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Abstract

Design a nonlinear controller for second order nonlinear uncertain dynamical systems
is one of the most important challenging works. This research focuses on the design, and
analysis of a model-reference sliding mode controller for first order delay system, in
presence of uncertainties. In order to provide high performance nonlinear methodology,
model-reference sliding mode controller is selected. Pure sliding mode controller can be
used to control of partly known nonlinear dynamic parameters. Conversely, pure sliding
mode controller is used in many applications; it has an important drawback namely;
chattering phenomenon. To attenuation the chattering, new filter based high speed
control technigue is introduced. In this technique, two type derivative techniques are used
to improve the rate of delay as well stability, robustness and chattering attenuation. This
technique cased to improve the rate of delay compare with conventional PID controller
and conventional sliding mode controller.

Keywords: First order delays system, model-reference sliding mode controller,
chattering phenomenon, chattering attenuation, filter-based sliding mode controller

1. Introduction and Background

Controller is a device which can sense information from linear or nonlinear system to
improve the systems performance [1]. The main targets to design control systems in this
research are time response, stability, good disturbance rejection, and small tracking error
[2]. Several industrial systems are controlled by linear methodologies (e.g., Proportional-
Derivative (PD) controller, Proportional- Integral (P1) controller or Proportional- Integral-
Derivative (PID) controller), but when this systems works in various situations and have
uncertainty in dynamic models this technique has limitations. The linear control technique
has limitation in time response especially to reduce coupling effect. In practical
application first order delay has uncertainty and nonlinear control technique is
recommended. Sliding mode controller is an influential nonlinear controller to certain and
uncertain systems which it is one of model-reference controller.

Sliding mode controller (SMC) is a powerful nonlinear controller which has been
analyzed by many researchers especially in recent years. This theory was first proposed in
the early 1950 by Emelyanov and several co-workers and has been extensively developed
since then with the invention of high speed control devices [3]. The main reason to opt for
this controller is its acceptable control performance in wide range and solves two most
important challenging topics in control which names, stability and robustness [4-8].
Sliding mode control theory was first proposed in 1978 by Young to solve the set point
problem by discontinuous method as follows:
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i, Z{U+(q,t) if §;>0 (1)
@d = lu-(q,t) if S;<0

Sliding mode controller is divided into two main sub parts:

e  Discontinues term

e  Model-reference term

Discontinues term causes an acceptable tracking performance at the expense of very
fast switching. Conversely in this theory good trajectory following is based on fast
switching, fast switching is caused to have system instability and chattering phenomenon.
Fine tuning the sliding surface slope is based on nonlinear equivalent part [9-12].
However, this controller is used in many applications but, pure sliding mode controller
has an important challenge: chattering phenomenon [12-19]. Chattering phenomenon
(Figure 1) can causes some problems such as saturation and heat the mechanical parts or
drivers.
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Figure 1. Chattering as a Result of Imperfect Control Switching

Regarding to literature to reduce the chattering boundary layer method have been
introduced. In boundary layer saturation method, the basic idea is the discontinuous
method replacement by saturation (linear) method with small neighborhood of the
switching surface. This replacement caused to increase the error performance and time
response against with the considerable chattering reduction.

This paper is organized as follows; second part focuses on the system modeling
dynamic formulation and. Third part is focused on the methodology. Simulation result
and discussion is illustrated in forth part. The last part focuses on the conclusion and
compare between this method and the other ones.

2. Theory

Many industrial processes can be represented by a first order model; equation (2)
shows the mathematical plant model (in s-plane). Discrete transfer function of this model
has obtained using ZOH method, and the selected sampling period (T) is 0.1, equation (3)
shows the discrete transfer functions, (in z-plane).

1 (2)
=51
and;
1) — 0.09516 3)
) =7 009048’ O

The time delay occurs when a sensor or an actuator are used with a physical separation.
Equation (3) shows the mathematical plant model (in s-plane). Discrete transfer functions
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of this model has been obtained using ZOH method, and the selected sampling period (T)
is 0.1, equation (5 and 6) show the discrete transfer functions, (in z-plane).

