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ABSTRACT: In this paper we present the development of a remote laboratory (RL) for a servomotor control system.
The RL is embedded on the single board computer BeagleBone Black (BBB) with an interface for performing remote
experiments and storing the experimental data. In addition, the Proportional-Integral-Derivative (PID) controller used
to control the servomotor is embedded in the PIC32MX795F512L microcontroller made by Microchip. A TFT display
is attached to the control system as a local configuration and test interface. For communication with the control
interfaces, protocols were assembled using Universal Asynchronous Receiver/Transmitter (UART) communication.
Finally, the servomotor system and the control interfaces are evaluated through experimentation, resulting in a
satisfactory operation of the PID controller through the control interfaces.
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I.INTRODUCTION

The teaching of new theories and concepts to students in universities is traditionally carried out in classrooms. Areas
within the engineering curriculum, such as electrical circuits and electronics [1], experimental physics [2] and control
engineering [3], have their learning complemented through experimentation in laboratories. Practices in laboratory are
important because they enhance the understanding of concepts and develop critical thinking. For areas such as control
engineering the teaching of new models and theoretical ideas are important, especially if they can be verified through
experimentation [4, 5, 6].

In universities, the integration of new pedagogical methodologies to engineering education, such as the
complementation of traditional teaching through online tools, is fundamental. Among the tools available on the
Internet,there are the Learning Management Systems (LMS) and the Web labs, which are divided into virtual and
remote laboratories [4, 7]. The LMS, such as Moodle, support administrative activities of those responsible for the
system, as well as allow the release of documented information and monitoring of student activities [4,8]. Virtual labs
currently have interactive graphical interfaces and perform computational simulations of mathematical models and
physical processes. Remote Laboratories (RLs) use real plants and physical devices and have their processes controlled
remotely through a graphical interface [7, 4].

As seen in [9] the control engineering community, represented by different universities, gathers efforts for the
development of RLs, thus proving their importance in teaching methodology. The RL has advantages for the teaching
of control engineering, such as the more realistic and dynamic perspective and the learning of a real control process [5].
Although useful for engineering education, RLs need real control systems in execution [4]. An example of an
experiment available in RLs for control engineering is one that involves real-time closed-loop control systems, as seen
in[3,4,7,9,10].

Closed-loop control systems use the concept of feedback, whose aim is to promote the reduction of disturbances that
may influence the operation of the system, contributing to the efficient follow of the reference commands [11]. This
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strategy is used by the Proportional-Integral-Derivative (PID) controller, which is one of the most common tools for
controlling systems, being widely used in several industrial applications related to the control of hydraulic, mechanical
and thermal processes, in addition to be a fundamental controller in control systems involving motors [11, 12]. The
implementation of the controller can be done in several systems e.g. computers, Programmable Logic Controllers
(PLCs), Field Programmable Gate Array (FPGAS) and embedded systems [11,12].

11.SCOPE OF RESEARCH

In this work, a RL was developed for a control system with a closed loop control in real time. Initially a bibliographical
research, presented in section 11, was carried out to determine the state of the art of RLs applied in the area of control
engineering, this research allowed to define the development stages of the work. The first step, presented in section 1V,
was the definition of the architecture for the RL showing an overview of the integration of all concepts and
technologies present in the work. The second step, described in section V, was the definition of the experiment, as a
servomotor’s speed control, and the control system development. The third step, presented in section VI, was the
development of a protocol for standardizing the serial communication between the control plant and the RL server. The
fourth step, presented in section VII, was the construction of the web application that provides access to a control plant
asaRL.

The fifth step, presented in section VIII, was the development of a local control interface, through a TFT display,
allowing to execute control experiments in direct contact with the control system. The TFT display is a type of
touchscreen display used in industry for control and automation of systems allowing to control and oversee complex
operations through a graphical interface [13,14,15]. The use of this technology adds to this project the ability to check
problems directly in the control plant. The results and discussions, in section IX, present the experimental design
validation based on the definition of a test scenario, in which a square wave was applied as setpoint and the controller
gains were determined empirically. In this context, the experiment was performed by the RL interface and validated by
the local interface. As results, the controller presented satisfactory performance, since it corresponded to the defined
setpoint and there was no saturation of the same. In addition, this experiment confirmed the correct integration of the
control interfaces due to the absence of failures during the execution of the process.

