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Abstract— Motorcycles or bicycles are known as unbalanced
systems like the inverted pendulum model. Normally, we must
use a handlebar to control the Motorcycles or bicycles. In this
paper, the authors propose a PID controller for a balance bike
using a reaction wheel. The authors formulated a mathematical
model for the system and performed simulation testing using
MATLAB to control it. Also, the simulation model of the
balance bike system using a reaction wheel has been developed
to assess the feasibility of building and controlling the system
without relying on its mathematical model. The study will
explicitly provide the performance of the PID algorithm in
controlling a balanced bike using a reaction wheel.

Keywords— Motorcycle; Bicycle; PID; Control Balance;
Reaction wheel

L INTRODUCTION

Two-wheeled vehicles have been widely used in the
market, because of their usefulness in work and life. In
automatic technology, people aim to balance their vehicles
automatically. Numerous products are being developed and
utilized in everyday life. The reaction wheel is a device
commonly used in satellites and other smaller spacecraft for
attitude control [1]. The structure of the device is simple: a
disc mounted on a shaft, usually powered by an electric
motor. The output torque of the reaction wheel is related to
the motor torque and the moment of inertia. There are many
control algorithms such as PID [3], fuzzy [4], LQR [5],
sliding mode [6], etc. are very popular in laboratories. They
can be used as methods to be tested on this model.

Numerous studies have been conducted on balancing
inverted pendulums using various control strategies such as
LQR [7], Fuzzy [8]-[9], LQR-Fuzzy, Linear Control [10],
and sliding mode control [11][12]. PID control, the most
prevalent control technique in the industry, is an
enhancement of a basic control method known as
proportional control. Proportional control, in its standalone
form, can augment the feedback system’s speed. The integral
effect (I) enables the system to maintain a stable and
consistent output signal as it nears the desired value. The
derivative effect (D) observes the rate of change in system
performance over time and adjusts accordingly. This
derivative effect prevents systems from becoming unstable
when proportional and integral gains are increased.

In this paper, the authors propose a PID controller for a
“Balanced Bike using Reaction Wheel” (BBRW). This will
help newcomers to research, understand, and control more
easily and help engineers and researchers to design self-
balancing bikes or motorbikes.

II. RESEARCH METHOD

A. Mathematical Model of BBRW

The Lagrange Method is a powerful approach to classical
mechanics that provides an alternative perspective to the
traditional Newtonian framework. It introduces the concept
of the Lagrange, denoted as L, which combines a system's
kinetic energy (K) and potential energy (V). By using
generalized coordinates, the method derives Euler-Lagrange
equations. Similar to the inverted pendulum [13][14], acrobot
[15]. The system is based on the principle of an inverted
pendulum with a reaction wheel, by skipping forces
generated from steering and moving forward, a simplified
dynamic model of the system can be derived using a
Lagrange method for the BBRW system. Descarte's
coordinate system was chosen in Fig. 1 [16][17] as follows:

« X
Fig. 1. Mathematical model of BBRW

Parameters of BBRW in Table | are recorded by actual
measurement on the model. T; is the input signal; the
variables are 6,¢ and T;. ¢ and 6 are output signals. Authors
can find out the relationship among input/output signals
referring to the algorithm [18]. Lagrange Method is obtained
as [18]-[20] (1):
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Where L is an equation that is determined by (2): Table 2. Parameters of DC motor
Parameter/ . ..
Table 1. Parameters of BBRW Variables Unit Description
Parameter/ . . V Volt Applied voltage for DC motor
Variable Unit Description K, m Moment constant of DC motor
L m Length of Bike from O to O Om Rad/s Angular velocity of DC motor
L m Length of Bike Ly, H The inductor of the DC motor
mi Kg Mass of Bike Ry, Ohm Resistor of DC motor
m2 Kg Mass of Wheel i A Current flow through DC motor
0 gag AAn%le (;fvlslllkel Tm kg.m*>  Generated moment of DC motor
4 2 e o o K kg.m? The constant of the DC motor
5 kg.m? Inertia moment of Bike t g
L kg.m? Inertia moment of Wheel Ng m/s?>  The transmission ratio of DC Motor
g m/s? Gravitational acceleration
T: Nm/A _ Torque applied by DC Motor The relationship between motor speed and wheel speed is
shown in (13):
o f@ﬂ)=KWﬂ)—V@ﬂ) ) { wijf a2
K is kinetic energy and V is potential energy; t; total force W = NgWr

acting on the system; gq=1[¢1 42]"=[0 ¢]T are
variables of the system.
From Fig. 1, the kinetic and potential energy of the system

are defined by (3) and (4).

