), which were obtained through the computation
with the Response Surface Methodology (RSM). For
the computation process of the RSM, the central
composite design (CCD) is applied to design the
experiment while the calculation process is obtained
through the quadratic equation.

As the consequences, it can be achieved
through the simulation testsof closed-loop control by
twisting SMC, and the finding shows the
minimization of M, and t; can be achieved by the
optimization tuning control parameters with the
RSM. In addition, the errors of tuning control

parameters through the optimization with RSM are

caused by the determination of the sampling interval
of the level control parameters (R;and R,) that may
increase the errors of tuning control parameter if the
range of the level of parameters R; and R, are
extended and high standard deviation. However,
these can be accepted in the viewpoint of closed-
loop control

system which the errors of the

prediction are very trivial.
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