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Abstract

:

This research focused on developing a methodology that facilitates the learning of control engineering students, specifically developing skills to design a complete control loop using fuzzy logic. The plant for this control loop is a direct current motor, one of the most common actuators used by educational and professional engineers. The research was carried out on a platform developed by a group of students. Although the learning techniques for the design and implementation of controllers are extensive, there has been a delay in teaching techniques that are relatively new compared to conventional control techniques. Then, the hands-on laboratory offers a tool for students to acquire the necessary skills in driver tuning. In addition to the study of complete systems, the ability to work in a team is developed, a fundamental skill in the professional industrial area. A qualitative and quantitative analysis of student learning was carried out, integrating a multidisciplinary project based on modern tools.






Keywords:


fuzzy logic; learning tools; motion control; engineering skills












1. Introduction


Nowadays, it is necessary for teachers to continue updating their class methodology, even when there are already established models of education, adapting to new tools that facilitate student learning [1,2,3]. More often, teachers utilize new technology-based instruments as a learning practice. In the engineering area, teachers must ensure that students develop problem-solving skills in various topics, including industrial processes, the design of methodologies, design and construction of houses and reduction of energy expenditure, to name a few. The transmission of content in the fields mentioned above uses the handling of a wide variety of technical instruments [4] to build knowledge. Teaching must consider epistemic practices [5] and train students in both practical and ethical awareness [6,7,8], in addition to seeking that the cultural and racial aspects of the student are not a limitation in the quality of education they receive [9].



The automation area requires knowledge in topics such as electrical systems, digital electronics, power electronics, microcontrollers, mathematical modeling, communication protocols and, an area that is especially difficult for the student, control theory [10,11]. Control theory requires a high load of mathematical analysis. In this regard, different studies show that the academic performance of students improves when they participate in practical activities related to science and technology [12]. Other studies have concluded that mathematics is one of the main subjects that define the success of obtaining a bachelor degree in exact science careers [13,14,15]. In the teaching of subjects that contain a high load of mathematics, improv ing student performance continues to represent one of the main challenges [16,17].



Engineering schools extensively address conventional control systems. The Proportional-Integral- Derivative (PID) is one of the most implemented controllers today, since the classic control continues to be the most widely used method to achieve the desired values in the variables of industrial processes. Conventional control has access to a wide variety of commercial instruments that facilitate its implementation. However, this technique has the limitation that its implementation is relatively simple only in Single-Input–Single-Output (SISO) systems, since in Multiple-Input–Multiple-Output (MIMO) systems the adjustment of the gains is complicated [18]. It is necessary to create a new control loop if more than one variable is required to be regulated. In addition, the processes to be controlled must present a linear behavior, which is why they are inefficient for non-linear systems [19,20,21].



The main advantage of the application of fuzzy logic is the possibility of defining and including concepts or variables in an analysis, even when they are not precisely formulated. Although at present fuzzy logic has gained ground in the area of automatic control, there are still some limitations that must be resolved. Future work should be aimed at optimizing the learning time of the method, improving the interpretation of fuzzy values and developing a rigorous mathematical analysis that guarantees that the use of a fuzzy expert system results in a stable system. Therefore, the aforementioned aspects constitute possible points of improvement in the area.



Currently, different tools have been developed to help engineering students improving in the necessary skills to practice their profession without limitations of theoretical and practical knowledge in the future. There is a wide collection of works that specialize in remote work and distance education [22,23,24,25,26], such as simulations [27,28,29,30] and virtual reality [31,32]. Recent research proposes new tools for learning. Franzoni et al. [33] proposed an innovative visual tool for continuous analysis of students in real time. Particularly, in the Faculty of Engineering, Universidad Autónoma de Querétaro research has been carried out denoting the advantages it has for students to implement educational strategies that include theoretical and practical knowledge [34,35]. It is necessary that new engineers know different ways of carrying out the control to obtain the desired values in the system without the limitation of knowing and handling only conventional techniques that generate disadvantages compared to what other specialists who are capable of designing these new strategies have.



