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Abstract

Two-wheeled inverted pendulum (TWIP) robot has been widely investigated because the system is nonlinear and unstable.
The purpose of this study is to control the balance of TWIP. The PI control is employed because the limitation of hardware.
To obtain the PI gain, actual TWIP has been implemented, where Ky = 50 and Ki = 4. The results show that the balance of
TWIP can achieved with an error of 0.32°.
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1. Introduction pendulum is a rack which carry controller board, battery, and
sensor. All loads are distributed symmetrically.

The Two-wheeled inverted pendulum (TWIP) robot is a
challenge engineer problem as it is nonlinear and unstable.
Therefore, many research studies conducted concerning
TWIP; such as, (A) mathematical modeling of dynamic
systems and (B) design of the controller.

Mathematical model is used to describe relation of
parameters in TWIP. Two commonly used techniques are
Newton method [1-2] and Lagrange method [3]. The Newton
method employs vector concept while the Lagrange method
utilizes energy consumption concept. The later has an
advantage on simplicity of the computation.

Design of the control algorithm is to obtain parameters
which can balance the TWIP. Method that popularity of
industrial techniques is Proportional Integral Derivative
(PID). While the TWIP often uses Proportional Derivative
(PD) controller [4], PID controller [5] and some research
combined Linear Quadtratic Controller (LQR) with PID [3].

The purpose of this research is to balance TWIP using
Proportional Integral (PI) controller. This is because the
onboard hardware limits its complexity of the control
algorithm. The paper is structured as follows. After
introduction of TWIP, TWIP hardware and mathematical
model are presented, followed by the experimentation to
obtain Kp and Ki. Result of balancing TWIP, and conclusions
have been made, respectively.

2. TWIP hardware and mathematical model

2.1 TWIP physical hardware

] ] ) ) Figure 1 TWIP robot (a) side view (b) top view (c) actual
TWIP consists of two main parts; two identical wheels robot

and TWIP body (pendulum), as shown in Figure 1. The
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2.2 TWIP electronics hardware
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Figure 2 Electronics hardware of TWIP
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Electronics hardware of TWIP (Figure 2) consists of
Arduino Mega 2560 board which is a control unit and it
creates signal control, pulse width modulation (PWM).
Accelerometer and gyroscope module (MPUG6050) is
employed to measure pitch angle (6;) of TWIP. This angle
is then fed into the control unit to be a feedback signal and
used in control algorithm of TWIP. The control unit will pass
information via serial communication to computer in order
to record parameter’s values.

2.3 Mathematical models of dynamical for TWIP

Lagrange Equation of Motion formula, Eq.1, is applied
to determine the mathematical models of TWIP. Information
of all parameter is represented in Table 1.
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Where L=T-V is Lagrange function or Lagrangian
equations and it is the difference between kinetic energy (T)
and potential energy (V). Q; is generalized force which uses
torque (7 ) from motor DC as an input system. Let the
generalized coordinate (q,) of TWIP be q; = (x, 6, )where x
is a linear position of TWIP. 6, is a pitch angle of TWIP,
d; = (%,0;) where x is a velocity of linear position and 6,
is an angular velocity of pitch angle of TWIP. Therefore, the
dynamics of Lagrange equation can be obtained as follows.
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Eq. 2 and Eq. 3 are the nonlinear equation of TWIP. To
linearize these equations, Taylor Series is applied where a
normal operating point or equilibrium point is set as 6; = 0,
resulting cos 6; ~ 1, sinf; = 8;, 62 ~ 0. Cramer's rule is
then used to find acceleration of linear position
(%) and angular acceleration of pitch angle (6;). These can
be calculated as in Eq. 4 and Eq. 5

X=194.627 —14.246, “

6, =—-3394.51r +419.486, (5)

Let’s X = [x % 6, 6;]" where X is a state vector.

KKU ENGINEERING JOURNAL 2016;43(S3)

x] [o1 0o 0]x 0
% |_|0 0 -1424 0|/x,| | 19462 )
= T
x| 100 0 1|x 0
x,| |0 0 41948 0] x,| |-3394.51
Xl

X
y=[0 0 1 0] °
[ I
XA

Converting state space equation, Eq.6, to determine system
transfer function; % = C[sI — A]"'B + D. Therefore, the
system has a right half plane pole, thus, TWIP is unstable, as
shows in EqQ.7. Symbols and value of parameters are
represent in Table 1.

o _ -3394.51s° -3394.51 —3394.51
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Table 1 Parameters of TWIP

