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Abstract

This paper presents the design and the Real-Time implementation of self-balancing Two-
Wheeled Inverted Pendulum (TWIP) using state-feedback controller and a conventional fuzzy
logic controller (CFLC) on Real-Time. The state-feedback controller consists of two parts PD
controller and PI controller. The state-feedback controller was designed first for the nonlinear
model then it was updated for the Real-Time implementation. The CFLC was designed first
based on the state-feedback controller to reach the point of using pure fuzzy controller for the
TWIP. The CFLC was designed with Mamdani fuzzy inference architecture if-then rules. The
TWIP is balanced with CFLC with a base of 7 rules only. Different controller’s types were tested
on real-Time to perform a good balance for the TWIP. Fuzzy PI, Fuzzy PD, and combination of
two independent CFLC were used to achieve the balancing of the TWIP on Real-Time.

Keywords—State-Feedback controller, Fuzzy Logic controller, Fuzzy Pl, Fuzzy PD, Two-

wheeled Inverted Pendulum, Mamdani FIS, Real-Time Control.

. introduction

The TWIP system is a very popular and
famous benchmark for testing dynamics and
implementing different control techniques.
The TWIP system has attracted many
researchers due to two main reasons, firstly
due to the wide spread use of this system and,
secondly because it represents a challenge
problem from control design perspective. The
basic challenging task about TWIP system is
to balance on the upright position without
falling. Researchers improved different control
techniques for controlling and investigating
the behavior of the TWIP, like Proportional-
Integral-Derivative (PID), Linear-Quadratic-
Regulator (LQR), Neural Networks (NN),
Fuzzy Logic (FL),Genetic Algorithms (GA),
and Adaptive Neuro-Fuzzy inference system
(ANFIS). The main aim of our task was to
self-balance the TWIP robot in the Real-Time.
For this purpose we designed and implemented
fuzzy logic controller (FLC). Fuzzy controller
is an intelligent control technique to represent
and perform the human knowledge about how
to control a system to make control decisions.
Many researches on fuzzy logic control have
been investigated for the TWIP system either

only with fuzzy controller or combination of
other controller.

Cheng-Haoet al. [1] designed and
implemented a control scheme with three FLC
for balancing the TWIP. Nasir et al.
[2]compared the performance of a FLC with
PID for balancing the TWIP. Akmal et al. [3]
used FLC to stabilize the two wheeled EV3
LEGO robot. Xu et al. [4]implemented and
validated a real time FLC based on Takagi—
Sugeno using 16 fuzzy rules to achieve
position control of the wheel. Junfeng et al. [5]
designed a state-feedback controller using an
approximate linear state-space model. Then,
they used MATLAB software to compare this
controller with a fuzzy logic controller. Yong
et al. [6]designed fuzzy controller based on the
T -S fuzzy model with the parallel distribution
compensator (PDC) for balancing the TWIP.
Chiu and Chang [7]proposed and derived a
simple Mamdani-like fuzzy controller for self-
balancing wheeled human-conveyance vehicle
(WHCYV), which it is a special type of TWIP.
QingchengandJian  [8]designed a fuzzy
immune PD controller to achieve self-balance
of TWIP and compared its performance with
those of conventional fuzzy PD controller.
Sadeghian and Masoulethey [9] designed three
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controllers to balance the TWIP, PD
controller, PID controller and Fuzzy-PID.
Controller’s parameters were tuned with the
Genetic Algorithm and fuzzy logic. Huang et
al. [10]obtained the desired position and
direction while keeping the TWIP balanced by
integrating four interval type-2 fuzzy logic
systems (IT2 FLSs). Sayidmarie et al.
[11]designed FLC for balancing TWIP by
considering the tilt angle as feedback and
coded and stored the fuzzy rules in a
microcontroller memory. Hao et al
[12]designed FLC for balancing the TWIP and
studied the angle, angular velocity and
displacement using simulation.

Based on this, controlling and balancing the
TWIP is a challenging task. The aim of the
work is to control and balance the TWIP using
fuzzy logic controllers. The work presented in
this paper is a basic necessary for studying the
behavior of the TWIP using fuzzy logic
controller to understand how the system
responses ,s0 an advanced techniques and
different types of fuzzy logic controllers will
be designed in the near future. Three types of
fuzzy controllers will be designed and tested in
real-time to balance the TWIP robot.

This paper is organized as follows:
Overview of TWIP system is described in
section I1. State-feedback controller design is
represented in section Ill. Fuzzy logic basics
are discussed in section V. Different

conventional fuzzy controller’s designs are
represented in section V. Real-Time results for
balancing the TWIP robot are in section VI.
Section VII summarizes the conclusion.