Table 1 displays the most relevant works related to the theme developed. It is important to note that there is a trend in the development of simulation-based skills. However, it is important to develop practical skills in students to consolidate their theoretical training in a context where the importance and the values given to the solution are assumed in the methodology and in the team way to work. This is to be cultural knowledgeable and to learn from the group by interactions. Furthermore, the review of related works exhibits that there are three fundamental ideas in the field of engineering education:




	
The first is a geographical shift from high-income western countries to the strong emerging economies of Asia and Latin America.



	
The second trend is a movement towards open curricula adapted to social needs.



	
The third trend is the motivation to deliver an integrated student-centered learning experience on a large scale.








This work focuses on the complete development of a control loop based on fuzzy logic, which seeks to solve two important problems. The first offers the student a different control technique from those widely studied at the undergraduate level, which translates into a first approach to fuzzy controllers. The second is that it offers a metric that allows evaluating whether the student has the skills required to perform in the professional field, where there are lots of different points of view or approaches to learning. Even though there are many jobs where teaching methods and tools are employed for fuzzy logic [36,37,38,39], the main contribution of the work represented in this document is that it proposes a specific tool and the method to evaluate the student according to the requirements requested by the Accreditation Board for Engineering and Technology (ABET). This voluntary accreditation is the product of the collaboration of more than 2000 professionals from 36 partner organizations. In addition, it has a high level of demand since its primary objective is to ensure that the engineering and science curricula comply with the global quality standards of the professions to which they are directed.



This paper consists in using the skills and knowledge of the students to develop a control loop. The student must obtain the requirements to handle multiple disciplines such as control, programming, fuzzy logic and electronics. Then, it is necessary to build the loop of the motor components of a power stage that works with Pulse Width Modulation (PWM), and finally a fuzzy controller. The structure of the work is as follows. Section 3 presents the general description of the project and the methodology developed. In Section 4, the practical sequence to be followed by the students is described, which includes the construction of the card for the acquisition of the data.




2. Fuzzy Logic Background


One of the first works that adopted this type of controller and which many consider being the pioneer in this subject was presented by Zadeh in 1965 [40]. Since this work, more than 50 years have passed, and, during this period, numerous papers have been published with related themes, the field has experienced enormous growth and many of Zadeh’s seminal concepts have naturally evolved in different directions. This technique has been utilized to identify the plant to be controlled as well as to identify patterns that help improving the performance of systems in general. In 1995, Li-Xin Wang [41] proved that fuzzy systems can be used as identifiers for nonlinear dynamic systems. In this workm the author demonstrated the following points:




	
Fuzzy identifiers are easy to implement.



	
Multiple input and output variables can be added in MIMO systems.



	
It has lower computational cost than other artificial intelligence techniques.



	
It delivers quick responses in most control processes.








The behavior of the system and the tuning of the parameters can be done without the need for an exact mathematical model and merely knowing the full functioning [42]. The two most widely implemented types of fuzzy inference systems are the so-called Mamdani [43] and Takagi–Sugeno–Kang (TSK) [44] methods. In this paper, the Mamdani method is selected, which can best be expressed as a control that employs a natural language that works with expressions, rather than numbers, or sentences instead of equations. However, process variables are not measured in common sense, but in numbers. Therefore, it is necessary to make a prior adaptation before entering the state of the variable to the controller; this stage is called fuzzification [45]. Then, the fuzzy controller, according to a rule base, performs an action that is also a form of linguistic expression that finally becomes a number again in the defuzzification stage [46].



The important concepts to understand the process of converting a conventional method to one that uses the techniques previously described are the following:




	
The universe of discourse is defined as the set X of all the possible values that a given variable x can take.



	
A fuzzy set is a set that can partially contain elements, that is, the property that an element x belongs to the set A  ( x ∈ A )   can be true with a partial degree of truth.



	
A crisp set is the conventional set and only considers whether or not an element belongs to it, which means that it is a binary set.



	
Let A be a fuzzy set and let   ( x ∈ X )   be a value of the universal set; the membership function described in Equation (1) indicates the degree of belonging of said value to a fuzzy set.


   μ A   ( x )  : X →  [ 0 , 1 ]   



(1)












Therefore, fuzzy set A is defined as Equation (2).


