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Abstract. The use of industrial robots has growned rapidly since the installation of the first industrial robot in 1961.
Robots can be used in various industrial activities, from handling of materials, parts and tools, as well as in unhealthy
activities for humans. This work shows the development and construction of two degrees of freedom robotic
manipulator with rotary joints, driven by induction motors. The arm positioning is performed by a fuzzy controller. The
developed robot moves in an area equal to a quarter of a sphere. Results showed the efficiency of the fuzzy controller
when the arm motion is driven to reference values.
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1. INTRODUCTION

In the 50's and 60°s industrial robots were introduced in order to replace the man in the execution of repetitive or
hazardous tasks, aiming to improve quality, to increase productivity and to reduce production costs. Some of the most
common tasks for which robots are designed to are: transportation and materials handling (Wawerla et al, 2010; Endo et
al, 2008; Yong et al, 1999), assembly and manufacturing (Fei et al, 2010), point and arc welding (Yanping et al, 2009;
Chen et al, 2008) and painting (Jarvis, 1973; Asakawa et al, 1997; Fuhlbrigge et al, 2008; Gazeau et al, 2011).

By the end of the 50’s it was developed the first automated robot, a concept designed by J. K. Devol, called Unimate
(Giralt, 1997). This project used principles of numerical control to control the manipulator and was hydraulically
driven, similar to projects found nowadays. In 1961 this robot was installed at Ford Co. Since then, robotics has
developed in such accelerated rate that recent research has been made about robots that imitate human movements
(Komagome et al, 2007) and social robots present in shopping malls (Shiomi, 2009).

Figure (1) represents the archetype of a manipulator robot, inspired by the human arm. By programming the three
arm angles (a, B, v), and applying the appropriate commands to the motors of the three joints, the actuator is led to move
to a specific point within the work spatial boundaries. Similarly, the three angles (y, 6, ¢) are defined by programming,
and the wrist actuators are controlled in order to make the element fixed in the end arm move, according to the desired
orientation based on the task to be performed (Giralt, 1997).

From the second half of last century, with the increasing advancement of industrial automation, the automatic
control of dynamic systems has gained increased attention. During this period, various control techniques have been
developed such as robust control, optimal control, adaptive control, nonlinear control and intelligent control.

As an alternative to classical control techniques, intelligent control is applied, consisting of three basic approaches,
according to Paraskevopoulos (1995): Knowledge-based expert systems, fuzzy logic control and control based on neural
networks.

Regarding the fuzzy logic control, it incorporates the way human being thinks in a control system (Shaw and
Simdes, 2004). Through the fuzzy technology, the human operator experience is captured, which control processes and
industrial plants, in order to include it in computerized controllers with the same or better performance than humans.
The fuzzy control does not need mathematical modeling of the process, but the modeling of actions from the knowledge
of a specialist, using linguistic terms, i.e., verbal descriptions. Moreover, fuzzy controllers also handle linear and
nonlinear systems and are able to control complex multivariable systems, executing strategies for decision making in
various types of plants. So this is a different approach from the classical control methods, which are developed through
the mathematical modeling of plants, deriving the parameters to be controlled according to the state of the process
(Shheibia, 2001).
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Figure 1. Six degrees of freedom robotic manipulator

Fuzzy control is applicable in the area of photovoltaic systems (Simdes e Franceschetti, 1999; Weis e Xiao, 2003);
in agriculture (Shen et al., 2007; Burgos-Artizzu et al., 2007); in physiotherapy (Kiryu et al., 2001); in the biomedical
area (Held e Roy, 2000; Skelly e Chizeck, 2001); in robotics (Wai et al.; 2003; Yang et al., 2005; Bai e Wang, 2010;
Biglarbegian et al., 2011; Huang et al, 2010).

2. THE EXPERIMENT

In order to conduct the research, a robotic manipulator with two degrees of freedom was built, represented in Fig
(2). Its construction is justified because robots for teaching purposes are expensive and limited, since the control
software employed in such platforms are proprietary, and do not allow access to the code inserted into previously
compiled libraries, as well as its hardware does not provide documentation about the control circuit (Medeiros, 1998).
Therefore, it was planned to build a low cost solution provided with technical documentation, thus enabling not only the
realization of this work but also additional research conducted with other purposes.