1 4)

5209 = @5+ D
CSy(2) = Z72 x CS4(2) )
__0.09516 6
CSz(Z):ZZXm,T=0.1 ()

3. Methodology

Sliding mode controller (SMC) is robust conventional nonlinear controller in a partly
uncertain dynamic system’s parameters. This conventional nonlinear controller is used in
several applications such as in robotics, process control, aerospace and power electronics.

This controller can solve two most important challenging topics in control theory,
stability and robustness. Consider a nonlinear single input dynamic system is defined by:
x™ = f(X) + b(X)u ()

Where u is the vector of control input, x(™ is the n** derivation ofx, x =
[x, %, %, ..., x™~D]T s the state vector, f(x) is unknown or uncertainty, and b(x) is of
known sign function. The main goal to design this controller is train to the desired state;

Xg = [Xq, X, %q, ..., xg™ D], and trucking error vector is defined by:
X=x—2x4 = [% ..., x0T (8)
A time-varying sliding surface s(x, t) in the state space R™ is given by:

s(x,t) = (% + )" 1% =0 9)

where A is the positive constant. To further penalize tracking error, integral part can be
used in sliding surface part as follows:

(x,t) = d+,1"‘1 ft~dt =0 (10
s x' - (dt ) 0 X - )
The main target in this methodology is kept the sliding surface slope s(x, t) near to the
zero. Therefore, one of the common strategies is to find input U outside of s(x, t).
1d (11
_§2 < —
zdts (x't)— (ls(th)l )
where  is positive constant.
If $(0)>0- £5(1) < —¢ ) (12
To eliminate the derivative term, it is used an integral term from t=0 t0 t=t,.cqcn
t=treach ( t=treach (]_3
f as(t) < _f n- A) (treach) - S(O) < _((treach - 0) )
t=0 t=0
Where t,.qcn 1S the time that trajectories reach to the sliding surface so, suppose
S(tyeqcn = 0) defined as
S(0) (14
0- S(O) < _n(treach) - treach < T )

and
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, 1S(0)|
lf S(O) <0-0- S(O) < _n(treach) - S(O) < _((treach) = Lreach < T )

Equation (15) guarantees time to reach the sliding surface is smaller than |S(_{0)| since

the trajectories are outside of S(t).
if St, oo, =S(0) > error(x —xq) =0

)
suppose S is defined as
d
s(x,t) = a+1) X=x—X%Xq) +A(x—xq) )
The derivation of S, namely, S can be calculated as the following;
S=F—-%g) + A& —Xq)
)
suppose the second order system is defined as;
X=f+u->S=f+U—-%z;+AX—-%q)
)
Where f is the dynamic uncertain, and also since S = 0 and $ =0, to have the best
approximation ,U is defined as
)
A simple solution to get the sliding condition when the dynamic parameters have
uncertainty is the switching control law:
Ugis = U — K&, t) - sgn(s)
)
where the switching function sgn(S) is defined as:
1 s>0
sgn(s) = {—1 s<0 )
0 s=0
and the K(x, t) is the positive constant.
1d , . . .
T (x,)=S-S=[f—f—Ksgn(s)|-S=(f—f)-S—KIS| )
The sliding surface calculates as:
d t
S(x, t) = (a + ).)2 <f :i'dt) = (X - Xd) + ZA(X - Xd) - }_Z(X - Xd) )
0
in this method the approximation of U is computed as
U=—f+x5—2A(% —Xq) + A2(x — xq)
)
The sliding mode control law for first order delay system is:
U= UModel—Reference + Ugis )
U, = 1 +S
47 |s2x (S+1) )
Uais = K - sgn(S)
)

In sliding mode controller select the desired sliding surface and sign function play a
vital role to system performance and if the dynamic formulation is derived to sliding
surface then the linearization and decoupling through the use of feedback, can be realized.
In this state, the derivative of sliding surface can help to decoupled and linearized closed-
loop system dynamics. Linearization and decoupling by sliding mode controller can be
obtained in spite of the quality of the system dynamic model, in contrast to the other
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conventional nonlinear control technique that requires the exact dynamic model of a
system. As a result, uncertainties are estimated by discontinuous feedback control but it
can cause to chattering. To reduce the chattering in presence of switching functions; high
speed filter controller is added to discontinuous part of sliding mode controller. High
speed filter is type of stable controller as well as conventional sliding mode controller. In
proposed methodology PD, Pl or PID linear controller is used in parallel with
discontinuous part to reduce the role of sliding surface slope as a main coefficient. The
formulation of new chattering free sliding mode controller is;