111.SURVEY OF REMOTE LABORATORIES FOR CONTROL ENGINEERING

RL that control closed-loop processes in real-time must have good performance and adaptability regarding the
continuity of the interaction between the control interface and the process located remotely. Thus, the client-server
architecture presents itself as a good approach for creating RLs, since it has great flexibility, performance and
adaptability in situations where quality of service and continuity of communication are fundamental [3]. RLs with the
client-server architecture are presented in [3, 9, 10, 16, 17]. In recent RL approaches, the client-server architecture has
evolved into a three-tiered architecture. In this approach, amiddleware layer is responsible for dealing with the
communication between client and server, reducing the dependence between them [7]. The use of three-tiered
architecture in RLs can be seen in [4, 7]. In the traditional architecture of the RLs the server runs on a desktop
computer that is connected to the control plant by means of specific hardware for data acquisition, as can be seen in [3,
7,9, 10, 17]. An alternative to the computer with the data acquisition board is the use of a single-board computer i.e. a
complete computer available on a single printed circuit board e.g. Raspberry Pi and BeagleBone Black (BBB), as seen
in [4, 16].

The use of the client-server architecture allows the functionality of the RL to be well divided. The client side should
provide a graphical interface that allows the passage of parameters to adjust the control of the plant and should also
allow the monitoring of this control. The server side must perform data acquisition, control of plant functionalities, data
logging and implementation of client-server communication, whether with or without a middleware layer [4, 7].
Although these features are well-defined for the client and server sides, there are two different approaches to RLs. The
first approach is that in which the algorithm and the closed-loop control of the plant are on the server side, as can be
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seen in [3, 9, 10, 16, 17]. In the second approach, the control algorithm is found on the client side and the control loop
closes through the network in a transparent way to the user, as can be seen in [4, 7, 18]. These two approaches suffer
from delays in the communication network between client and server in different ways. In the first approach, there is no
delay in the process control of the plant, but there is a delay in interaction and process monitoring by the user. In the
second approach, there is no delay in user interaction, but the control process may lose performance [9].

In more recent work such as [4, 7] it is possible to perceive the emergence of a better organization of the way the RLs
are implemented, approaching a standardization of Web laboratories development. In [19] this standardization is
presented as the smart device paradigm and appears as an extension of the definition of the smart devices that make up
the Internet of Things (l1oT). This paradigm when applied to the traditional client-server architecture implies a greater
autonomy of server actions. In this way client and server are fully decoupled, the server will provide access to the RL
functionality through a service, organized as an Application Programming Interface (API). The independence of the
client allows it to be both web and mobile applications, deconstructed in components responsible for accessing
different features of the API made available by the server. Since Web laboratories are available on the Internet, client-
server communication makes use of Hypertext Transfer Protocol (HTTP) and WebSockets, which is an efficient and
bidirectional way of performing the continuous data transmission required by a RL [19].

IV. ARCHITECTURE FOR THE REMOTE LABORATORY

Figure 1 shows the complete architecture of the RL, which is the main contribution of this work, containing the
overview of the integration among all technologies used.
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Figure 1:Architecture for the remote laboratory.

It is important to highlight the main differences of the architecture developed in this work:
o The architecture is completely built on embedded systems, being a single board computer (BBB) embedded with a
linux distribution, a microcontroller present in the control system of the servomotor and a microcontroller present
in the TFT display;
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e The architecture used is the traditional client-server, but the servomotor control algorithm does not run on the
same hardware as the server application. The RL’s web application server is embedded in the BBB, while the
control algorithm is embedded in the microcontroller present in the control plant;

o The architecture has a local access point, available from a graphical application running on a TFT display;

¢ The exchange of information between the microcontroller in the control plant and the different interfaces uses the
same protocol that standardizes UART serial communication.

V.SERVOMOTOR CONTROL SYSTEM

The servomotor’s speed control experiment uses a closed loop control technique with the PID controller. According to
[20], the PID controller is composed of three terms: Proportional, Integral and Derivative. Each one corresponds to a
mathematical operation with the error function (the difference between setpoint and system response) and the sum of
these terms results in the control action (u) as shown in Equation (1).

u(t) = Kye(t) + K f etydt + K, il(tt)
0

(1)

wherein:
* K, K;, K4 — proportional, integral and derivative gains;
e ¢(t) —error function.