Figure 2. Robotic manipulator
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During the process of constructing the robotic manipulator, it was employed knowledge in mechanical engineering,
which provides study methods for analysis of structures and mechanisms in static and dynamic situations, and in the
field of electrical engineering and electronics, by providing the means to integrate sensors, interfaces, signal
conditioning circuits, controllers and actuators. In addition to these fields of study, the theory of control has a great
contribution, which enables the creation and validation of algorithms that control the movement of the robot as well as
computer science, allowing the use of tools for programming robotic manipulators, enabling to the achievement of
specific tasks (Romano, 2002). During the drafting of the manipulator, it was used low cost materials such as aluminum
and 1020 steel. The data acquisition board, the components used in the signal conditioning circuits, potentiometers
(position transducers), motors and frequency inverters were all acquired in the domestic market.

Both the base and the arm are driven by induction motors of 220V, 60 Hz and 0.33 Cv, driven by frequency
inverters. Both engines are coupled to worm shafts, which in turn transmit motion to the base and arm through the
gears. The rotation speed and direction of rotation of the motor shafts are controlled by fuzzy control signals sent to the
frequency inverters. The total angular displacement of the arm is 100°, and the base is 120°, and for the protection of
the system limit switches are used.

The positioning control of the system was implemented in closed loop. The fuzzy controller was developed in
LabVIEW® programming environment, residing in a Core2Duo 2.5 GHz microcomputer equipped with a data
acquisition interface type NI-DAQ6008. Multi-turn potentiometers (ten turns) coupled to the motor shafts by gears were
used as position transducers, providing response signals proportional to the number of turns of their cursors. The
potentiometer transducers have electrical resistance of 10 k  + 10% and are equipped with three terminals (a, b, c).
Terminals "a" and "b" are fed by a fixed voltage of 10 V, and the terminal "c" output, whose voltage varies with the
rotation of its cursor, is connected to the analog input channel of the data acquisition board (All to potentiometer of the
base and Al4 for the potentiometer of the arm). Equations (1) and (2), obtained from data collected in the laboratory,
represent the linear function that relate the voltage values with the values of the angular displacement of the motor
shaft.
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3. IMPLEMENTATION OF THE FUZZY CONTROLLER

In order to control the system, a Mamdani algorithm, implemented in the computing environment LabView®, was
used. The Mamdani model used is composed of conditional propositions whose antecedents are linguistic variables, as
well as the consequent ones. The membership functions of input variables are distributed in universes of discourse
ranging from -4 to 4, and were adjusted by changing their shapes and distributions in these universes of discourse.

3.1 Fuzzification Stage

Two input variables were used: the error (erro) between the reference position signal and the current position
signal, and the derivative of this error (derro). The linguistic variable erro is composed of nine membership functions
with triangular and trapezoidal shapes, called: NGG Negative (Very Large Negative), NG (Large Negative), NM
(Medium Negative), NP (Small Negative), ZE (Zero) PP (Small Positive), PM (Medium Positive) PG (Large Positive)
and PGG (Very Large Positive). Figure (3) shows the arrangement of linguistic terms of the error in its universe of
discourse. Five membership functions with triangular and trapezoidal shapes are associated to the variable derro. They
are defined by the words: NG, NP, ZE, PP and PG. The membership functions are seen in Fig (4).
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Figure 3. Inference curves of linguistic variable Erro.
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Figure 4. Inference curves of linguistic variable derro.

3.2 Fuzzy Inference Stage

The operations with fuzzy sets occur during the inference stage. The fuzzy set mapping within other fuzzy sets is
done, and control rules, such as the conditionals IF-THEN, are activated and combined (Xavier, 2008). During the
fuzzy inference process of this project, the composition of each control rule and the relationship between them were
done according to Table (1), which shows the forty five control rules. At this stage of processing, the output values are

obtained from the minimum value due to comparison between membership values of erro and derro.