  A =   ( x ,  μ A   ( x )  )  : x ∈ X ,  μ A   ( x )  : X →  [ 0 , 1 ]    



(2)







2.1. Operations with Fuzzy Sets


Certain operations can be performed between this type of set. The main ones are equality, inclusion, union, intersection and complement. These operations work in a similar way to operations on classic sets. The equality operation described in Equation (3) states that two fuzzy sets A and B, defined in the same universe X, are equal if they have the same membership function. Inclusion states that, given two fuzzy sets A and B, A is a subset of B  ( A ⊆ B )   if its membership function takes smaller values. This is described in Equation (4).


   μ A   ( x )  =  μ B   ( x )      ∀ x ∈ X  



(3)






   μ A   ( x )  ≤  μ B   ( x )      ∀ x ∈ X  



(4)







If there is a value   x ∈ X   such that    μ A   ( x )  ≠  μ B   ( x )   , then it is defined as   ( A ⊂ B )  .



For the union operation, the generalized form is taken, which is a triangular conorm, the well known T-conorm (⊥), and can be expressed according to Equation (5).


   μ  A ∪ B    ( x )  = ⊥  (  μ A   ( x )  ,  μ B   ( x )  )   



(5)







A T-conorm must satisfy the following properties   ∀ a , b , c , d ∈ [ 0 , 1 ] :  




	
Commutativity:   ⊥ ( a , b ) = ⊥ ( b , a )  .



	
Monotonicity:   ⊥ ( a , b ) < ⊥ ( c , d )   if   a ≤ c   and   b ≤ d  .



	
Identity element:   ⊥ ( a , 0 ) = a  .



	
Associativity:   ⊥ ( a , ⊥ ( b , c ) = ⊥ ( ⊥ ( a , b ) , c  .








The T-conorm that corresponds to fuzzy sets is the maximum, therefore Equation (5) is rewritten to obtain Equation (6).


   μ  A ∪ B    ( x )  = m a x  (  μ A   ( x )  ,  μ B   ( x )  )   



(6)







For the intersection operation described in Equation (7), the triangular norm is needed, also called T-norm(T).


   μ  A ∩ B    ( x )  = T  (  μ A   ( x )  ,  μ B   ( x )  )   



(7)







For the T-norm, the conditions that must be met   ∀ a , b , c , d ∈ [ 0 , 1 ]   are the following:




	
Commutativity:   T ( a , b ) = T ( b , a )  .



	
Monotonicity:   T ( a , b ) < T ( c , d )   if   a ≤ c   and   b ≤ d  .



	
Identity element:   T ( a , 0 ) = a  .



	
Associativity:   T ( a , T ( b , c ) = T ( T ( a , b ) , c  .








The T-norm that corresponds to fuzzy sets is the minimum. Equation (8) is obtained once this t-norm is substituted in Equation (7).


   μ  A ∩ B    ( x )  = m i n  (  μ A   ( x )  ,  μ B   ( x )  )   



(8)







For the complement operation (  μ  A ¯   ), the following axioms have to be satisfied.




	
  μ  A ¯    is a continuous function.



	
Monotonicity: If   a ≤ b  , then    μ  A ¯   ≥  μ  B ¯    .



	
Involution:    μ   μ  A ¯   ¯   = A  








The complement can be defined as in the classical sets described in Equation (9).


   μ  A ¯   = 1 −  μ A   ( x )   



(9)








2.2. Fuzzification


The fuzzification stage transforms a number to a previously defined linguistic expression. Each number in this stage maps to membership functions described in this stage, which gives a degree of membership to one or more of the membership functions that can be triangular, trapezoidal or Gaussian in shape, depending the selection on the user. The degree of membership is in the range of 0 to 1, and the number can map into more than one function having different ranges with different degrees each one.




2.3. Rules


Once the membership functions have been defined for the fuzzification stage, the inference engine determines the action to be taken depending on the degrees of membership for each input variable after they have been transformed from numbers to expressions. As mentioned, these rules are of the IF-THEN type, for example, if input variable 1 is low, then output 1 is low; when there is more than one input variable, the logical disjunction connectors (OR) or conjunction (AND) are used; and if input variable 1 is low and input variable 2 is high, then output 1 is medium. At this point, the output or the corresponding action is a linguistic expression and not a number. Then, membership functions for the output functions are defined too.




