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DESIGN AND CONTROL AUTO-BALANCED ROBOTIC BICYCLE

ABSTRACT

Vu Ngoe Kien'
College of Technology - TNU

Autonomous vehicles has atiracted many researchers in the recent years. In this paper, the author
has built a auto-balance robotic bicycle (ABRB) by using flywheel based on inverted pendulum
principle. The ABRB has only two in-line wheels, it reduces both weight and widths. The ABRB
could be used both as a teaching tool, and as a device to test balanced control algorithms. At the
same time, to maintain the stable balance of ABRB the author designs a balance control system
based PD control law. The experimental results showed that the correctness of robot models of and

balance control system.
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PROBLEM STATEMENT

Autonomous vehicles have has attracted
many researchers in the recent years.
However, one major lmitation of automated
vehicles is in the area of stability. Most
robots require a wide wheel base and a
minimum of three points in contact with the
ground to maintain stability. Increasing the
number of wheels of a robot reduces the
efficiency of the drive system by adding
weight, increasing friction or drag, and
i ing power draini p ts. The
Auto-Balanced Robotic Bicycle (ABRB)
offers a new way to circumvent these
limitations. By using only two in-line wheels,
the ABRB reduces both weights and widths
without sacrificing stability.

DESIGN ABRB

There are many methods used to control
balancing of ABRB such as flywheel
balancing [1, 2, 5], mass balancing [3], and
steering balancing [4]. Among these methods,
flywhee! balancing method which uses a
reaction wheel {flywheel) is a good choice
because the response time is shorter and
the system can be stable even at stationary
position. There are two principles used
flywhee! in the flywheel balancing method.
The first principle uses a spinning wheel as a
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gyrascopic stabilizer [1]. Its advantages
includes low mass and produce large
amounts of torque. Its disadvantages are
that it consumes more energy. The second
principle uses a spinning wheel based on the
inverted pendulum principle [2, 3]. lis
advantages are low cost, simplicity and
consumes low energy censumption. lts
disadvantages are that it cannot produce
large amounts of torque.

In this study, we will design ABRB based on
the inverted pendulum principle. ABRB couid
be used both as a teaching tool, and as a
device to test control algorithms.

The law of conservation of momentum states
that if no extenal torque effects on an object
or system {or total torque impact to the object
is zero), total angular momentum of that
object will be preserved. Based on the law of
conservation of momentum states, my robotic
bicycle contains a reaction wheel and which
using to maintain its balance. When it is
deflected from the equilibrium position
(corresponding to a vertical angle) the gravity
of the bicycle will create a torque leading it to
pour down. This reaction wheel will revolve
around the axis (with the angular acceleration
is o) and generate a torque which is balanced
with the torque caused by the gravity the
bicycle creates. A DC motor is used to control
the acceleration of the reaction wheel. A
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control system receives the robot’s tilt angle
as the feedback and outputs a torquc on the
reaction wheel fo drive the entire system to a
vertical orientation.

Mechanical Design

The design of the ABRB closely rescmbles a
low riding scooter. The goal is to optimize
space for electronics, while maintaining tigidity
in the entire frame as shown in Figure 1.
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Figure 1. ABRB's mechanical frape design
The front wheel is intentionally fixed so the
robot could drive through only a straight line,
and rely only on a control mechanism to
balance itself. The wheels of the vehicle are
30 -cm blcyc]e wheels and the drive train is

pl d with twe sp and a chain.
The reaction wheel (flywheel) is the most
important component of the mechanical
design. A carcful balance of mass vs. moment
of inertia is also very critical. In order to
aftain a high moment of inertia while
minimizing the overall mass, the wheel needs
contain the majority of its mass concentrated
at the outer edge. The final reaction wheel
which selected is custom machined of steel
with a diameter of 26-cm and mounted
perpendicularly in the middle of the bicycle.
A detailed description of ABRB constitute is
in Figure 2 as follows:
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Figure 2. Details nodel of ABRB
Control Design
The control system of ABRB is shown in
Figure 3.
The central element of the control system is
used the Arduino board. Arduino board is a
microcontroller  board based on the

ATmega328P (datasheet). It has [4 digita

Jjack, an ICSP header and a resct button.

input/output pins, 6 analog inputs, a 16 Mz
quartz crystal, a USB connection, a powy

Figure 3. The control sysiem of ABRB
The control system of ABRB consist of v é
primary subsystems. The first subsystem
responsible for maintaining the balance of the
vehicle, whereas the second subsystem
control the mobility.