Il. Description of the TWIP system
A. Hardware Description

The TWIP is a system with two geared
DC motors coupled with two wheels, which is
mounted together on the mechanical chassis.
Figure 1 shows the overview of the TWIP
system. To measure the pendulum tilt angle
and the angular velocity, An Magnetic Pickup
Unit (MPU) is used, which is equipped with an
accelerometer and a gyroscope. Two geared
DC motors with encoders generate the
required torque to drive the wheels. Motor
encoders readings provide the displacement
and speed of the TWIP. Arduino UNO is used
as an input /output (I/0O) data acquisition card
(DAQ). The controller is implemented in
MATLAB Simulink Desktop Real-Time to
provide an easy way to manage the system
externally using personal computer (PC). The
controller takes the system states as an input
and provides a control signal to generate a
pulse-width-modulation (PWM) signal for the
motors. For our research, we used a
commercial robot for the TWIP called
Balanbot as shown in Figure 2.

MPLU 6050 Arduino UNO

I Accelerometer I

—
I Gyroscope I — Kalman filter

Motor Encoders

| Encoder { Left Motor) I —

IEnco-dcr (Right Motor) I

s

Motor constraint

MATLAB
Simulink
Desktop
Real-Time

& PWM_L —
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controller
PWM_R -
X Right Motor

PC

T

Fig.1 system overview for control of the TWIP.

Fig.2 Balanbot robot
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. do 2
B. Modeling . cos(6,) = —1,sin(6,) = —¢ and < p) =0
The dynamics of the robot has to be dt
described by a mathematical model for an The rearranged linearized equations are,
efficient control system , so the equations of . % Mnfe _y _ _2Km __y 4
motion for the TWIP and linear model for a (””J'Zz’j;L) RrlptMpl?) ™ R(Ip+MpL?)
DC motor is derived in details in [13],and G ? @)
nonlinear equations of the TWIP are: i = 2Km _ 2KmK, .
(1 M L2)9 _ ZKmKe 4 2Kmy, Rr(2My+2+Mp) ¢ Rr2(2My,+2%+Mp)
R @ ML .
My M,gLsin(6,) = 25\4 Lxcos(ep)ZK . ) @My ¢ (4)
2V, = (ZM +5+M ) X+ The state-space representation is,
M,L6,cos(6,) — MpLep *sin(6,) @ i
and parameter sets are as: g
Mw: Wheel weight [0 1 0 0
Mp: Body V\_lEIght lo 2KmKe(MpLr—Ip—MpL?)  Mp2gL? | x
Iw: Wheel inertia | Rr2a a ]+
Ip: Body inertia ° . (Bﬁ_M b om OLB 119
L:Distance between the centers of the wheel |0 = ;rza 2 ”z |1
and the robot’s center of gravity (COG [ 1
distance) |2’<m(’p+1"1pL2 Mplr) |
r:Wheel radius | Rm v, (5)
R:Motor resistance 2Km(MpL 8)
K,,, K.: Constant for motor torque/EMF | Rra |
g:Acceleration due to gravity x
B2 8 ¢ el o
X: Position @
0: Tilt angle where.
. . 21
Due to using a commercial robot for the B = (ZM t—+ M )
research, the robot parameters needed to be I,
estimated. Parameter estimation process was a=(I,p+ ZMpLZ My +3))
done [internal report] and the final estimated Using the parameters from Table 1 into (5) the
parameters are shown in Table 1. state-space model is,
Table (1) TWIP Parameters. X 0 1 0 01r1x
TWIP Parameters Symb  value ¥| |0 —0.08241 0.0002641 Of|*
ol @] |o 0 0 (|
Wheel inertia lw 0.99987 ¢l 10 1538 1267  olle
Body inertia Ip 0.035441 0
Body weight Mp 0.8408 4 |0-0039321,,
Wheel weight Mw  0.068524 0
COG distance L 0.058984 —7.341 1
Wheel radius r 0.029 The open loop transfer functions for x and ¢
Motor resistance R 43132  from input V;to output are,
Constant for motor Ky, K, 0.60778 _ ___0.0039325%-0.05175 7
mene x 4 241s3-12 2-1.085 ( )
'[OI’C]UE/EMF s*+0.08 _57_3415675 .085s
Acceleration due to gravity G 9.8 ® = 500824157 —12675—1085 ®)
Equations (1) and (2) can be linearized by
assuminggp = 174+ ®, where ) representg a I11. state-feedback controller
small angle. Therefore, For designing and testing fuzzy
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controller for the TWIP robot, we needed to
understand the behavior of the robot so a state-
feedback controller was designed. The state-
feedback controller was used to balance and
observe the behavior of the TWIP robot. The

x

xdot

state-feedback controller divided into two
parts, first part is a PD controller for angle,
and second part is a Pl controller for speed.
Figure 3 shows the state-feedback controller of
the TWIP robot.

x

xdot

force
theta

thetadot

State feedback

Force
ThetaDot

Theta

TWIP

Fig.3 State-feedback controller.