The behaviour of proportional term is the same as an amplifier with adjustable gain whereas the integral term is
responsible to eliminate the steady state error and make sure that the system's output agrees with the setpoint. The
derivative term enhances the closed loop stability and allows prediction of future error [20, 21].However, Equation (1)
presents the classical PID representation in continuous time, where some operations with integral and derivative terms
are required to calculate the control action, but they cannot be solved directly by the microcontroller. Therefore, to be
possible this calculation it is necessary to approximate these operations by differences equations. This process is called
controller digitalization. In this project we used the Euler method (backward differences) to approximate the derivative
term and also the Tustin method (trapezoid rule) to approximate the integral term in Equation (1). Equation (2) shows
the digital PID controller implemented in the microcontroller [20, 22].

e(Ty) +e(T,) ) te(), . o) —eh) @

u(t) = K,e(T,) + ia(T,) + K; T+K, =

wherein:
o Ky — Proportional Gain;
o K;— Integral Gain;
e K, — Derivative Gain;
e ia(Tp) — Integral action (previous instant);
e e(Tp) — Previous instant error;
e ¢(T,) — Current instant error;
o T —sample time;
e u(t) — control action.

Considering the servomotor control system presented in Figure 1. TheMicrochip PIC32MX795F512L microcontroller
(1) is the main component of the control system, responsible for the servomotor control and control interfaces (5, 6)
management. The PID control embedded in the microcontroller compares the servo motor speed with a defined setpoint
signal (square, sinusoidal or triangular wave). In case of divergence, a PWM signal is sent to the motor drive (2) to
correct the difference. The servomotor (3) is composed of a Pittman’s DC motor and the HEDS-5310 encoder from
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Hewlett Packard (HP). The servomotor’s speed was calculated using the encoder and a quadrature decoding board (4),

which works with Serial Peripheral Interface (SPI) bus. The Pololu Motor Drive MC33887 (2) which allows the
motor’s direction change, is powered by a 14.8 V LiPo battery as well as motor.

VI.SERIAL COMMUNICATION PROTOCOLS
The serial communication protocols standardize the data exchange between the control interfaces and the servomotor

control system, made through UART serial communication. There are five communication protocols developed, each
one responsible for specific functionalities of the control system.Table 1 presents the general structure of the protocols.

Start Byte Data Bytes End Byte
(SB) (DB) (EB)
Table 1:General structure of the serial communication protocols.

According to Table 1, the protocols have two delimiters of their contents, which are the Start Byte (SB), responsible for
indicating the beginning of the data transmission and the End Byte (EB) representing the ending of the data
transmission. These bytes also identify the types of protocols handled by the system. The number of Data Bytes (DB)
depends on the type of protocol. Figure 4 shows the two main protocols developed, "control settings" and "“control
response", including their interaction with the system.

Received ; Sent
Micrécontroller
Experiment settings Running an experiment
{first step) == {second step)
Control settings protocol Control response protocol

Start byte (SB) Start byte (SB)

Setpoint parameters (SP) Servomotor's speed (SV)
Commands to
start and stop

the experiment
Motor's direction (MD) Experiment time (ET)

Controller gains (CG) Calculated setpoint (CS)

Experiment setup
Sample time (ST) status (error protocol)

Control action (CA)

End byte (EB) End byte (EB)

Waiting for next
sample

Sent ; @ Received

System server TFT display

Control interfaces
Figure 4: Structure of the control settings and control response protocols.
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The sending of “control settings protocol” from control interfaces to the microcontroller is the first step to running an
experiment. The content of this protocol is chosen by the user, according to the parameters shown in Figure 4. When
these data is received by the microcontroller, the control parameters are validated and the “error protocol” is returned to
the control interface to notify that the configuration was successful or if there are any errors in the parameters. In this
way, if there are no errors and the command to start the experiment is sent, the second step is executed, in which
according to the sample time, the microcontroller sends a sample by the “control response protocol” to the interface
that is running the experiment. This process is done periodically until the command to stop the experiment is sent to
PIC32 or the experiment time achieves its maximum value of 1 minute. In addition, the control system has the "system
configuration protocol™ that allows the choice of control interface (display or remote) that will perform the experiment.
This protocol is unique to the TFT display due to its purpose of system configuration and control system testing.
Finally, the "control query protocol”, allows querying in the microcontroller the configured parameters for an
experiment.

VIL.WEB APPLICATION FOR REMOTE LABORATORY

Figure 5 shows the architecture for the RL’s web application and the integration between the used software
technologies.

Web Server

Node.js
Uses » -
HTTP RESTAPI H Child Process M Cand Termios |ig : Control
M (Express) Modules Pipes Programs a— P sy
SToouT Communic?;l?on
-_— Uses STDERR
@, | VebSockets
T ] — e — .
AngularJS )| Socketio
Single-Page Module
Application
iSQL
=

Database (MySQL)

Figure 5: Architecture for the remote laboratory web application.