“Order symbol and Unit Parameter
value
1 £=981 m/sec’ Gravity acceleration
2 m, =0.585 Kg Mass of the pendulum
3 M =0.052 Kg Mass of one wheel
4 R=0.034 m Radius of the wheel
5 L,=0.129 m Distance of the pendulum Z, = (h—R)
6 1,=0.043 m Distance from the point z to the center of gravity
7 w=0.130 m Distance between the left and right wheel
8 d=0.070 m Distance width of TWIP
9 h=0.163 m Distance height of TWIP

10 J,=0.00036 Kgm®  Moment of inertial of the platform about the pitch-axis

11 Jp =0.00106 Kgm®  Moment of inertial of the platform about the yaw-axis

12 Jy =0.00003 Kgm'  Moment of inertial of the wheel

3. Designed gain K, and K;

A control law can be written as u = K,E(s) + %E(s).
In order to find the gain of Pl controller using manual tuning
[6], firstly, determine the K, by set K; = 0 and then vary K,,.
Observe pitch angle (output) of TWIP until it starts to
oscillate, set K, to be critical gain (K,,). The designed gain
K, is then calculated K, = K./2. Figure 3 shows the time
response of gain K, where K, is 100. Thus, suitable K, is
50.
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Figure 3 Time response to find gain K, from experiment
Secondly find the gain K; where K, is set to 50.

Increased value K; from 0 until system is stable. Figure 4
shows the time response related to gain K;, where selected K;
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is 4. Therefore, the designed gain of TWIP is K;, = 50 and
Ki =4,
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Figure 4 Time response to find gain K; from experiment
where K, = 50.

4. Results

TWIP is then applied the designed gain, K;, = 50 and
K;=4, and it gives a satisfied result, as shown Figure 5.
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Figure 5 Time response TWIP

Figure 5 shows time response of TWIP that the pitch angle
has a small error of 0.32° calculated by root mean square

(RMS) of actual 6y, 0 pys = /%Z’Li oF .

5. Conclusions

This research proposes a mathematical model of TWIP
using Lagrange method. Equation of TWIP is nonlinear. To
linearize these equations, Taylor Series is applied. PI control
is employed because of hardware limitation. The gain K;, and
K; is designed from experiment where K, = 50 and K;= 4.
The TWIP shows that it can balance well with a small error
0f0.32".

6. Acknowledgements

Thanks, Robotic Engineering Research Laboratory in
Department of Electrical Engineering, Faculty of
Engineering, Khon Kaen University as a source of
knowledge to the research. And Loei Rajabhat University, a
member of the research agency.

7. References

[1] Zhijun Li, Chenguang Yang, Liping Fan. Advanced
Control of Wheeled Inverted Pendulum Systems.
London: Springer; 2013.

[2] Binugroho EH, Pratama D, Syahputra AZR,
Pramadihanto D. Control for Balancing Line Follower
Robot using Discrete Cascaded PID Algorithm on
ADROIT V1 Education Robot. In: Zainudin A,
Hermawan H, Nugraha SD, Tridianto E, Briantoro H,
Permatasari DI, editors. International Electronics
Symposium (IES 2015); 2015 Sep 29-30; Surabaya,
Indonesia. New Jersey: IEEE; 2015. p. 245-250.

(3]

(4]

(5]

(6]

KKU ENGINEERING JOURNAL 2016;43(S3)

Sun L, Gan J. Researching of Two-Wheeled Self-
Balancing Robot Base on LQR Combined With PID.
Intelligent Systems and Applications (ISA 2010); 2010
may 22-23; Wuhan, China. New Jersey: IEEE; 2010.
p. 1-5.

Zhang R, Xiong G, Cheng C, Shang X, Ma Y, Lu Z.
Control System Design for Two-Wheel Self-Balanced
Robot Based on the Stepper Motor. Service Operations
and Logistics, and Informatics (SOLI 2013); 2013 Joly
28-30; Dongguan, China. New Jersey: IEEE; 2013. p.
241-244.

Morales GY, Plazas SA, Combita LF. Implementation
and Closed Loop ldentification of a Two Wheeled
Inverted Pendulum Mobile Robot. Brazilian Robotics
Symposium and Latin American Robotics Symposium
2012; 2012 Oct 16-19; Ceara, Brazil. New Jersey:
IEEE; 2012. p. 97-102.

Souza MRSB, Murofushi RH, J Tavares JPZ, Ribeiro
JF. PID Tuning for the pitch angle of a Two-Wheeled
Vehicle. Latin American Robotics Symposium and 3rd
Brazilian Symposium on Robotics 2015; 2015 Oct 29-
31; Uberlandia, Minas Gerais, Brazil. New Jersey:
IEEE; 2015. p. 371-375.