For obtaining the controller’s gains for PD
controller and PI controller, first the closed-

loop transfer functions were calculated for
both systems shown in Figures 4 and 5.

CPD

Ret ﬁ@%g)_

o |

Fig.4 Feedback system for angle.

Cpr

Ref ﬁ@_

Fig.5 Feedback system for speed.

For PD controller of angle,

CPD = Kp + de(g)

The closed-loop transfer function,

—7.341s(Kp+Kg5)
GQC

For P1 controller of speed,
CPI = Kp + %
The closed-loop transfer function,

(0.0039325%2-0.05175)(Kp+K 45)

"~ 53+(0.08241-7.341K q)s2+(12.67-7.341K )s—1.085

(10)

(11)

Gye = (
XC ™ $5+0.082415%+(0.003932K),—12.67)s3+(0.003932K;~1.085)s2+(—0.0517K})s—0.05175K;

Parameters of the controllers can be
determined by modeling process dynamics and
applying some method for control design.
Since the complexity of the controller is
directly related to the complexity of the model
it is necessary to have models of low order.
From equations 10 and 12 both of the
characteristic equations for the TWIP robot
reveal that it is hard to tune the parameters of
each controller using classical or theoretical
methods.

The gains values and methods to choose the
parameter of the controllers depend largely on

12)

the characteristics of system. A method
producing good result for a system may not
work at all for another system with different
characteristics. Theoretically, the PD and PI
values depend on the state of the system, such
as Mechanical Structure, Physical properties,
Electrical properties. But practically, it also
depends on the external conditions, like
Atmospheric conditions.

The TWIP is a highly nonlinear system, due
to that There is no clear boundary for taking P,
I or D values and is mostly taken based on
experience. In case of the TWIP robot before
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adjusting the gains values, we need to know
what P, I, and D values means practically. P
gain, determines the force which the robot will
correct, a lower P shows the disability of
balancing itself and a higher P shows the
aggressive behavior. | gain, determines the
response time the robot take to correct itself. D
gain, smooth and depress the robot
oscillations, a lower D is unable to remove
oscillations and a higher D will cause
aggressive vibrations.

The simple algorithm for practically tuning
the gains is,

Start

Set I gain and D gain to 0.

Increase P gain.

If the robot starts to oscillate (move) about
the balance position.

Then set the P gain to that value.

Else increase the P gain.

With P set, increase | gain.

If the robot accelerates faster.

Then set the | gain to that value.

Else increase the I gain.

With P and | set, increase D.

If the robot moves about
position smoother.

Then set the D gain to that value

Else increase D gain

End

its balanced

The state-feedback controller’s parameters
that achieved balancing were, for PD
controller the gains are Kp=25 and Kd=3.5
and for PI controller Kp=30 and KI1=0.34.

IV. Fuzzy Logic

L.A. Zadeh founded fuzzy sets in
1965.in 1974 E.H. Mamdani utilized the fuzzy
theory and put it in practice when he
implemented a FLC to a steam engine. Other
practical applications of FLC were invented,
like the control of the Subway in Japan in
1984, automated aircraft vehicle landing in
1987, and in 1990 Sony company present first
TV using fuzzy. Since then, many researches
led to rapid developments in fuzzy.

Fuzzy is a computational model based on
humans reasoning. In fuzzy controllers the
underlying mechanics are presented using
linguistics rather than mathematics. Figure
6showa typical FLC contains four parts:
fuzzifier, rule-base, inference engine, and
defuzzifier.

The fuzzifier converts the crisp input to a
linguistic variable. The inference, converts the
input to the output using If-Then fuzzy rules.
The defuzzifier converts the output of the
inference engine to crisp. Fuzzy knowledge
base stores the fuzzy rules and membership
functions.

The expression convention indicates the
basic concept of building FLC as a multi-input
controller. Many researches have been done to
develop the FLC, and new methods for
designing FLC appeared. Researchers replaced
the conventional multi-input FLC with single
input FLC for better performance. In this paper
we used the conventional FLC to balance the
TWIP robot.