2.4. Defuzzification


Since the output of the inference engine is still a linguistic expression, it is necessary to convert it again to a number. Thus, the defuzzification process is carried out, allowing a numerical value to be associated with a fuzzy set performed to calculate the output value of diffuse systems. The fuzzy inference engine concludes the input information but is expressed in fuzzy variables. This fuzzy conclusion or output is obtained by the fuzzy inference stage, but the system output data must be a real number and must be representative of the whole set, which is why there are different defuzzification methods. For this project, the centroid method is utilized, which is one of the preferred methods to implement. This process, therefore, performs the reverse procedure to the fuzzification stage.





3. Project Description and Methodology


The control loop is presented in Figure 1, which consists of the Direct Current (DC) motor, the power stage, the encoder and the Data Acquisition (DAQ) card. Furthermore, the control strategy to obtain the control requirements is fuzzy logic.



   θ *   ( s )    is the reference of the angular position of the motor shaft,   E ( s )   is the error,    U c   ( s )    is the control signal sent to the DAQ,    U  P W M    ( s )    is the PWM signal in the form of voltage that is sent to the power stage,    U M   ( s )    is the motor activation signal and   θ ( s )   is the current position of the motor shaft.



The data acquisition card is the unit in charge of reading the position of the motor and sending the control signal for its correction if necessary. The process starts after reading a position byte from the encoder and sends it as feedback to the control loop to determine the error. The controller generates the control signal   U C  , which is converted to a PWM signal in the DAQ by   U  P W M   . However, this last signal must be conditioned in the power stage and the signal   U M   is sent to the motor. Table 2 describes with more detail the function of each one of the elements presented in the control loop. It is important to mention that the project consists of simple elements that are familiar to the students.



The sequence required to successfully complete the project is described in Table 3. It is necessary to plan the practices sequentially since each of them is necessary for the final integration, where all the elements of the control system are joined.




4. Practical Sequence


The section describes in detail the activities to be implemented by the students as part of the methodology.



4.1. DAQ Construction


The objective of the activity is the construction of the data acquisition card to read the position.



The element in charge of reading the position that is delivered from the encoder is the data acquisition card, which sends the current position as feedback to the controller loop. In this loop, the controller performs the necessary operations and generates the   U c   signal that is sent back to the data acquisition card. Once back, the signal is converted to a PWM (  U  P W M   ) value. Then, the power stage, where the H-bridge is located, modifies the voltage values (  U M  ) for the movement of the motor shaft.



The student will work with the micro-controller dsPIC33FJ12MC in the DAQ, since, being a dsPIC (Digital Signal Peripheral Interface Controller, it) has a higher processing speed than a conventional PIC (Peripheral Interface Controller), to avoid any loss in encoder accounts. Figure 2 presents the circuit necessary for the operation of the PIC. As can be seen, two capacitors,   C 1   and   C 2  , with a value of 100 pF are required; these capacitors are connected to pins 9 and 10 of the dsPIC and in parallel with the crystal   X 1   with a value of 20 MHz. To restart the dsPIC a push button is employed, which requires a resistance   R _ M R C L   value of 10 k Ω . For protection against currents and voltages,   4 n 25   optocouplers are added, one per output. The encoder is connected to terminals   Q  E A    and   Q  E B    that correspond to pins 24 and 26. To facilitate the work of the student, both the design of the Printed Circuit Board (PCB) and the 3D design of the card are given in [47].




4.2. PIC Programming


The Integrated Development Environment (IDE) selected to program the PIC is PIC C which has been created by PIC CMU. The reason for using this IDE is because it has different libraries and drivers that facilitate the programming. In addition, PIC C uses the C language as opposed to assembly language. Figure 3 presents the steps to follow to start up the dsPIC. The headers must be specified for the type of PIC, the required libraries and the address of port B that is adopted as an interrupt for the encoder reading must be specified.




4.3. Library for Membership Functions


The objective of this section is the creation of a library or file in C language that contains the mathematical description of all types of membership functions.



This part helps the student in the implementation of the final code, since it synthesizes all the membership functions in one place, replacing the need to define them completely each time it is required. However, the student will decide whether to make such a library or to add the functions to the beginning of the main code, based on his cultural background. The equations for each function must be added to define the degree of membership.



	
The triangular function is defined by Equation (10).


