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Abstract This paper presents the application of multirate output feedback with
discrete time sliding mode control (SMC) for controlling the inverted pendulum
system. The SMC are well known as completely insensitive to parameter variations
and external disturbance. Normally, in order to design controller, the state feedback
from the entire state variable is utilized. However not all of the state feedbacks are
always available. Therefore, the concept of the multirate output feedback (MROF)
in which the output state that are always available at any situation is proposed. The
nominal plant model for inverted pendulum system is fourth order with additional
of external disturbance. Simulation results verify the proposed controller’s perfor-
mance even though nonlinearity present in the inverted pendulum system.

Keywords Multirate output feedback - Sliding mode control -« Inverted pen-
dulum system

1 Introduction

Inverted pendulum system is known as unstable system, highly nonlinear and
difficult to control. A lot of investigations have been delivered to control the
problem of the inverted pendulum [1, 2]. Sliding Mode Control (SMC) was pro-
posed in the 1960’s is a special nonlinear control strategy with discontinuous
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property [3]. The special feature of SMC is a switching control law is utilized to
drive the state trajectory onto a selected sliding surface in the state space and stay
on this sliding surface infinite time. Due to the above property, SMC is attractive to
control many highly nonlinear uncertain systems [4-6]. Recently, due to wide-
spread development of computer, the trend of controller has changed from con-
tinuous to discrete time as well as sliding mode control. Unlike the continuous time
SMC, in discrete sliding mode control (DSMC) the state trajectory cannot stay on
sliding surface and cross it in finite time. It will cross the surface again in the
following sampling period and produce a zigzag motion called quasi sliding mode
band [7]. The DSMC have many advantages compared to continuous SMC such as
high accuracy, low power consumption and the others [8].

The state feedbacks are normally used to design control law in SMC. However
in practical situation not all of the state always measurable. In this situation, an
observer need to be designed where it will provide an estimation of state variable.
[9]. However the used of observer makes the system more complex. The Multirate
output feedback (MROF) method that only used the output samples to design the
controller can be used in place of an observer. The concept of MROF is the control
input and output of a system will be sampled at two different sampling rates. The
control input is sampled at a slower rate, meanwhile the output is sampled at a faster
rate [10]. Several nonlinear plant system such as Hydraulic Manipulator [11],
Magnetic Levitation System [12] was controlled by MROF. In this paper, the main
objective is to design the multirate output feedback based on discrete SMC and
implemented the developed controller to inverted pendulum system to improve the
system performance.

2 System Overview

An inverted pendulum system consists of a freely pivoted rod, mounted on a motor
driven cart. The aim of this task is to move the cart to a desired position and at same
time balancing the inverted pendulum to maintain at up-right position. The con-
tinuous time of inverted pendulum system with additional of external disturbance d
(?) can be expressed as follow

e
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Ax(t) + Bu(r) + Bd(r) 0
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where
0 0 1 0 0
0 0 0 1 0
A= 0 (Mplp)2g Bey(ly +Mpl,2z> M,l;B, B= Iy +Mplﬁ)
P - P - TP P (2)
0 (M +M,)M,gl, _ MylBey _ (Mc+M,)B, M,l,
P P P P

P=(MC+M,,)I,,+MCMPI§ x()=[x x x3 x4]=[xc 0 x. 9}

where x, is the cart position, @ is the pendulum angle, . is the cart velocity, € is the
pendulum angular velocity, M ,, is the pendulum mass, I ,, is the pendulum moment
of inertia, B, is the viscous damping coefficient, B,, is the equivalent viscous
damping coefficient, / , is the pendulum length, M, is the cart mass and g is
gravitational constant on earth.

3 Multirate Output Feedback

The Eq. (1) also can be rewrite as
x(t) =Ax(t) + Bu(t) + Dd(t) (3)

The reference tracking, z(f) = r(f) — y(t) is added to the system. Then the
continuous time of inverted pendulum system can be represented as

2(1) 0 -1 0 0 z() 0 0 1
SO e R S L PO B PO R g P
il L0 an o an]luo] b d, 0
(4)
The system in Eq. (4) can be represented as follow
Xy (1) = Apx, (1) + Bou(t) + Dyd(t) + Ryr(t) )

when the continuous time system in Eq. (5) is sampled at z=0.004 s. The discrete
time of the system is given as

x(k+1)=®x(k) +Tu(k) + Ff (k) + Hr(k)

y(k) = Cpr(k) ©)
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where u(k) €R, ®(k) €R"™" and ['(k) € R"*! Assume that the (®, I') is control-
lable and (@, C) is observable. The past N multirate-sampled system outputs can be
represented as

y(k=1)z
yk=1)t+n
o= | y(k=1)z+2n (7)
y(kf—n)

Then, system in Eq. (7) can be represented in faster sampling time 7 =0.001 s as

x(k+1) =x, (k) + Tyu(k) + F,f (k) + H,r(k)