The first subsystem elements of the controf
system is built up with the following
compenents: to spinning the flywheel using
DC motor 100w-15v-3400 rev/min + H-
bridge; measuring speed of flywheel using
Encoder Sharp 100 pulses, measuring tilt
using angle sensor GY-521 MPU-6050.

The second subsystem elements of the control
system is  built up with the following
components: a DC motor, H-bridge and the
remote control. .
Modeling and balance control system desig
Modeling ABRB

The balance control system ol the ABRB s
modeled as an inverted pendulum model i
the Figure 4.

Figure 4. Inveried pendulum model of ABRB
m, is the weight of the ABRB (including the
DC motor), m, is the weight of the flywheel,
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3 is the height of the center of the gravity of
he ABRB (excluding the flywheel), &, is the
weight of the center of the gravity of the
lywheel, I, is the moment of inertia of the
ABRB, /, is the moment of inertia of the
lywheel, # is the tilt angle of the ABRB
sompared to the vertical, ¢ is the angle of
otation of the flywheel

lo build the dynamic models of system, the
wthor 2] using the Lagrange equations.
dfor)_or ov_ )
|94, 0q 8~

T is total kinetic energy of system, ¥ is total
sotential energy of system, @, is external
forces, g, is generality coordinates.

Total the kinetic energy of the system is
lefined as:

7‘=-;- mB+mh + 1+ 1, 6
2 , @
+EI,¢‘ + 16,
Total potential energy of system is:
V=g.cosb. mh +mh, 3}

Using the Euler-Lagrangian equations, the
following two equations are derived:

mB i A LA B
—g.siné. mh +nmh, =0.
Lp+18=T, )

@

With 7;, is torque if the motor shaft.

Consider a DC motor with a transmission
ratio is a:1, the (torsion ) torque of DC motor
drives for the flywheel as the follows:

Y-k ©

T,=ak,

where K,, is the torque constant of the motor;
K, is the electromotive force constant of the
motor; R is the resistance of the motor.

Replace (6) into (5) we get the following equation:

U-K¢
7 ‘ N

Lp+1i=T,=akK,

Equation (4) and (7) are the kinematic
equations of the system, Obviously with the
above aerodynamics equations, the system is
nonlinear system.

Linearizing model: Assuming that when the
bicycle is operating, its angle is very small
(8<10°), we linearized equaticn (4) around
the equilibrium (8=p =0, sinf=4) then
obtained the following equations:

mi +mb L L B4 L

—g8. mb +mhy =0,
U-K$
=

]

Lo+ LI=T,=aK,

©)

Let A=mhl +mp +1,+1;8=mh +mh,

Performing equation (8) and (9) in the
following plant madel
T,

Figure 5. ABRB model
Control balance system design
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Simplifying the ABRB model in Fig.5, we
abtained ABRB model in Fig. § as follows:

Figure 6. Compact ABRB model
With the plant model, combining PD lav
controller and the system of ABRB a
depicted in Figure 7.



& The inputs signal processing unit is shown i
> Figure 10.

Figure 7. Balance control system of A{BRB

To determine the parameters (K, K, K, )
of the controller in Figure 7, the author
follows thesc steps:

Step 1: Writing the C* code and loading that
code into the Arduino board in order that
Arduino board can send and receive data from
the Matlab software through the PC.

Step 2: Building the input — output signal
processing unit in Matlab — Simulink.