   μ A   ( x )  = {     0 ,     if   ( x ≤ a )         x − a   m − a   ,     if   ( a < x ≤ m )         b − x   b − m   ,     if   ( m < x < b )       0 ,     if   ( x ≥ a )      



(10)







	
The trapezoidal function is defined by Equation (11).


   μ A   ( x )  = {     0 ,     if   ( x < a )  o r  ( x > d )         x − a   b − a   ,     if   ( a ≤ x ≤ b )       1 ,     if   ( b ≤ x ≤ c )         d − x   d − c   ,     if   ( c ≤ x ≤ d )      



(11)







	
The Gaussian function is defined by Equation (12).


   μ A   ( x )  =  e   −   ( x − m )  2    2  k 2      



(12)







	
The R-Function is defined by Equation (13).


   μ A   ( x )  = {     0 ,     if   ( x > d )         x − a   b − a   ,     if   ( a ≤ x ≤ b )       1 ,     if   ( x < c )      



(13)







	
The L-Function is defined by Equation (14).


   μ A   ( x )  = {     0 ,     if   ( x < a )         x − a   b − a   ,     if   ( a ≤ x ≤ b )       1 ,     if   ( x > b )      



(14)











4.4. Control Loop Construction


The segment proposes the creation of the control loop illustrated in Figure 1, selecting the power stage, encoder, motor and connections.



The motor selected to carry out the project is model f2260 from the Maxon company; its specifications are exposed in Table 4. The motor selected for the application handles a maximum current of 16 A. The power stage must be designed to withstand this intensity. In addition, a 12 V supply voltage is utilized with a model BTS7960B H-bridge.



As shown by the characteristics of the motor selected for the project, a maximum current of 16 A is needed to activate the motor. The selection of the power stage should comply with this requirement besides working with 12 V, which is the motor supply voltage. A H-bridge model BTS7960B was selected to satisfy the power needs. It is recommended to employ a commercial circuit already assembled such as the IBT_2 model H-bridge for the Arduino platform, which internally contains the BTS7960B bridge and control components that allow it to have the following characteristics:




	
Operating voltage 5–27 V



	
Motor speed control through PWM frequency up to 25 kHz



	
Control in both directions of the motor



	
Maximum current capacity up to 30 A








Table 5 presents the connection pins of this H-bridge to the acquisition card. Pins 3 and 4 are always active and pins 5 and 6 are not used.



The position of the motor is obtained from an encoder from the Yumo company and the B950 model was selected. Its characteristics are listed below:




	
An operating voltage of 5–24 V of direct current



	
A resolution of 1024 PPR



	
Z signal that can be easily adjusted



	
It has protection against short circuits



	
Maximum current consumption of 70 mA



	
Three exit signs A, B and Z



	
Open collector output configuration



	
Maximum frequency response of 100 kHz



	
  20  Ω   insulation resistance








As mentioned above, the encoder signals are connected to pins 24 and 26 of the dsPIC that correspond to port B, using the encoder quadrature, which consists of the microcontroller reading both signals A and B from the encoder and, depending on which one is read first, determines the direction of rotation of the motor. The Z signal is not used in this project.



In order for the student to interact with the controller results, a Graphical User Interface (GUI) is provided. The GUI files are “union.fig” and “union.mat”, which can be downloaded from [48]. The GUI consists of two main buttons. The “system behavior” button displays the buttons to observe the desired value and the real value, the error value and the control signal, as illustrated in Figure 4. Figure 5 exposes how the button of “fuzzy logic” allows the student to observe the membership functions for the input and output variables, as well as the rules implemented for the inference engine.



Figure 6 shows the complete system and the connections required for the correct operation.



As shown in Figure 6, it is necessary to utilize a USB-Serial converter for which the model pl2303 of the Ranmex brand was selected. This model has in pins 5 and 4 the supply voltage and ground, respectively. Pin 3 is the transmission (Tx) and it is connected to the reception (Rx) of the DAQ. This converter is responsible for powering the DAQ. Pins 4 (GND) and 5 (VCC) of the converter are connected to pins 28 and 27 of the DAQ delivering a voltage of   5  V  , enough to power the encoder.