Input

Fuzzifier [~ Inference Engine

—t

Output

Defuzzifier j=—s Plant

-~ A

r

Fuzzy knowledge base

Fig.6 Fuzzy control system.
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V. Conventional Fuzzy controllers

To balance the TWIP in upright
position using CFLC, the shape and number of
membership functions, the number of the
fuzzy rules, and the inference type needed to
be chosen wisely to provide the ability of
implementing and testing the controller in
Real-Time. The triangular  shape of
membership is faster than Gaussian shape
membership. The less number of memberships
means less fuzzy rules, which lead to fast
computations which is needed in Real-Time to
achieve good stability. This paper is focused
on only the balancing of the TWIP then, we
don’t need all the fuzzy rules on the fuzzy
matrix rules. We can only use those rules that
serve the purpose of balancing the TWIP. This
technique of using only the rules that serve the
needed task was used by different researchers
as in [3] and [14]. The Mamdani inference
type is suitable for controllers that work on
Real-Time, unstable systems, and need less
computation’s time to guarantee fast output.

Based on that, Table 2 show only the
balancing rules of the TWIP, Those inputs and
output share same shape of membership which
is triangular and linguistics variables are NM
is negative medium, NS is negative small, ZO
is zero, PS is positive small, and PM is
positive medium.

Table (2) the balancing rules for the TWIP

The fuzzy rules for balancing the TWIP in
table 2 are used in the designing process in the
form of IF-THEN rules:

IF 6/xis NM andd/xis ZO THEN U is
NM

IF 6/xis NS and 6/xis NS THEN U is
NS

IF 6/xis NS and 6/xisPS THEN U is ZO

IF 6/xis ZOand 6/xis ZO THENU is ZO

IF 6/xis PS and 6/xis NS THENU is ZO

IF 6/xis PS and 6/xis PSTHEN U is PS

IF 6/xis PM and 6/xis ZO THENU is PM

To balance the TWIP robot using fuzzy
controller this was done step-by-step. First, the
two parts of the state-feedback controller were
used separately with fuzzy controller for the
Fuzzy PD controller and the Fuzzy PI
controller then they were eliminated to use a
pure fuzzy controller for balancing the TWIP

robot for the two independent fuzzy
controllers.
A. Fuzzy PD

Fuzzy PD controller is CFLC for
controlling both of the displacement and the
speed of the TWIP robot which is combined
with PD controller for the tilt angle and the
rate of the tilt angle. Figure 7 shows the block
diagram of the Fuzzy PD controller.

The FLC in this type has two inputs and one
output, the inputs are the displacement (x) of
the TWIP with range [-600,600], and the speed

6/x FRiTHS R (x) with range [-2, 2], the output of the FLC is
NM NM the control signal based on the decisions as
NS NS 70 designed in the rule-base with range [-1000,
70 70 1000]. Figures 8-11 show the membership
PS 70 PS shape and ranges for the inputs and output and
PM PM the fuzzy rules for balancing the TWIP.
7
AIAN i

Fuzzy Logic
Controller

Fig.7 Fuzzy PD controller
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Fig.10 Membership function for the control output.

if (x is PS) and (xdot is PS) then (xu is PS) (1)

. If (x is PS) and (xdot is NS) then (xu is ZO) (1)
If (x is NM) and (xdot is ZO) then (xu is NM) (1)
. If (x is NS) and (xdot is NS} then (xu is NS) (1)
If (x is NS) and (xdot is PS) then (xu is ZO) (1}
If (x is ZO) and (xdeot is ZO) then (xu is ZO}) (1)

NOOAWN g

1

NI 5%
NS
Zzo
Ps

none > none S

[_] not [_| not

~ Connection Weight:
_ ) or
(®) and 1 Delete rule | Addrule | Change rute | =1 =1

FIS Name: FLC_POS_7RULES | | Help | P | |

Fig.11 Fuzzy rules for the displacement and the speed of the TWIP.

B. Fuzzy PI

Fuzzy PI controller is CFLC for both of
the angle and the rate of the angle which is
combined with PI controller for the
displacement and the speed of the TWIP robot.
Figure 12 shows the block diagram of the
Fuzzy PI controller.
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The FLC in this type has two inputs and one
output, the inputs are the tilt angle (0) of the
TWIP with range [-100,100], and the tilt rate
(6 with range [-250,250], the output of the
FLC is the control signal based on the

decisions as designed in the rule-base with

range [-2000, 2000]. Figures 13-16 show the
membership shape and ranges for the inputs
and output and the fuzzy rules for balancing

00—

the TWIP.
theta J

u

x

x_dot

TWIP

Fuzzy Logic
_@‘

o=
PD Controller %}‘

Gain

Fig.12 Fuzzy PI controller.
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Fig.13 Membership function for theta.
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Fig.14 Membership function for theta_dot.

jot ints:
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=
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Fig.15 Membership function for the control output.
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Fig.16 Fuzzy rules for the tilt angle and the rate of tilt angle of the TWIP.