The system is around the equilibrium position [8]: siné ~

O sin ¢ ~ ¢; cosg ~cosf ~ 1.

1 . o1
K::E@Hh?+nhhz+h+4gez+59¢+55¢2 3)

(miLy + myly)g  (4)

From (3) and (4) the Lagrange equation is defined based
on (2). Next, the calculating follows as (1), the mathematical
equations of BBRW are described as:

V =(mL + myL,)gcosOn=

MLy 2+ moly 2+ 1 + 1,)6 + g — (myLy + myLy)gd =0  (5)

L6 +¢)=T, (6)

State Space equation is determined by (5) and (6) with
the control signal as moment:

ﬁ] 0o 1 0 oypf 0

6 b/a 0 0 0]|6 —1/a

l¢'> =l o o o 1||e|" 0 L
é —b/a 0 0 Oflg (a+1)/(aly)

where: a = myL3 + myL3 + I, b = (mL; + myLy)g

To control the DC motor easily, the authors converted
moment to voltage. The relationship between voltage and
moment is described through [9]:

di

V=1L, n + Ryi+ K.y, (®)
Tn = Kl )
T, = N, T, (10)

The parameters of the DC motor are shown in Table 2.
The inductor value is much smaller than the return resistance
value (L,, << R,;), (8) can be written follow as:

where o is the angular velocity of the wheel.

From (8)-(12), the relationship between the applied
voltage for the DC motor and the moment of the DC motor
is:

V — K,N,¢
nz%&(_;g£> (13)
Rm
From (7)-(13), mathematical equations of BBRW are.
0 1.0 O 0
_lazi 0 0 ap _|b2
—A A=t o o TLE=0| e
a;; 0 0 ayy b,

=[1 0 0 o0ll6 6 ¢ ¢I"

where:
b K.K.N, b
a21=—;a24——aR a41=—ai
m
a+ 1\ (K.,K,N? KN,
Ayuq = _( ) ,b2 = - H
al, R,, aR,,

a+ I\ KN,
=)
al, R

The state space variables are:

X1=9

X1 =Xy
X, =6 X%, = f1(x) + by (x)u
xj:d’ﬁ 2 ;&3=x41 (15
x4=(i) x4 = f2(x) + by (x)u

where:
f1(x) = az1x1 + A24%4; by (x) = by;
f2(%) = aa1x1 + A4aX4; by (x) = b,

The authors build an experimental model as in
[https://www.thingiverse.com/thing:5887157] to examine
our controller. The parameters were measured from the
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experimental model and referenced in [4]. The model’s &
specifications are illustrated in Table 3. B 2 3 2
From formula (14) and the model’s specifications, we can _ (LK KNy"¢ IZKtNgZ V-h Ktivg v+ K KNy "d
determine matrices A and B as follows: , Isz(mlel +myLy” + 1) Y,
o 10 o 0 o KL NoVmy — KLy NgVmy + K KL *Ng*map—(20)
614 0 0 0.088 ~1.36 , [aRm(maly® +mals® +1)
A=l oo 1 I'B=| % (16) K.K:L,*Ny*my¢p + Ly Rygmy 8 + I,y Ry gm0
—614 0 0 3.978 61.304 LRy (miLy® +m,Ly* + 1)
Table 3. Parameters of the BBRW B. PID Control for BBRW
Paramciors PID control (in Fig. 3) is a technique that combines three
and variables UMt Description controllers: proportional, integral, and derivative. It can
L m 0.09 minimize the error to the lowest possible value, increasing the
L> m 0.12 response speed, reducing overshoot, and limiting oscillation.
m Kg 0.434
m> Kg 0.043 Output
K, Nm/A 0.0649 PID Controller —>
K. Vs/rad 0.0649
I kg.m? 0.00016
g m/s? 9.8 Fig. 3. The structure of the PID controller
Rm Q 6.83
Ne m/s 1 MATLAB simulation with system-measured parameters

Considering the control matrix T = [B AB A?B A3B],
which has a non-zero determinant and rank (7) = 4, we can
conclude that the system is controllable with 4 state variables.