Once energized, the DAQ reads the A and B signals of the encoder on pins 24 and 26 and adds the necessary voltage (5 V) to activate the control pins of the H-bridge. Pins 3 and 4 of the H-bridge that correspond to the activation of the rotation to the left and right are permanently activated; they connect directly to VCC. Finally, pins 23 and 25 of the DAQ are the PWM outputs (   U  P W M    ( s )   ) connected to pins 1 and 2 of the H-bridge and indicate the direction and speed at which the motor should rotate. These signals have a range of 0–5 V.



In the same way, an external voltage source is used to supply the power of the H-bridge. This source is connected to pins 9 and 10 that correspond to the positive and negative terminal, respectively. Even though the operating voltage is 12 V, the actual value delivered due to component losses is 10 V, which corresponds to the maximum value that the signal    U M   ( s )    can reach.




4.5. Design of the Fuzzy Controller


The objective is to design the three stages of a fuzzy controller, fuzzification, rules and defuzzification.



As shown in Figure 1, there is a desired angular position value   θ *   and the actual value measured by the encoder  θ  is fed back. The error   E ( s )   is obtained according to Equation (15). Then,   E ( s )   is the first input variable for the fuzzy controller and its membership functions are defined by Figure 7a, which consists of three triangular functions, an R-function and an L-function, with a range from   − 50   to   50   π  r a d    .


  E  ( s )  =  θ *   ( s )  − θ  ( s )   



(15)







For this project, another input variable was selected, which is the weight that is added to the motor shaft. Its membership functions consist of a trapezoidal function, an L-function and an R-function. The range of this variable is from 0 to 30 kg. These are displayed in Figure 7b.



Finally, for the output variable three triangular functions, an R-function and an L-function are selected; the range is   − 10   to 10 V. Membership functions for the output variable are exhibited in Figure 7c.



The rules for fuzzy controlled are defined in Table 6.



The chosen method for defuzzification is the Center of Area (CoA), which is described in Equation (16). CoA is the center of the area, x is the value of the linguistic variable and   x  m i n    and   x  m a x    represent the range of the linguistic variable. In the CoA, the controller calculates the area of the membership functions and within the range of the output variable.


  C o A =    ∫   x  m i n     x  m a x    f  ( x )  ∗ x d x    ∫   x  m i n     x  m a x    f  ( x )  d x   =  U c   



(16)








4.6. Implementation of the Controller


The objective of this section is to integrate all the previous elements and develop the main code to implement the final controller.



This portion is the final stage for the complete development of the project and consists of integrating all the elements previously developed and the elaboration of the main code, which is recommended to be developed in C language. A computer is the element in charge of performing all the previously described controller calculations.



An HP computer, model Pavilion G4 with an Intel Pentium Inside B950 processor, was selected. The processor specifications are as follows:




	
Two cores



	
Two threads



	
Processor Base Frequency of 2.10 GHz



	
Cache 2 MB L3



	
BusSpeed   5    G T  s   








In addition to the above, the operating system of the computer was Windows 7, and the RAM was 6 GB. It is important to note that it is not necessary to use the same computer. However, it is recommended to choose one with at least the same characteristics to ensure the correct operation of the project. One limitation of this research was to find a computer with Windows XP, where the controller for the converter was made, but the closest operative system found was Windows 7. The controller does not work in the Windows 10 version. Figure 8 shows the flow chart of the steps to perform the code.





5. Indicators


The proposed rubric for this project seeks to meet the standards required by ABET regarding student outcomes, which must be effectively documented for a periodic review. According to the requirements, the project is defined by the practical problem of performing a position control using traditional components for the power and acquisition stages, limiting the control stage to the use of fuzzy logic; on the other hand, even when a way of implementing the fuzzy controller is proposed, it is emphasized that there are infinite different proposals for the membership functions, rules and defuzzification method. It is for this reason that the rubric is divided as shown in Table 7, where the outcomes are those required for the associate degree programs from ABET with slight modifications to suit the specific program implemented by the engineering faculty of the Universidad Autónoma de Querétaro with regards of the values and objectives.



For the intelligent control class according to Table 7, Indicators I and II were evaluated by the application of a written exam. The score of Indicator III was obtained according to the ability of the student to carry out the required experimentation. Indicator IV evaluated the programming knowledge of the learners according to the implementation of the program. Finally, Indicator V was based on the final written report of the laboratory. The analysis of the results obtained by students during four periods was carried out and the results according to the rubric proposed for this project are denoted in Table 8.




