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Advance in the efficiency of type 2 fuzzy controller in embedded systems

and application for control two-wheel self-balancing robot
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Abstract: Type-2 Fuzzy Logic Controllers do not have the disadvantages of Conventional Fuzzy
Logic Controllers, and are widely used in many control areas. However, using it to build
embedded systems is accompanied by a large number of rules that increase the processing time
and sometimes confusion, reducing the efficiency of the operating system in real time. To
eliminate this disadvantage in the paper proposed the new structure of Type- 2 Fuzzy Logic
Controller is proposed block based fuzzy controller to reduce the number of rules, and reduce the
complexity and increase the reliability of the system control. The proposed controller is based on
a fuzzy mass with a small number of fuzzy rules, due to the reduced number of input and output
variables. The advantages of the new fuzzy controller are illustrated by the example of the
embedded control system of the Self-Balancing Robot. The performance comparison of the
proposed block based fuzzy controller shows that the rules of Type-2 Fuzzy Controller is less
than twice the number rule of the conventional Type-2 Fuzzy Controller. This increases the
yield by 45%, proving the feasibility of the actual application of the proposed controller.
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1. Introduction

In some recent studies, the study [1] that demonstrates how to build a
effective traditional fuzzy controller based on fuzzy blockes, but traditional fuzzy
control has limitations [2]. To overcome these limitations, the studies [3-6] have
build a Type-2 Fuzzy Controller, but the number of large components and the large
expenses of practical application that stop the result at the simulation. In the
studies [7-13], the control law of intelligent and advanced controllers for Two-
wheel Self-balancing Robots 1s highly nonlinear, requiring the mathematical model
of the object and the accurate observer.

This study focuses on the design of Type-2 Fuzzy Controller based on stable
fuzzy block to balance two wheels robot, which is realized on a low profile
embedded system. The controller is simple to use, it ensures the quality of the
Type-2 Fuzzy Controller and ensures real time performance on embedded systems.

The rest of the article is organized as follows: In part 2 is the physics

modeling of balanced two wheels robot and an overview of Type-2 Fuzzy

© DnekTpoHHbIN Hay4YHbIH xypHal «HkeHepHbli BecTHUK JJoHa», 2007-2018



HNn:xenepunlii BecTHUK Jona, No3 (2018)
ivdon.ru/ru/magazine/archive/n3y2018/5220

Controller based on fuzzy blockes. In part 3, presenting the design and
construction of embedded balanced angle control systems for two wheels robot. In
part 4, shows the simulation results on matlab and runs the embedded controller on
the real model. The results were evaluated and compared with the Type 2 fuzzy
controller. Finally, in part 5,the main contributions of the paper are summarized

and future research will be conducted.

2. Mathematical model of two-wheel self-balancing robot
Qualitatively, the principle for keeping balance in two-wheeled robots is as
follows. A robot in the equilibrium position is titled with an angle ¢ when
subjected to a force. For the robot to regain its equilibrium, a force F' is needed to
applied to it so that its center of gravity is located in the middle of two wheels as
shown in Figure 1.
The mathermatical model of Two-wheel Self-balancing Robot is described

by the equations:
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r2”+Mp); a=(]p,8+2Mplz(Mw+r—“2’)); x- moving

distance (m); x- velocity of the robot (m/s); i- acceleration of the robot (m/s*);
¢ - inclined angle of the robot’s body (rad);# - angular velocity of the robot’s
body (rad/s);? - angular acceleration of the robot’s body (rad/s*);U, - control
voltage (V );k,- torque constant (Nm/A4);k, - voltage constant (Vs/rad );R- the
terminal resistant (£);/- distance between the center of the wheel and the center of

the robot (m); g - gravity acceleration (m/s*); M, - mass of robot frame (kg);r-

radius of the wheel (m);7,- moment of inertia of the frame (Nm); I, - moment of
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inertia of the wheel ( Nm); M, - mass of the wheel (kg ).
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Figure 1. The qualitatively balancing principle

3. Block based type-2 fuzzy controllers
3.1. Type-2 Fuzzy Logic Controllers
Two-wheel Self-balancing Robot is a typical example of a SIMO system in
which the number of actuators is less than the number of degrees of freedom of the
system. So, in order to be able to control the robot at the same time as balance and
position, we need to design two separate controllers. The balanced control voltage

U, and the position control voltage U, must be combined together into a control
voltage U, for both the system and the voltage U, ,U, are oppositely voltage on
the same reference frame. The control structure diagram is illustrated in Figure 2.
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Figure 2: Control schematic diagram of Two-wheel Self-balancing Robot
When using a Type-2 Fuzzy Controller to control the balance of robot with
the first input is the angular deviation (e) which is fuzzy by seven fuzzy sets {NB,

NM, NS, ZE, PS, PM, PB}, and the second input is the angular velocity (e') is also
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fuzzy by seven sets {NB, NM, NS, ZE, PS, PM, PB}. The output of the fuzzy
controller F is fuzzy by the seven fuzzy sets {NB, NM, NS, ZE, PS, PM, PB}. The
fuzzy sets of input and output are denoted as follows: NB - Negative Big, NM -
Negative Medium, NS - Negative Small, ZE - Zero, PS - Positive Small, PM -
Positive Medium, PB - Positive Big. Type-2 Fuzzy Controller is performed based
on fuzzy sets by distance and defuzzification fuzzy by the stage of conversion
about kind of type 1. The dependent function of the input is changed to a period of
uncertainty. This is done by defuzzificating the type-1 fuzzy sets [5,6,7], choosing
to use uncertainty for all input functions is +£0.03(Figure 3 (a)). Type-2 Fuzzy
Controller structure is shown in Figure 3 (b). The method of defuzzification is
based on the principle of average output of the four Type-2 Controllers:Fuzzy
Type-2 Controller Top, Fuzzy Type-2 Controller Left, Fuzzy Type-2 Controller
Right, Fuzzy Type-2 Controller Bottom [2]. The control rule of Type-2 Fuzzy

Controller is designed according to figure 3 (c).