From (5), (6) and (13):

Fl = (mlLl 2 +m2L2 2 +11 +12)é +12¢

from the real-world model is shown in Fig. 4. The code of the
description of the bike is shown in Fig. 5. “End block™ in Fig.
4 guarantees the program not be stuck when the calculation
is overloaded. The code of this block is shown in Fig. 6. The
control block that describes the PID algorithm is shown in
Fig. 7.

a7
— (myLy + m,L;) g0 ‘
") mophongPID P [ Bike
. 1 E function [x1_2dot,x2_2dot] = fcn(xl,x1_dot,x2,x2_dot,V)
. . NgKt(V b KeNg¢) 2 - %x1 is angle of bike (compared to the vertical direction)
F,=1(0+ — (18) 3 %x1_dot and x1_2dot is first derivative and second derivative of x1
2 2
X 1s angle oOT whee
R a %2 i le of wheel
m 5 - %x2_dot and x2_2dot is first derivative and second derivative of x2
) . .. . 6 K_e=0.6649;
Using MATLAB to find the equations of 8 and ¢, we 7 K_t-0.0649;
. . . 8 N_g=1;
obtain code in Fig. 2. s 0.65:
10 12-0.09;
11 ml=0.4;
fclear all; clc; 12 m2=0.03;
syms gl gl _dot ql_2dot g2 q2 dot g2 2dot mlm2 L1 L2 1112 gK el g Kt RV jj ::g::-?*
15 11-0.003;
Fl=(m1*L1"2+m2*L2"2+11+12)*q1_2dot+I2%*q2_2dot- (m1*L1+m2*L2)*g*ql; 16 12=0.0001;
- sy pE ' ) 17 x1_2dot =(K_e™K_t*x2_dot*N_g~2 - K_t*V*lN_g + L1*R_m*g*ml*x1 + ...
F2=12*(ql_2dot+q2_2dot)- (N_g*k_t*(V-K_e*ll_g*q2_dot))/R_m; b e i Epepa e
19 x2_2dot = -(I1*K_e*K_t*N_g"2%x2_dot - I2*K_t*N_g*V - I1*K_t*N_g*V ...
[q1_2dot,q2_2dot]=solve(F1,F2,q1_2dot,q2_2dot) 20 + I2K_e*K_t*N_g"2*x2_dot - K_t¥L1"2*N_g*V*ml ...
21 - K_EFL2A2N_g*VEm2 + K_e*K_t*L172*N g 2*m1%x2_dot ...
22 + K_e*K_t*L2°2*N_g"2*m2*x2_dot + I2*L1*R_m*g*ml*x1 ...
Fig. 2. Math equation to calculate 6 and ¢ 23 L + I2%L2*R_m*g*m2*x1)/(I2*R_m* (m1*L1°2 + m2%L2°2 + I1));
5 v . Fig. 4. Inside MATLAB Function block
6 and ¢ is q1_2dot and q2_2dot, the authors have found
the equation that was computed using MATLAB:
P (K.K.$pN,* — K,VN, + Ly Ry,gm, 0 + LyR;ngm,6) (19)
B Rp(miLy® + myLy® + 1)
J xi_zdet 1 Robot's Angle
L—px1_aot s piao

Error

e v

PID Controlier .
Selpoint
Bike

x2 Wheel's Angle

Fig. 5. System simulation diagram
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["&l mophongPID » [ End

1 Function out = fcn{in)
2 if abs(in)>10000

3

a out=1;

5 else

6 out=0;

7

end

Fig. 6. Inside End block

Fig. 7. Inside PID Controller block

In addition to designing a system simulation on
MATLAB/Simulink, the authors also built an experimental
model controlled by a central CPU controller, Arduino Nano,
and two sensors, including an MPU tilt sensor that measures
the tilt angle of the vehicle body. Therefore, the continuous
nonlinear system over time will be converted into a discrete
system with a sampling time of 3ms.