U= Ueq + Ugis—new

In (29) U, is equivalent term of sliding mode controller and this term is related to the
nonlinear dynamic formulation of first order delay system (equation 27). The new
switching discontinuous part is introduced by U gis_new @6nd this item is the important
factor to resistance and robust in this controller. In PD sliding surface, the change of
sliding surface calculated as;

Spp=Ae+é—>Spp=2Ae+é

The new discontinuous switching term (t4;5) is computed as [3];
Ugis—new = Ka - s80(S) + Uriger
Uritter = Kq€ + [Kue - ﬂe] + Ee +K,e

S S
Based on (31) and (32);
Ugis—new = Ko sgn(le+¢é) + K,e + [KDe — —e] + —e + K,e

U=K,- sgn(Ae+ e) +K,e+ [KDe__e] +_e + K, e+ [SZX(S+1) +S]

According to the dynamic formulation of first order delay

1
TSZx(S+1)
And the controller formulation
1 .
U=K, sgn(le+e)+Ke+[KDe——e] e+Ke+[m+S

According to (35) and (36), can be expressed.
1 . Ky K; .
m=Ka-sgn(le+e)+Kae+ KDe—?e]+?e+Kve

+ [2— + S]
$*x(S+1)
Assuming that it can be expressed by the following equation:

sT ;—zv $=0
SZ2x(S+1)

If the Lyaponuv function is written by;
1
V==-ST—— 5§
27 S2x(5+1)

we can written the derivative of Lyapunov functions as;
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v=sT ! S+asT 1 S (40
T S2x(S+1)7 27 S§Zx(S+1)
1 .
:ST<—S+VS)
SZx(S+1)
r . Ky 1 K, . T
=S Ka-sgn(le+e)+Kae+[KDe——e]+—e+K,,e+[2—+S
s s SEx(S+1)
+ Af
(41)

.1 1
V==-ST——§5—-5sTys

S
2° SZTx(S+1)
T . KN Ki .
+S Ka-sgn(/le+e)+Kae+[KDe—?e]+?e+K,,e
1 .
S
SZx(S+1)
T . KN Ki .
=S (Ka-sgn(le+e)+Kae+[KDe—?e]+?e+K,,e
+S)—U)

"X+

4. Result and Discussion

Figure 2 illustrate the trajectory tracking for control-free controller, conventional
sliding mode controller and filter model reference sliding mode controller.
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Figure 2. Control-free, SMC and Filter PID Controller: Certain Condition
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According to Figure 2, in certain condition proposed method’s time response is about
zero which in conventional sliding mode controller is about 0.6 second and control-free
has about 3.5 second delay time. Regarding to Figure 2 proposed method in certain
condition has two main positive points: chattering attenuation and eliminate the delay.

Figure 3 illustrates the power of disturbance rejection in control free, conventional
sliding mode controller and filter sliding mode controller. Based on the following graph,
however conventional sliding mode is a robust controller but it has two drawbacks:

chattering phenomenon, uncertainty limitation.
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Figure 3. Control-free, SMC and Filter PID Controller: Uncertain Condition

Regarding to Figure 3, in presence of uncertainty the time response in control free is
about 19 second and increase about 550% but for conventional sliding mode controller is
about 0.6 second and for filter model reference sliding mode controller is about zero. In
time response point of view, proposed method has an excellent robustness.

5. Conclusion

In this research, filter model-reference sliding mode algorithm is recommended for first
order delay system to reduce the rise time and error performance as well improves other
performance. To design robust and stable controller filter-based model-reference sliding
mode controller is recommended. Conventional sliding mode controller (SMC) is a
nonlinear, stable, robust and reliable controller. To modify the chattering challenge in
conventional model reference sliding mode controller, high speed filter is recommended.
Regarding to methodology, this algorithm is robust and stable. Based on results, in certain
condition (Figure 2), the time response reduce to about zero, and this method eliminate
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the chattering as well error. In presence of uncertainty (Figure 3), the time response in
proposed method is zero, the same as certain condition, and the chattering and error are
eliminate like certain condition. Regarding to this method, the response of filter model-
reference controller is like the adaptive method but with low computation compare to the
adaptive method.
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