8
Yi+1 = Cox(k) + Cuu(k) + Cyf (k) + Crr(k) ®
where Cp, C,, Cr, and C,, can be expressed as
0 0
C
Cpcli;.,7 Gy CpFy
Co= CP(D% C,= Cp((bnrrl + Fr/) Cr= Cp(‘DV/Fn + Fn)
: N-2 N-2
C,@f;’ -1 G, ;0 o, C, ';0 ©,F,
o (9)
C,H,
C = Cp(®yH, + Hy)
N-2
Cy ;0 @, H,
Using Egs. (8) and (9) the following equation is obtained
X(k)]
=¥ —Cuu(k)—C.r(k 10
0] =v0nes -t - ) (10
-1
where ¥ = ([C0 ¢ Co cf]) [Co ¢
Substitute Eq. (8) into Eq. (10),
x(k+1)] _[®, F, ~ _ r, H,
[ 0 ] = [ 0o I (Pyk+1—PCu(k) —¥C,r(k)) + 0 u(k) + 0 r(k)
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Then state x(k+ 1) can be represented
x(k+1)=[®, F;¥y1+(T,— [P, F,]¥Cu(k)+ (H,—[®, F,]¥C,)rk) (12)
If Q=|®, F,] then the state x(k) can be expressed using the output y; as
x(k)=Q0¥y + (I“,7 - Q‘PCu)u(k -1+ (H,? - Q‘PC,) r(k—1) (13)

In the case where the linear sliding surface is used, the forward linear surface o
(k + 1) can be expressed as

o(k+1)=GDdx(k) + GTu(k) + GFf (k) + GHr(k) (14)
Since the value of f(k) is unknown, it will be replaced by estimated disturbance
of f (k)=f(k—1). It can give the control input as

u(k)= - (Gr)~! {G@x(k) +GF]:(k) +GHr(k)] +Mlo(k)|sgn (c(k))  (15)

Then the control input can be expressed in MROF as
u(k)= — (GI) ™' [GD{Q¥y + (T, — Q¥C,)u(k— 1) + (H, — Q¥C,)r(k—1)}]
= (GN) ™! [GF (k) + GHr (k)| +Mlo(k)]| sen (o(k))
(16)

To ensure the system is in the stable condition, the (o(k+1)—o(k))sgn
(6(k)) <0 and (6(k+1)+0o(k))sgn(c(k)) >0 must be satisfied. Therefore, the
range of M in Eq. (16) must be between 0 < M < 2.

4 Result and Discussion

The inverted pendulum system is fourth order system. Thus the observability index
of the system is 4, hence the value of N is chosen as 4. In this work, the output is
sampled at slow rate of 7 = 0.004 s. The inverted pendulum system that discretized
in fast sampling time with # = 0.001 s is shown as below



424 R. Ngadengon et al.
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The MROF has been simulated to demonstrate the ability of cart system to move
to desired position and at the same time maintain the inverted pendulum in upright
position. The external disturbance is set to d(k)=0.05 cos(2zkt/3). After 1 s the
cart is force to move 0.02 m from its initial condition by following the desired input
which is the wunit step input. The switching surface is designed as
G=[-156 -89 130 —48.4564 20]. Thus as comparison, the perfor-
mance of the MROF is compared with the discrete linear quadratic regulator
(DLQR). Thus, the designed gain for the discrete linear quadratic regulator con-
troller are K=[—43.1696 1259181 —40.3888 13.5309]. Figure 1 shows
the simulation result for cart position and angle of inverted pendulum system with
MROF and DLQR controllers. Based on Fig. 1a, although all of the controllers are
capable to control the cart position, but the output of each controller gave the
different characteristic. Table 1 show the comparison data of both controllers. The
output of controllers show that the MROF gives the faster settling time and lower
overshoot as compared to DLQR controller. Mean while Fig. 2 shows the control
input which is the input voltage of the system.

(a) (b)
0.025 0.4
s ° g o
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7] Reference = -0.2
©  0.005 o
a v —— MROF g=
0 —— DLQR 0.4
-0.005 - - - - : -0.6 -
0 1 2 3 4 5 0 1 2 3 4 5 6

Time (s) Time (s)

Fig. 1 a Tracking performance of cart position, b Angle of inverted pendulum
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Table 1 Performance  Characteristic MROF DLQR
characteristics of cart position Rise 6 0.96 105
with MROF and DLQR ise time (s) : :
Settling Time (s) 2.75 4.02
Percentage of overshoot (%) 0 2.55
Fig. 2 Input voltage 1

o

Voltage Input (V)

2 A A A \ \

5 Conclusion

In this paper, MROF based DSMC is designed to control inverted system.
The MROF is designed using the output feedback and can be used to place an
observer. The designed controller is able to deal with existence of external dis-
turbance in the system and guarantee the stability. Only by the usage of output state,
the inverted pendulum can maintain at upright, tracked the desired position of cart
motor and not depend on the state feedback. This study has shown that developed
MROF provide a good pendulum system performance in particular yield solution to
nonlinearities problems.
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