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A Study of Control of Self Balancing Robot System
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Abstract: An automated or self-balancing robot is a special type of wheeled mobile robot or simply we can call
as automated cycle. Due to its instability in balancing, become one of the hot research topics. There are
different system models to control like Proportional Integral Derivative (PID) System pole placement and Linear-
quadratic regulator (LQR). The investigations for controlling the dynamic behavior and the balancing results
a product with fully automated. In conventional Uni-cycle, the rider can control the speed of travel by leaning
forwards or back. PID controller is used for controlling speed. This paper show, how the robot is controlled by
LQR controller. Moreover by using different controllers for controlling balance and speed will increase the
application level and also the development of the implementation of new features in to the vehicle.
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INTRODUCTION

Global warming and global pollution are the problems
which has no easy solutions. Reducing the use of
automobiles and motorcycles are one of the best ways to
reduce pollution as well as global warming. One of the
major reasons for increasing disease rate in human beings
is pollution. So in order to reduce this pollution and high
density in traffic we need economically well, lighter new
innovations. Also that must meet our daily requirement.
The research for such lighter vehicle starts from 1987 by
Proff. Yamafuji [1]. But the fact is that yet the product is
not commercialized. The system can be implemented pitch,
role, yaw measuring sensors and feedback controllers [2].

The most complicated part in designing such a robot
is its balancing problem. For simplifying the balancing
problem we can move with one wheeled vehicle [3,4,5]
rather than two wheels. The problem with two wheeled
vehicle is two wheeled synchronization and body
balancing need to consider simultaneously. For this
synchronization the vehicle need number of sensors and
its monitoring. Increase in number of sensors increases
the cost and complication. This is the reason behind why
we choose one wheeled vehicle [3, 6] it will maintain all
the merits of two wheeled vehicle with simple cost
effective, non-complicated mechanism.

Due to the friendliness and light weight, people use
bicycle for short distance transportation. For short
distance transportation like in large industries,
universities, colleges, hospitals, private areas we can use

robot vehicle. To designing a comfortable vehicle, the
inherent nonlinearity should be under control. Both
Mechanical and Electronics Engineers are behind this,
with several mechatronic solutions [8].

The system can be implemented pitch, role, yaw
measuring sensors and feedback controllers [9]. Earlier
steering based acceleration control is applied for
controlling purpose. The controlling action is done by
servomotor and electric motors [6]. This type of model
is developed based on the principle, equilibrium of gravity
and centrifugal force. Later self-balancing robot
developed by using gyroscope and accelerometers. The
sensors used for measuring inertia together known as
IMU sensors (Inertia Measuring Unit). The sensors detect
the inclination and controller produce control signals as
torque to overcome the inclinations.

Due to the friendliness and light weight, people use
bicycle for short distance transportation. For short
distance transportation like in large industries,
universities, colleges, hospitals, private areas we can use
robot vehicle [7,8]. To designing a comfortable vehicle,
the inherent nonlinearity should be under control. Both
Mechanical and Electronics Engineers are behind this,
with several mechatronic solutions [9,10].

The research workers generally concentrated on
PID controllers. For human transporter vehicle, [11]
studies show that LQR has several advantages than PID.
The following discussions in this paper include design
and modeling of LQR control system and speed control
by using BLDC motor [12]. The BLDC motor can be
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Fig. 1: One-wheeled balancing robot vehicle.

controlled using PID controller. The Mechanical and
Kinematics studies are already discussed topics, hence
have no scope in this paper.

Working Methodology: Both unicycle and electric vehicle
has its own merits and demerits. Unicycle has problem in
balancing in pitch and yaw direction. In electric vehicles
gyroscopes are used to balance the vehicle. The speed is
physically controlled by lean back and forth. The
corresponding control action is taken done according to
gyroscope output signal. The Working Procedure is given
below;
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-

Fig. 2: Basic layout diagram

PID Vehicle IMU Sensor

Fig. 3: PID controlled robot vehicle control system.

*  The IMU sensors the pitch angle and data will send
to microcontroller.

* A LQR and for speed controlling PID control
algorithm is programmed into the microcontroller.

*  The Microcontroller then processes the output in
reference to input from IMU and sends out PWM
signals.

*  The PWM signals are fed to motor driver which then
controls the motor.

*» Torque of the motor is according to the output
voltage and input applied.

How to Control Robot: The earlier methods or already
implemented vehicles are using PID controller just
because of the simplicity. The LQR has several
advantages.

« LQR can integrate all output state variables to
calculate a output control signal, where a PID
controller will fail without a precise feedback.

«  Comparing to PID for LQR the time taken to achieve
steady state response and overshoot is low.

*  Multiple feedback will results accurate controlling
signals according to the sensors output.

LQR Control System: The basic block diagram of a
LQR control system is shown in the block diagram.
From the block diagram itself we can see there are
multiple feedbacks and this are compared with a reference
input.