6. Conclusions


Nowadays, the use of electric motors has increased considerably. In the industrial area, it is one of the most used final action elements. In this sector, the motors can be part of industrial fans, blowers and pumps, machines, tools, etc. However, the use of these devices is currently not limited to the industrial area. The rise of renewable energies is driving the use of electric motors in the transport sector around the world. It is important that engineering students, specifically students in automatic control, are familiar with this type of actuator and its control.



The research presented addresses the control, by students, of a direct current motor by applying non-classical control techniques. In this way, a broader panorama of the different methods that can be applied to control similar devices developing transferable skills and extrapolate the knowledge to a wide range of engines. Although the motors can be of different shapes, sizes, power, etc., all are based on the same principle, the conversion of electrical energy into mechanical energy.



The objective of the student is to develop the project in a modular way, which is why it was divided into different practices to meet the necessary criteria for ABET certification. This certification is important to participate in the global labor market with the equity required disregarding the country and the culture of the students. The results obtained prove that there is a slight improvement in the grades obtained by the students who took the course. In addition, due to the multidisciplinary nature of the project, the necessary skills are granted to work in a team, build their own acquisition cards without the need to buy trademarks, reinforce prior knowledge about programming languages, design control loops and mainly design and implement controllers with fuzzy logic, but also with the different approaches each students brings to the team.



It is important to note that the proposed project is a first approach to fuzzy controllers. However, it provides the necessary tools for the student to design their own controllers and experiment with different membership functions to improve system behavior. It is presumed that the disadvantages in Indicators III and IV of Table 7 are due to the fact that the students of that period did not have adequate preparation in the subjects of programming, power circuits, microcontrollers and sensors. This leads to a deeper analysis of how to implement this methodology and how it could be improved to achieve better and more consistent results.
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Figure 1. Control loop proposed for the project. 
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Figure 2. Minimum circuit required for dsPIC. 
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Figure 3. Program flow diagram for the dsPIC. 
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Figure 4. GUI screen for system behavior. 






Figure 4. GUI screen for system behavior.



[image: Applsci 10 09070 g004]







[image: Applsci 10 09070 g005 550] 





Figure 5. GUI screen for fuzzy logic. 
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Figure 6. Complete system required for the project. 
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Figure 7. Membership functions proposed for the fuzzy controller. 
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Figure 8. Flow chart of the main code actions. 
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Table 1. Main investigation presented in the state of the art and their contribution to the field.
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	Ref./Year
	Study Area
	Contribution to the Field





	[27]/2006
	Simulation environment
	The work presents empirical findings on the impact of maintaining and reviewing the learning history in a dynamic and interactive simulation environment of engineering education.



	[22]/2013
	Laboratories for distance
	The objective of the paper is to present the fundamental objectives of learning through distance learning laboratories as well as the special issues connected with these labs, including their effectiveness.



	[23]/2014
	Perception study
	The paper exposes a study to evaluate perception of the students of the development and use of remote Control and Automation training kits in Portugal.



	[24]/2015
	Learning management system
	The purpose of this article is to highlight student usage of a learning management system in electrical engineering at an open distance learning institute.



	[28]/2017
	Simulation-based software
	In this study, new simulation-based software developed for educational purposes is introduced.
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Table 2. Description of the function of each device.
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	Device
	Description





	Controller
	A fuzzy controller works in a similar way to a conventional system: it accepts an input value, performs some calculations and generates an output value.



	DAQ
	The DAQ takes the signal received from the encoder and performs its conditioning so that it can be compared with the reference position. Additionally, it converts the signal to the controller output and converts it to a PWM signal for the power stage.



	Power Stage
	The power stage operates on the motor, in it is the H bridge that regulates the operation of the motor. Its operation is determined by the on or off of the different switches.



	Motor
	The motor is the final action target. Through this element, the angular position of the shaft is regulated.