3.2. Type-2 Fuzzy Controller based on block

The number of compound clauses in Type-2 Fuzzy Controllers is an
important issue in Type-2 Fuzzy Controller design, especially for real-time
applications. The number of compound clauses of the fuzzy type-2 basis increases
exponentially as the number of controller inputs increases. Complete compound
clauses for Type-2 Fuzzy Controllers with n inputs and each input with fuzzy sets
will have 4m" compound clauses. Thereby reducing the number of component
clause is very important for Type-2 Fuzzy Controller in the real-time control
applications. Accuracy of the fuzzy controller can be achieved by using 5, 7 or 9
fuzzy sets at each input. Increasing accuracy can increase the number of fuzzy sets,
but this leads to an increase in the number of compound clauses and increased
computational costs. The structure of Type-2 Fuzzy Controller based on block is
shown in Figure 4 (b) with some fuzzy controllers having less compound clauses

than Type-2 Fuzzy Controller.
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Figure 3: Selection of type-2 dependent function from type-1 dependent
function
Type-2 Fuzzy Controller based on block proposed in this study includes the
sum of three Type-2 Fuzzy Controllers with 36 composite clauses in each block of
the controller. The fuzzy set input of is shown in Figure 4(a), Three Type-2 Fuzzy
Controllers based on block with dependent functions are different base values. The
output of each block also consists of three fuzzy sets with different bases,
proportional to the input: [-7; 7], [-3.5; 3.5], [-1.5; 1.5]. The control rule of Type-2

Fuzzy Controller based on block is based on experiment is shown in Figure 4(c).

4. Simulation and experimental results
4.1 Simulation results with Type-2 Fuzzy Controller based on block
Parameters of the mathematical model (1) are determined by the real model
with parameter values in Table 1. Simulations were performed on MATLAB
Simulink software with initial conditions: robot standing still then moves to the
position from 1 (m) and stood there. The simulation results are shown in Figure 5.

In Figure 5(a) is the inclined angle of the robot’s body, while Figure 5(b) is the
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moving distance by the robot. From the simulation results, the response of Type-2

Fuzzy Controller based on block has lower overshoot and higher stability.

FT2LC1
number of rules:
434336

FT2LC2 U
number of rules: +
43%3-36

FT2LC3
number of rules:
4¥343=36

(b)
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NB PB PB ZE
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PB ZE NB NB
(c)
(a)
Figure 4: Composition of Type-2 Fuzzy Controller based on block
Table Ne 1
The parameter values of Two-wheel Self-balancing Robot
k, 0.022 (N.m/A) M, 0.03 (kg)
k. 0.4 (Vs/rad) I, 0.0012 (kg.m?)
R 1.7 (Q) I, 0.000016 (kg.m?)
r 0.0325 (m) 1 0.05 (m)
M, 1 (kg) g 9.81 (m/s°)

4.2 Design of an embedded controller for Two-wheel Self-balancing Robot
The control block diagram of Two-wheel Self-balancing Robot and the
actual model are shown in Figure 6(a). In Figure 6(b), a model of Two-wheel Self-
balancing Robot. Arduino Board has the embedded Arduino Uno 16MHz working
frequency, the MPU6050 accelerometer and transmits data via Bluetooth HC-6 to

the computer.
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Figure 5: Angle response, robot position using FLT2 based on block and FLT2

(a) (b)
Figure 6: The hardware block diagram of Two-wheel Self-balancing Robot

The difficulty of embedded programming of Type-2 Fuzzy Controllers is the
number of multiple clauses and the construction of dependent functions. Thus, in
the program the authors use the technique of constructing functions in
programming.

Experimental results of the inclined angle of the robot’s body are shown in
Figure 7. In particular, Figure 7(a) is the inclined angle ¢ of the robot’s body for
Type-2 Fuzzy Controller, and Type-2 Fuzzy Controller based on block is shown in
Figure 7(b). From the experimental results, we can see that the efficiency of Type-

2 Fuzzy Controller based on block as implemented on the embedded system.
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Figure 7: Robot’s angle response on embedded systems

a: FLT2 controller; b: FLT2 based blocks.

5. Conclusion

Based on the type-2 fuzzy theory combined with the method of building a
fuzzy controller and based on the block, the authors have developed a Type-2
Fuzzy Controller based on embedded blocks for Two-wheel Self-balancing Robot.
Simulation and experiment results show that a method of building fuzzy controllers
based on block is highly effective in real-time control applications. The method of
building Type-2 Fuzzy Controllers based on block is possible to apply complex
control systems to multiple inputs and outputs while still ensuring that the system
works in real time.

The work was reported to the ISC SAU&OI and published with the financial
support of the RFBR, project Nel8-07-20056 G.
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