C. Two independent CFLC

Two  independent CFLC  were
implemented, one for the angle and the rate of
the angle and the other for the displacement
and the speed. In this type we combined the
above two fuzzy logic controllers to balance
the TWIP to observe the balancing with only
pure FLC as shown in Figure 17.

The first CFLC has two inputs and one
output, the inputs are the angle (0) of the
TWIP with range [-100,100], and the rate ()

with range [-250,250], the output of the FLC is
the control signal based on the decisions as
designed in the rule-base with range [-2000,
2000].

The second CFLC has two inputs and one
output, the inputs are the displacement (x) of
the TWIP with range [-600,600], and the speed
(x ) with range [-2, 2], the output of the FLC is
the control signal based on the decisions as
designed in the rule-base with range [-1000,

1000].
=

200

Fuzzy Logic
Controller

u

x
x_dot |+
TWIP

DA

.4;

Fuzzy Logic
Controller1

Fig.17 two independent conventional fuzzy logic controllers.

V1. Real-Time results

All controllers were tested and run on
the Real-Time to observe the different
behavior of each controller in achieving the
purpose of balancing the TWIP robot.

A. State-feedback controller

The state-feedback controller balances
the angle of the TWIP robot as shown in
Figure 18.

10 f—
s
0

3
s

Angle
\

-20 L
0

L
20 25 30

Fig.18 Angle of the TWIP robot f"gr the State-feedback controller.
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B. Fuzzy PD

The fuzzy PD controller tries to balance
the TWIP robot in upright position so; it
moves the robot forward and backward until it

20
15
10

8

Angle

5

-10

-15

-20

L

-25 L
o 5 10

Angle VS Time
T

o -
— WA

balances itself. After few seconds the TWIP
robot stay in the balance mood if no external
force applied as shown in Figure 19.

L L L
15 20 25 30

Time

Fig.19 Angle of the TWIP robot for the Fuzzy PD controller.

C. Fuzzy PI

The fuzzy P1 controller tries to balance
the TWIP robot in upright position so; it
moves the robot forward and backward to try
to enter the balance mood but, the TWIP robot
enters the balance mood for few seconds and
then start to move itself again. This movement
of The TWIP robot that shows it doesn’t stay

30

Angle VS Time
T

in the balance mood is due to external
disturbance. Disturbance here is due to the
environment such as wind, air, fan, and even if
someone move around.So it is a good
controller and can resist and rebalance itself if
any external force is applied as shown in
Figure 20.

Time

Fig.20 Angle of the TWIP robot for the Fuzzy Pl controller.

D. Two Independent CFLC

The two independent fuzzy logic
controllers try to balance the TWIP robot in
upright position so; it moves the robot forward
and backward to try to enter the balance mood
if there is an external disturbance. Those two
pure fuzzy logic controllers make the TWIP

40
30
20
10

"ﬂ

-10

Angle

-20

-30

-40 ; ;
(U 5 10

Angle VS Time
T

robot move very close to the balance mood
due to the time it takes to make two decisions
for both the two fuzzy controllers, it is a good
controller and can adapt with any applied
external force and rebalance itself as shown in
Figure 21.

v

L L I
15 20 25 30
Time

Fig.21 Angle of the TWIP robot for the two independent fuzzy logic controllers.

-figure 22 showing the response of the three fuzzy controllers used for the TWIP system
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Angle

s

i “WMD v '”uhﬁ

L

—— Fuzzy PD
7“,”, Pl
Two independent Fuzzy

Fig.22 the angle of the TWIP VIrigbot for the fuzzy controllers.

VII. Conclusion

In this paper we used a state-feedback
controller to balance and study the behavior of
the TWIP robot. The conventional fuzzy logic
controller was used to balance the TWIP robot.
We wused different types of fuzzy logic
controllers to study the behavior of changing
the type of controller on the balancing of the
TWIP robot. We implement and test all types
provided in this paper in the Real-Time. In the
fuzzy PD, the TWIP robot at the beginning
tried to balance itself and then stay in the
balance mood. The fuzzy PI, the TWIP robot
at the beginning tried to balance itself and then
stay in the balance mood for a while then start
to balance itself again and then stay in the
balance mood and so on. The two independent
fuzzy logic controllers, the TWIP robot always
move very close around the balance values
trying to stay in the balance mood but it
doesn’t it still move around. All the three
controllers showed a good controller in the
real-time the TWIP robot always balanced and
never falling. All the three fuzzy showed a
good control response when applying external
force.
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