C. Diagram and Flow chart

A wiring diagramis a visual representation of the
electrical connections between electronic components. These
components can be connected using cables or on a Printed
Circuit Board (PCB). It is recommended that all components
be connected to the Arduino Nano for optimal performance.
The hardware connection diagram is presented in Fig. 8 and
used on Altium software.

— b3 DIz —

— ™ DIl — v
2 —{ REF Dlo — GND
3 =1 A0 m — Power
f‘ =1 Al D8 —
i —a D7 =
3 — A3 ARDUINO D6 —

A4 NANO D3 I
A5 ™ NI Vi— X =
46 n e

XDA GND o D2 - m ourl

XCT SDA - v GND — w4 OUT2

ADO SCL — RST RST — ours =

INT VO — o RX gy oM — ® X

ENB

VIN hns SENA
= GND ISENB
Nano
1.298N

Fig. 8. The writing diagram of BBRW

MPUGDS0

Based on the wiring diagram and the referenced model,
below is the real-world model that the authors built in Fig. 9.

Fig. 9. Real model of BBRW: (1): Body, (2): Reaction Wheel, (3): MPU
sensor, (4): DC motor

The flowchart algorithm was constructed to serve
programming on the real-world model in Fig. 10.

Declare the library,
port and variable
Initialize 12C, Timer,
Sampling time
Initialize the value
PI.D

I
¥

Reading and Processing
MPU Signals

Calculate PID
parameters

w

I
Control the motor to
rotate the reaction

wheel

Fig. 10. Flowchart used in the control system

At the beginning, the program calls libraries and defines
ports and variables. Then initialize the 12C, timer, determine
the sampling time, and initialize the PID value. In the loop,
the angular value of the MPU sensor is read continuously.
Because the system operates stably from -10 to 10 degrees,
the reaction wheel stops working if the reading angle exceeds
the above value. If the read angle ranges from -10 to 10
degrees, calculate the PID parameter and output it to the
reaction wheel control motor.

III.  RESULT AND DISCUSSION

A. Simulation Results

In the simulation section, BBRW was constructed based
on the mathematical model, and the model’s parameters were
measured from the real parameters of the balancing vehicle.
The following is a balance survey of the vehicle when
changing the P, I, and D parameters. Setpoint = 4-degrees for
example. After the survey, the authors selected the following
Kp, Ki, and Kp parameters. Based on the graph, the settling
time of the system can be inferred. Results are shown in Fig.
11 to Fig. 14. When Kp = 500, Ki = 150, Kd = 50; settling
time is 0.5s. The system oscillates from 0.07 rad to the
equilibrium position of 0 rad.
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Fig. 11. The tilt angle of the body under choosing PID parameters: Kp = 500, Ki = 150, Kd = 50

When Kp = 500, Ki = 150, Kd = 70, settling time is 0.75s. The system returns to equilibrium with longer periods.
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Fig. 12. The tilt angle of the body under choosing PID parameters: Kp = 500, Ki = 150, Kd =70

When Kp = 500, Ki = 300, Kd = 50, settling time is 4s. The system overshoots a little and then gradually returns to
equilibrium.
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Fig. 13. The tilt angle of the body under choosing PID parameters: Kp = 500, Ki = 300, Kd = 50

When Kp = 500, Ki = 75, Kd = 50, settling time is 0.6s. The system does not reach the equilibrium point, and when it is
close to the equilibrium point, it becomes unstable.
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Fig. 14. The tilt angle of the body under choosing PID parameters: Kp = 500, Ki = 75, Kd = 50
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Simulation observations: B. Experimental Results

- The system’s response signal is relatively good. We applied the PID control algorithm to a real

- If'the absolute value of the input signal is the same, the | 0del. After surveying to change the parameters, the
response signal is the same. response results of the model when changing the P, I, and D

- When changing the PID parameters, the system’s  parameters are presented from Fig. 15 to Fig. 18. Because
response signal changes. there is the model error and sensor angle error, the setpoint

