MATEC Web of Conferences 226, 02007 (2018) https://doi.org/10.1051/matecconf/201822602007
DTS-2018

Design controler of the quasi-time optimization
approach for stabilizing and trajectory tracking
of inverted pendulum

Nguyen Xuan Chiem'”, and Hai Nguyen Phan?

'Automation & Engineering Department, Le Quy Don Technical University, Hanoi, Vietnam
2Department of Software Engineering, Le Quy Don Technical University, Hanoi, Vietnam

Abstract. This article describes the method of stabilizing and tracking the
trajectory of the inverted pendulum with the quasi-time optimization
approach. The controller proposed in this paper is not only to stabilize the
inverted pendulum in a vertical position but also to cause the inverted
pendulum to follow a predetermined reference signal even when there is an
interference effect. The focus of this project is the design of a quasi-time
control law based on the quasi-time optimization approach and Lyapunov
stability theory. The simulation and experimental results suggest that the
proposed controller controls the inverted pendulum balance and cart
position stability which are better than the LQR method even when there is
an external disturbance effect.

1 Introduction

The inverted pendulum attached to the vehicle is a typical case study. It is an unstable
nonlinear system that is often used to test the performance and effectiveness of control
algorithms [1-4]. Many algorithms have been successfully applied to two — free — step
inverted pendulum systems, such as the PID for the one — step — inverted pendulum[1,15],
the controller based on fuzzy logic [13,16,18], used the noron network[8,27], used the
controller that has the sliding mode[2,5,7,12,17], optimal control LQR [5,6]. In which LQR
is a typical balance controller that gives good simulation results as well as experimental
results[2,7,12]. However, determination the value of the matrix Q and R at the experimental
time for getting stability of the system takes a lot of time.

The fast approach of the quasi-time optimization approach (KOB) for combining control
rules is designed by professor Neidorf R.A and developed by his students [22-25] shows
that this is a powerful design method and flexible for nonlinear systems [11,26]. This
method has been applied to some nonlinear systems and gives good results.

In this paper, authors also uses the fast approach of the quasi-time optimization approach
and the Lyapunov stability theory to determine the control rule and parameters of the response
speed. This control rule is implemented on real — time embedded systems. We also have
compared the control quality with the LQR controller on the same model.
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2 Mathematical model of the Single Inverted Pendulum

The inverted pendulum model consists of a vehicle and a pendulum attached to that vehicle
(Fig. 1), the position of the vehicle is able to be controlled. Suppose that friction and
moment of inertia are ignored. The nonlinear model of the pendulum system is constructed
using the Euler-Lagrange equation.
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Fig. 1. The inverted pendulum model.

Kinetic energy of the pendulum mass:
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Kinetic energy of the vehicle:
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Kinetic energy of the system:
T=T,+T, =%(M+m)5c2 +mlxécos(9)+%m1292 (3)
Potential energy of the system:
U = mglcos(0) 4

Energy of the inverted pendulum system:
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Euler-Lagrange equation:
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Replace at (6) by (5) we have :
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The state equation the inverted pendulum system with x =x; x, =%, x, =6, x, =6, -
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Suppose that friction and moment of inertia are ignored. Linearize (8) to get balance
point x; =0;x, =0; x, =0; x, =0; we have the linearized state equation below:

0 1 0 0 0
X m X 1
. 0 0 -8 0 — (9)
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Xy M+m Xy 1

0 0 MEtm, - L
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Where: x - displacement (m); x- velocity (m/s); X - acceleration (m/s’); 6 - angular
displacement (rad); ¢ - angular velocity(rad/s); ¢- angular acceleration(rad/s®); F - force
(N); k- friction coefficient (Nm/A); g - gravity acceleration (m/s°); M- the chassis volume
(kg); [ — length of the pendulum(m); M — Cart mass (kg); m - Pendulum mass (kg).

3 Using the quasi-time optimization approach for stabilizing and
trajectory tracking

The nearly optimal method by quick acts has been applied in some studies [11,26]. This
method has many advantages such as fast duration effect, asymptotic stability, and high
stability. In the paper [11], development of control rules on embedded systems with the one
— free — step object is shown. Using a nonlinear model for the two — free — step inverted
pendulum systems is slightly complicated. Therefore, the authors use the linear system (9)
for embedded systems.