The RL web application allows the user to perform an experiment in control engineering through a set of features. The
user can configure and query the parameters of interest to control the system, visualize the evolution of the control by
means of graphs updating at run time, start and stop control of the system and export data from previously performed
control experiments. All RL features are executed by BBB, which makes them available through an APl organized
according to the architectural style REpresentational State Transfer (REST) and built in the Node.js JavaScript
language environment through the Express framework. Each API functionality executes programs built with the C
language and the Termios library to perform serial communication with the control system through the communication
protocols defined in section VI.

Programs in C language are executed by the Child Process module of Node.js, which establishes communication
between applications through the operating system pipes (STDOUT and STDERR). The Socket.io module is used to
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establish a WebSocket between client and server, this communication channel is unique for the server to perform the
streamingof the control system monitoring data. The database is used for the persistence of the data from control
experiments. The client interface is a single-page application built with the AngularJS framework, the entire interaction
of the AngularJS application with the API is performed by asynchronous HTTP requests.The web application of the
remote laboratory also has a set of functionalities aimed at the management and control of the users’ access to the
system.

VIIL.TFT DISPLAYLOCAL INTERFACE FOR CONTROL PLANT

Considering the TFT display interface (5) presented in Figure 1, it is composed of a Mikromedia for PIC32 display
from MikroEletronika. The main purpose of this interface is to configure and test the system i.e.it is possible to activate
or deactivate the communication with the remote interface and to see if it is running an experiment or not. In addition,
it is also possible to run experiments through the display interface to verify the correct operation of the control system.

IX.RESULTS AND DISCUSSION

An experiment was performed to evaluate the control system and the control interfaces behaviour. Therefore, a random
control scenario presented in Table 2 and an empirical method were used to tune the PID gains. The values for these
gains and their divisors are: 1/10 for Kp, 1/4,000 for Ki and 0/1 for Kd. The control scenario and the gains were shown
in the remote interface in Figure 7.

Parameter Value
Wave type Square
Offset 4,000 RPM
Amplitude 1,000 RPM
Period 10s
Duty-cycle 50%
Sample time 50 ms
Direction of rotation Clockwise

Table 2: Random control scenario.

The Figures 6 and 7 present, respectively for the TFT display and remote interface, the system responses for the
experiment performed with the configurations of Table 2 and the PID gains. In Figures 6a and 7a the actual speed of
the servomotor is shown in red colourand the reference speed is indicated in yellow for the TFT display and blue for
the remote interface. In this context, the control achieved satisfactory results, since the speed of the servomotor
corresponded to the desired setpoint. Furthermore, there is no controller saturation, since the maximum value applied
through the motor drive is 50 % of the maximum allowed as shown in the Figures 6b and 7b to TFT display and remote
interface, respectively.

In general, as the Figures 6 and 7 presented the same response for servomotor speed and for the control action, it was
possible to verify that the interfaces are correctly integrated to the control plant. The only difference is in the details of
the signals presentation, since the TFT display interface has a small screen (2.8 inches) and its developed chart scale to
draw the system responses is fixed in the time range from 0 to 60 seconds, making it difficult to visualize small
variations between the servomotor speed and the setpoint. On the other hand, the remote interface displays detailed
signals due its chart scale being dynamically resized as the data is received from the PIC32 until the experiment ends.
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Figure 6: TFT Display experiment. (a) Speed response (RPM) x Time(s); (b) Control action response (%) x Time (s).
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Figure 7: Remote laboratory experiment. (a) Speed response (RPM) x Time (ms); (b) Control action response (%) x
Time (ms).
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X.CONCLUSION

This paper presented the development of a remote laboratory for a servomotor control system with PID controller. Its
main contributions are the development of a fully embedded client-server architecture, in which the web application
server is embedded on the single board computer the BeagleBone Black through a Linux distribution. The servomotor
control system has the digital PID controller implemented in a PIC32 microcontroller. In addition, the control system
features a TFT display as a local interface for system configuration and testing, and specific communication protocols
were developed for integration between the control system and the TFT display and RL interfaces.

Finally, the controller developed and the integration between the system and the control interfaces were evaluated
experimentally. The controller obtained satisfactory results, since it corresponded to the setpoint provided by the square
wave and no controller saturation was found. As the experiments performed by the interfaces presented similar results,
then they were correctly integrated to the control system through the developed communication protocols.
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