The working of LQR system is similar with
conventional closed loop control system, except a
reference input is given to control the system. The output
of the control system is fed to vehicle, where an actuator
is used for applying necessary corrective balance actions.
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Fig. 4: LQR controlled robot vehicle control system.
Modelling of Lqr Control System: The robot system has ~ A'P ~PA+ Q@+ K'RK —K'B'P —PBK =0 @)

state equations [12].

x(t) = Ax(t) + Bu )]

A and B are constant matrices. The state space
equations can also be written as

w=—Kx+v 2)
By combining (1) and (2) we get
x=(A— BK)x+ Bv (3)

Assume v=0, Two constants are used for getting
optimum solution. The constants are Q and R

T =%J:C (xTQx +u” Ru)de 4
Q is positive semi definite,

(x7Qx = 0)

R to be positive definite,

(uTRu = 0)

By substituting (2) in (4) we get

J= %j: +T(Q + KTRE) xdr (5)

For calculating K a constant matrix P is assumed.
The P matrix such that,

d%():‘TPx) = —xT(Q+ KTRK)x (6)

And can be simplified into form

Then we can set

K=R'B'P
(7) is changed to
PA+ATP+PETIREP+0Q =0 (8)

The values of P and K can be calculated from
equation (7) and (8).
And U (t) can calculate from following equation.

U'=u =—Kx=—R7B"Px )

By trial and error method k; k, k; values can be
obtained, k; is inclination angle. k, k; cannot be negative.
The control ability of motor will reduce with high R value.
So in order to set R with a low value R is taken as 1.

Furthermore for an LQR system larger value of P
causes fast inclination response. Hence the value of p is
taken as 50 times greater than q and r.

p 0 0
0 0 r

200 0 0

l 0 10 0 l
0 0 10

From this gain can be calculated [2] as,

[-24.30 1880 62.5]

The values are put in Simulink file and can be
executed. The same can be implemented using Iqry () in
MATLAB.
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Fig. 5: LQR controller Simulink diagram.

Fig. 6: LQR controller simulation.

Speed Control of Lqr Based Robot Vehicle: The poor
dynamic characteristics and lower torque at lower speeds
and low efficiency of induction motors are replaced by
BLDC (Brushless DC motor)In BLDC motor the power
loss occur in the stator and heat can be transferred
through cooling system. Even though the DC motors
have high torque capacity and smooth speed control and
flux control the BLDC motor is used in various fields in
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medical,

industry  like aircrafts, military and
instrumentation. The flexible construction, simple
maintenance, low price and reliability are the major
advantages of BLDC motor. The disadvantages of
induction machines make the BLDC motors become more
attractive option than induction motors.

The block diagram of the proposed speed control
using PID controller is shown below.
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e.e,e, are functions of angular velocity.

PID CONTROLLER »|  BLDCMOTOR ROBOT VEHICLE
e =K, w, (13)
Fig. 7: Block diagram of speed control. where K, is the back-emf constant. So we can represent
BLDC motor in matrix form.
Table 1: PID parameters
Pid Gains Values Ly My M,y g Tex = Ry O Qs -5
K, 9 My, Ly M, T =i —|0 R, OQ1ligl—|e
T 0.04 Mgy My Ly iz L 0 0 Rl €z
Ty 0.01

(14)
For a surface mounted BLDC motor design the stator

Modelling of Blde Motor: Applying Kirchhoff’s law for self-inductance are independent of the rotor position.

three phase stator loop windings,

Hence,
. gt . diy diy:
vx:Rx£x+Lx ar TMX)'ETMIZE_'—E:\: (10) Lx:L:'_:Lz:L
; ; ; Mutual inductance will have,
e di.. = di, - di,
LR A i o e o R L e o
b ¥y ¥ dp AP TE e T > (11) _ _ _ _ _ _
MxJ =M. . =M_ = Mj_z =M_ = sz =M
i e B di, di, | (12) . .
v.=R_I.+ LZE + M., =T Mz)'E T And the resistance is also equal.
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Fig. 8: Simulink diagram of Speed control of BLDC motor.
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R,=R,=R_=R
Equation (14) yields,
L M n@lcf rx] {vxl E 0 0] L {exl
M L M|l—|i|=|wn|—0 B of|]—]es
dt |’ oy 3 ;
M M L L. i Q 0 R Lz g-
(15)
The torque equation is expressed as
T =122 Bay, + T (16)
In terms of speed, current, back-emf the
electromagnetic torque can be represented as,
B =t f_e_.‘.ix + t’_,l_ill,l_ + 931'3) (17)

The PID controller transfer function can written as,

(18)

Goip (5) =K, (1 + 75+ TuS)

By using Ziegler Nichols methods, we can find PID
parameters.

(19)

o (20)

T, = 0.5L,

2n
CONCLUSION

The paper covered overoll idea of the
Modelling,design and simulation of LQR control system
model for controlling a self balancing robot vehicle. LQR
controller integrates all output states together to get the
proper output value. The control signal is more accurate
while comparing to PID.To design a speed controller for
closed loop operation of the BLDC motor so that the
motor runs very closed to the reference speed.The speed
controlling is also implemented.The system increases the
balance of robot cycle and also good speed control can
be achieved. In future a complete automated robot vehicle
can be designed using LQR method.
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