Changing state variables as follows:

Nn=x gy =x iy =300, =X

It is easy to verify that Jacobian matrix of transformation (3) is not degraded:
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Equations (12) is in a controllable Jordan form [9]. Virtual system (12), which has
asymptotic stablily and quasi - time optimum, is used to synthesize the control law F with z,
= yr; u is found to introduce the system (12) into the virtual system (13) [9]. The obtained
control law is a differentiable function of state variables, of which the formula is very long
and therefore not given here.

z v 217 R +z
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Where hy(z, xg,) is quasi — time optimal function (%(z, x) = sign(z - xg)) [8].

In researches [11,23,24] the coefficient v is defined as a reactive speed, the value is
specified through testing. In this paper, authors determine V to ensure the system in
asymptotic stability. From the virtual equation system(13) Lyapunov function can be
created as below:

14 :%(zl2 +222+z32 +z42) (14)

Determined v parameter for V to get being negative, we have:

2 &,(4-¢3¢4) (15)

2
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The selected parameters for the simulation model are as following : M =0.8(kg), m= 0.4
(kg), 1=0.4 (m), g=9.81(m/s*), k=1,v=1.7, &1 =0.35, &2 =e3 =4 = 0.2, X, = 0.2, X(0) = 0
(m), x(0) = 0 (m/s), 0(0) = 0(rad), 6'(0) = O(rad/s).

Fig. 2a, 2b shows the angular response and position of the fast-acting optimal controller
and the LQR method when the model meet the friction. Looking at the results, we can
conclude that the controller combinated by the above method has the position response
which is not overwhelmed compared to the LQR controller, the faster time for the angular
response and position, and higher stability.
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Fig. 2. Simulate how to response the position and balance of the inverted pendulum: a- The angular
response of the pendulum; b-The position response.
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Fig. 3 displays the force applied to the vehicle to stabilize the system, it shows that the
force determined by the quasi-time optimization approach is smaller than that one
determined by the control system LQR. This is very significant in reality for designing
embedded systems because of limited resources and energy affect applied to systems.
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Fig. 3. Force values in LQR and KOB.

4 Results are performed on the real-time system

The control rule is run on the real-time embedded system on the model performed by
authors (Figure 4a) with the following parameters: Length of journey 0.7 (m); Other
parameters like as the simulation part . The vehicle is powered by a DC motor and

transmission system — drive belt.
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Fig. 4. The inverted pendulum model: a) experimental model; b) diagram of control circuit block.

Diagram of the circuit controlled system is shown in Figure 4b. The ATmegal6U2
microcontroller is used as a central processor working at frequency 16 kHz. Two angular
and position encoders are connected to the microcontroller with 600 pulses / loop. The DC
motor is controlled via the controller and the power circuit L298. The system is supplied by
a 24 V DC power, electric current 2.1 (A). The system are connected to software that
collects data via serial port RS232. The software is developed by authors with Visual
Studio C++ to observe angle and position values by displaying the numerical and graphical

data on the screen (Fig. 5).
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Fig 5. The program interface displays the data.

In Figures 6a, 6b show the responsive angle and position of the inverted pendulum by
the fast-acting optimal controller. From the response we can see that the optimal controller
has worked with the designed pendulum model. The pendulum is always in equilibrium and
only oscillates slightly around the equilibrium position. The position of the pendulum
oscillating around the set point tends to fade. We also observe that responsive angle and
position which somewhere oscillates with the high frequency is due to mechanical
deviation, measurement deviation by using relative encoder. Another reason is that the
control rule is not optimal with the real model because of the v selection, and the epsilon in
simulation is approximate.
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Fig. 6. Satisfaction of the equilibrium angle and position of the real-time system: a- The angular
response of the pendulum; b-The position response.

5 Conclusions

The paper presents the method of designing the balance control rule of the inverted
pendulum system by the fast acting nearly optimal method. The correctness of this control
rule has been proven by simulations compared with the LQR controller. The control rule
demonstrates its superiority over LQR controllers in terms of response times, stability and
energy consumption. Application on the real-time system is done by the authors on the real
model. Experimental results also show that although there is oscillation, the fast-acting
optimal control rule has stabilized the pendulum and the position at the set point
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