- IfKd is increased, the settling time will increase. If Kd is angle for the model will be -1-degree. The first graph of each
decreased, the settling time will decrease, but if Kd is too figure below is the actual angle signal of the model.
low,.t%ze.system may overshoot. ] When Kp = 5, Ki = 30, Kd = 10, settling time is 55s.
If Ki is increased, the steady-state error decreases, but if  BBWR fluctuates steadily between 0 and -4 degrees, as

it is increased too much, the system may overshoot and  ghown in the figure below. The quality is maintained quite

become unstable. If Ki is decreased, the system cannot reach  ye||. the control signal is stable.

the equilibrium position and becomes unstable. The

conclusion is that the model can be controlled.
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Fig. 15. The tilt angle (degree) (up figure) of the body and PWM control position (%) under choosing PID parameters: Kp=5, Ki=30, Kd=10

When Kp =5, Ki =5, Kd = 20, settling time is 0.6s. The system is stable within -4 degrees, due to the large wheels of the
Bike, the system remains stable. Control quality is still quite good.

Tilf angle of body (degree)

Time (s}

L2 11 24 AT S0 63 76 89 MNINSF1ZE141 1S4 T IB019I NGNS MG ISR IT1 ZB A 0T 3N0I2T 336 349 J62 37.5 388 40.1 41,4 42.7 44.0 45.3 446

Value of PWNM (control signal)

o i 83
1

00 32 64 96 128160192 224 256 288 32.0 352 384 416 448 480 51.2 54.4 57.6 60.5 64.0 672 704 736 768 80.0 83.2 864 896 92.8 96.0 992
Time (s)

Fig. 16. The tilt angle (degree) (up figure) of the body of the BBRW and PWM control position (%) under choosing PID parameters: Kp =5, Ki =5, Kd =20

When Kp =5, Ki =5, Kd = 10, settling time is 12s. The system remains at -4 degrees but is unstable, causing poor control
quality.
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Fig. 17. The tilt angle (degree) (up figure) of the body and PWM control position (%) under choosing PID parameters: Kp =5, Ki =5, Kd = 10

When Kp = 20, Ki =5, Kd = 10, settling time is 2s. The system oscillates around the -4-degree position and the settling

time increases. Control quality remains good.

[T

Tilt angle of body (degree)
5 b b Lo

€
.

')
]
-

0333246258 27

Time (s)

TIWOMIITOIBIMNINSAIE 441454 6T

2285288311334 33

Sag

[
=
o
r

1756 £+

Value of PWM (control signal)
cRBAFEE

00 32 64 96 128160

192224256288 320352 304 416448 430512544 576606 640672704 736 T6.8 80.0 832 864 596 928 95.0 992

Time (s)

Fig. 18. Tilt angle (degree) (up figure) of the body of the BBRW and PWM control position (%) under choosing PID parameters: Kp =20, Ki=5, Kd = 10

Actual observation results:

- When increasing Kp, the system has overshoot but not
significantly, the setup error and setup time decrease
slightly. If the absolute value of the input signal is the
same, the response signal is the same.

- When Ki increases, the setup error decreases but the
system loses stability.

- When increasing Kd, the settling time decreases, and the
system becomes more stable.

The P, I, and D parameters produced different results
when adjusted with the real-world model. The reason for the
difference in P, I, and D parameters between simulation and
reality is measurement errors in the values and there are errors
in the angle values of the MPU6050 sensor. Comparison
between simulation and real-world model: In the simulation,
BBRW was constructed based on a mathematical model, so
it will affect the inclination angle of the vehicle with the

inclination angle of the wheel. However, the model
parameters are interdependent, and the inclination angle of
the wheel is almost eliminated, so it may not be necessary to
consider the inclination angle of the wheel.

IV.  CONCLUSION

PID controller is proposed by authors that
controlled BBRW stably through both simulation and
experiment. The MATLAB simulation produced good
results, with the balancing vehicle reaching equilibrium at the
desired settling time. BBRW has achieved balance in a real-
world setting, but it has not yet been optimized due to model
errors and suboptimal design. The model is still rudimentary
and serves the purpose of learning to some extent. The MPU
is still susceptible to errors and noise. The sensor still
experiences signal loss due to vibration during robot motion.
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The robot still does not have the optimal operating status. It
still oscillates and is unstable in some cases.
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