Table 1. Fuzzy rules table

Erro
NGG | NG NM NP ZE PP PM PG | PGG
NG VO VO VO VO VO V1 V2 V3 V4
© | NP VO VO VO VO VO Vi1 V2 V3 V4
oL ZE V4 V3 V2 V1 VO Vi1 V2 V3 V4
° PP V4 V3 V2 Vi1 VO VO VO VO VO
PG V4 V3 V2 V1 VO VO VO VO VO
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3.3. Defuzzification Stage

This fuzzy controller stage is responsible for converting the control action described by linguistic term to signals
applied to control the plant. The control variable (output) is associated to a voltage variation in the analog output port
NI-DAQ. This output variable is defined by five membership functions and a universe of discourse ranging from 0 to
0.7. The selected defuzzification method was the Center-of-Area (CoA), suggested by Bezerra (2009). Figure (5) shows
membership functions of the control variable.
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Figure 5 — Membership functions of control variable

After defining the input variables, the universe of discourse and the controller rules, the control surface is obtained.
It represents all the situations that the fuzzy controller will respond within the limits imposed on the project. It is
observed in Fig (6) that the controller has a control output that ranges from 0 (zero) to 0.7 volts for input values between
-4 and 4 volts for the error, and -1 for the 1volts for the error variation.

dErro

Erra

Figure 6 — Generated control surface for each fuzzy controller

4. RESULTS

The graphs represented in Fig (7) and (8) illustrate the arm and base behaviors, respectively, with a sequence of
step functions as reference, in order to simulate the robot control in continuous work. Chart analysis gives settling time
values, the overshoot and steady-state error. Collected data is shown in Table (2).
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Table 2. Maxima Experimental Performance Indicators of the Arm and Base

Measured Figure 6 - Arm Figure 7 - Base
Value Variable Step Variable Step
TSmax (3) 2,993 (between 30° and 10°) 1,8561 (between -35,47° and 8,729°)
UPmsx (%) 1,2 (between 10° and-10°) NULL
eSSmax (%0) 0,71 (between 30° and 10°) 1,57 (between -35,47° and 8,729°)

Then, aiming to verify the controller behavior when faced to tracking a specific trajectory for the arm, it was
imposed a sinusoidal reference signal which corresponds to an input signal of 30 degrees of amplitude, and period of
160 s. For the base, the applied input signal was a cosine function, with amplitude of 43 degrees, and period of 160s.
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The obtained results for the described conditions are shown in Figures (9) and (10), which compares the reference
signal and the output displayed by the plant to the arm and to the base, respectively.

The maximum obtained error was 0.09° for the arm and 0.28° for the base. Observing the graphs of sine and cosine
functions, it is seen a good system performance in relation to the monitoring of the trajectories imposed as a reference
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Figure 9 — Servo-control for sinusoidal path — Arm
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Figure 10 — Servo-control for co-sinusoidal path — Base

5. CONCLUSIONS

This paper presented the fuzzy logic control of a robotic manipulator of two degrees of freedom as well as a brief
explanation about its constructive aspect. The control system applied to the robot was developed in both programming
environments LabVIEW® and MATLAB®. Results demonstrate that when the robotic manipulator was subjected to
step function input, the response had a maximum overshoot of 1.2% for the arm, whereas there was no overshoot for the
base. This leads to conclude that the results are considered good, and that the percentage of observed overshoot in the
arm can be reduced by allying gain and tuning of the controller.
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Regarding the obtained results with the step function input, it was observed that the settling time is close to 3s for
the arm. Again it is concluded that the actuator gains as well as the controller tuning can be improved, resulting in
smaller settling times than those found so far. In situations in which sinusoidal or co-sinusoidal reference paths are
imposed, it was verified a good performance, with maximum errors assuming very small values. Finally, it was
concluded that the constructed robotic manipulator showed a good efficiency, especially when compared to other
robotic structures with same size. The developed framework also enables implementation of various controls and
monitoring methods. The fuzzy logic implementation has yielded a well-functioning robot and will motivate further
research related to different types of control.
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