The function of the input signal processing
unit is receives and processes the tilt angle
signal and the rotational speed signal of the
flywheel from the Adruino board.

Accurately obtaining the feedback signals of
the control system is the key to successfully
balancing the ABRB. Because of the
importance of detecting the tilt angle of the
balancing control algorithm, an accurate and
precise method used fo measure the angle.
The MPU6050 contains both a 3-Axis
Gyroscope and a 3-Axis accelerometer allowing
measurements of both independently. A
gyroscope offers a very fast angular velocity
reading, howcver, the round-off errors from
digital integration may cause the position output
to "drift" over time. To compensate for this
drift, the error between the raw tilt angle form
the gyroscope and the absolute tilt angle from
the accclerometer was used.

The compensated tilt angle output is shown in
Figure 8.

Figure 8. Gyroscopic drift compensation

Figure 9. The input signal processing unit
Matlab — Simulink

The function of blocks in Fig. 9 as follow

Stream Input Block: receiving sensor si

posted from Arduino board.

Data, Type Conversion Block: Conv

measured signal of gyroscopic Sensor.

Data Type Conversion 1 Block: Convért'?
measured signal of accelerometer Sensor gf
Data Type Conversion 2 Block: Conve:
measured signal of encoder.

The function of the output signal processii
unit is sends the signal control of controllerto
H-bridge which controls the DC motor. The
output signal processing unit is shown i
Figure 10 as follows:
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Figure 10. The output signal processing unit in
Matlab - Simulink

Step 3: Building the balance control system
of ABRB in Matlab - Simulink according to
Figure 7, the result is shown in Figure 11.

Figure 11. Balance control system of ABRB
Matlab - Simulink
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Through experiments, the author chooses the
sarameters of the controller are K, = -30; Ka
=-13;Ka=9.

The experiment results of balance control
system of ABRB

The experiment results of balance control
system of ABRB is shown in Figure 12.

Figure 12. The output response of balance control
system of ABRB
The results in Fig. 12 show that: the tilt angle
of ABRB changes from -0,8 + 1 degree; the
rotational speed of the DC motor changes
from 2,5 rad/s + -0,5 rad/s; the voltage U
which applied to the DC motor changes from
-24V+24 V.

Comment: The balance control system keeps
the tilt angle of ABRB balance around the
angle 0 degree.

CONCLUSION

TOM TAT

This paper was introduced in detail the desigr
process auto — balance robotic bicycle usec
flywheel balancing method. At the same time
to maintain the balance of the ABRB the
author designed a balance control system
based PD control law. Using the Matlat
software, the author identified the parameters
of the balance controller of the ABRB. The
experimental results showed that ABRB car
stable equilibrium with controller designed ir
this paper.
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THIET KE VA PIEU KHIEN ROBOT XE PAP TU CAN BANG

Vi Ngoe Kién”

Trudng Dai hoc Ky thudt Cong nghiép — DH Thdi Nguyén

Hi¢n nay, nghién ciru robot ty hanh 12 mét linh virc thu hit sy quan tim cia r}hiéu nha nghién ciru.
Trong bai bao nay, téc gia di x4y dung dugc mot mt robot xe dap tr cdn béng (ABRB) nht vige
sir dung banh da dya trén nguyén Iy con lic ngugc. ABRB chi ¢6 hai banh nén s2 giam duoc ca
trong lugng va chidu rgng, ABRB c6 thé dugc sir dung nhu mgt cdng cu gidng day va mot thiét bj
& thir nghiém thudt todn didu khién, Ddng thoi, dé duy trl ABRB cin bing 8n dinh, tac gia da xdy
dyng duge mot hé théng didu khién dua trén lujt diéu khién PD. Céc két qua thyc nghi¢m diéu
khién robot cho thdy tinh diing dén cia mé hinh robot v h¢ théng diéu khién c4n bing.

Tir khéa: ABRB, nguyén I con lde ngugc, banh da, hé thing diéu khién cdn bing
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