	Encoder
	It allows coding the mechanical movement of the motor in different types of electrical impulses: binary digital, analog based on a wave, pulses, etc. In this way, the encoder is the interface between the motor and the controller.
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Table 3. Practices required to develop the project.
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	Practice
	Descriptions
	Time (h)





	1. DAQ construction.
	The student develops the acquisition card using a PIC and its physical circuit necessary to read encoder and implement PWM, in addition to performing serial communication.
	2



	2. Library creation for membership functions in C language.
	The student develops the library needed to mathematically represent the membership functions and facilitate their application in the main code.
	2



	3. Control loop construction.
	The student creates the control loop by selecting the required power stage and using the previously developed DAQ.
	4



	4. Design of the fuzzy controller.
	The student designs the controller defining the input and output variables, as well as the required membership functions and finally the defuzzification process.
	8



	5. Implementation of the controller.
	The student develops the main code for the implementation of the previously designed controller.
	8
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Table 4. Motor characteristics.
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	Parameters
	Values





	Nominal voltage
	12 V



	No-load speed
	2220 RPM



	No-load current
	200 mA



	Nominal speed   ω ( t )  
	1810 RPM



	Nominal torque   τ ( t )  
	276 mNm



	Nominal current   i ( t )  
	2.94 A



	Starting current
	16.6 A



	Initial torque   (  T i  )  
	1660 mNm



	Max. efficiency
	77%



	Resistance (R)
	1.44  Ω 



	Inductance (L)
	0.56 mH
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Table 5. Pin description of H-Bridge.
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	Pin Number
	Pin Name
	Description





	1
	RPWM
	PWM signal to turn right



	2
	LPWM
	PWM signal to turn left



	3
	R_EN
	Enable turn right



	4
	L_EN
	Enable turn right



	5
	R_IS
	Over-current alarm



	6
	L_IS
	Over-current alarm



	7
	VCC
	Supply voltage



	8
	GND
	Ground










[image: Table] 





Table 6. Rules for the inference engine.
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	Error/Weight
	Very Negative (emn)
	Negative (en)
	Zero (ecero)
	Positive (ep)
	Very Positive (emp)





	Light (pl)
	smp
	sp
	scero
	sn
	sn



	Normal (pn)
	smp
	sp
	scero
	sn
	smn



	Heavy (pp)
	smp
	scero
	scero
	smn
	smn
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Table 7. Proposed rubric for evaluation.
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Specific Indicators

	
Criteria

	
Grade




	
90–100

	
70–89

	
60–69

	
0–59






	
I. The ability to identify and formulate complex engineering problems.

	


a. Basic knowledge about control theory.

b. Identification of the position control problem.

c. Basics of different controllers.

d. Controller proposal.

	
abcd

	
abc

	
ac

	
a




	
II. The ability to acquire and apply new knowledge as needed.

	


e. Knowledge about control loops.

f. Knowledge of the types of fuzzy logic.

g. Knowledge about fuzzification

h. Applications of membership functions.

i. Knowledge of fuzzy rules.

j. Knowledge about defuzzification.

	
efghij

	
eghij

	
1. efgh

2. efgi

3. efgj

	
efg




	
III. The ability to design experiment and conduct

standard tests, measurements and experiments,

as well as analyze and interpret the results.

	


k. Design of the fuzzy controller.

l. Sensor implementation.

m. Power stage implementation.

n. Control stage implementation.

o. Interpretation of results.

p. Conclusions.

	
klmnop

	
1. klmno

2. klmnp

	
1. klm

2. kln

	
kl




	
IV. The ability to understand and apply programming languages

	


q. Microcontrollers programming

r. Knowledge of the rs232 protocol in c language

s. Construction of the program for the controller

t. Perform code optimization, verification and debugging

	
qrst

	
1. qrs

2. qrt

	
qr

	
q




	
V. The ability to apply written, oral and graphical communication in well-defined technical and non-technical environments, as well as the ability to identify and use appropriate technical literature

	


u. Write the experiment report.

v. Add good quality images.

w. Add and explain the necessary equations.

x. Explain the results and conclusions.

	
uvwx

	
1. uvw

2. uvx

	
1. uv

2. uw

3. ux

	
u
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Table 8. Analysis of student performance in the Intelligent Control course.
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	Specific Indicator
	2018(2)
	2019(1)
	2019(2)
	2020(1)





	I
	60
	70
	70
	80



	II
	60
	80
	80
	90



	III
	65
	80
	70
	90



	IV
	75
	75
	70
	80



	V
	80
	80
	90
	90



	Total average
	68
	77
	76
	86
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