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Abstract. The heating devices are of great applicability in industrial processes such as chemical and metallurgical
types and also in systems for thermal treatment of metal and ceramic materials. In these processes the accurate control
of periodic temperature patterns is crucial. Nowadays there are several techniques of control, among them the digital
control. Digital controllers are used in several applications in order to maximize performance, or minimizing energy
consumption. When they are implemented by computer, great versatility and flexibility are shown as their parameters
can be adjusted according to the changes in the processes. The main goal of thiswork is the design of a digital system
to control the temperature of a heating device that follows temperature references of step or ramp type. The
constructive aspects of the heating device prototype, developed specifically for this study, the modeling of the system,
the electronic system for monitoring temperature and the power circuit, to supply the heating device, are shown. The
experimental results are compared with numerical simulations.
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1. INTRODUCTION

Aiming to reduce costs, increase production and higher reliability in industrial processes, several studies in the field
of automation and control have been developed. Such studies require interdisciplinary knowledge coming from areas
like automation, electrical, electronics, mechanics and computing.

With the lower cost of digital processing equipment, the use of digital controllers in industrial processes has
predominated. According to Ogata (2003), digital controllers are used to achieve optimum performance in order to
achieve maximum productivity and minimum energy consumption.

The digital control implemented by computer makes possible even greater versatility and flexibility to adapt to
changes in processes. According to Barczak (1995), the digital control of a dynamic system, performed in software, can
incorporate compensating, implementing proportional-integral-derivative as well as other forms of linear control. Their
potential to incorporate into a control program, however, is beyond the universe of traditional controllers because it
allows using other methods, such as the fuzzy logic controllers which are based on rules, neural networks, expert
systems and other forms of artificial intelligence.

They also highlight the importance of ensuring greater reliability and precision in control systems, and allow the
collection of tables and graphs more easily, which enables an efficient comparison between the desired and the
parameters achieved by the process controller and the availability of such data in a computer network for remote access.
Not so long ago, when you did not want high accuracy, analog controllers were used, but today with the advent of mass
marketing and micro-controllers, the cost of implementing a digital controller decreased considerably and has justified
its use in most industrial processes.

These controllers can be used in cases involving several variables that need to be monitored in real time, such as
temperature, pressure, humidity and density. What changes in each of these cases is the type of sensor being used,
which normally turns the magnitude of the physical variable measured in a voltage or current signal.

In many industrial processes it is necessary to submit mechanical parts with different temperature cycles, such as in
the manufacturing or in the hardening of tools. Very often, the commercial equipment is extremely expensive, which
exclude their use with low budget or small mechanical projects. On the other hand, modest equipment can prevent the
same project by the lack of control of cycles of operation. Nevertheless, the latter has ceased to be a problem,
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considering the evolution of micro computer whishaideveloping equipment with better performanteyiaes more
competitive, which makes real the possibility odjprcts that require more robustness and efficiémdlye results.

Physical properties such as melting point, boilint, specific heat, coefficient of thermal expansand thermal
conductivity, are examples of physical propertiematerials that are directly affected by the cleamgtemperature. In
general, the materials submitted to a temperatuaege suffer internal structural changes, fromtama arrangement
to another, corresponding to the transition betwdiffierent structural arrangements of moleculethim material, and
consequently changes in their physical propertiesthis context, it is concluded that temperatysarticularly its
control, is a leading role in the behavior of mater and it is now emphasized the importance ofitbang the
thermal behavior of these when subjected to chaimgesnperature (Gongalves, 2000).

In response to this need, industrial furnaces gumpdpvith digital temperature controllers are avddaon the market,
which have in general two functions to control temgture cycles of operation, following the tempamteferences in
a way of type step and ramps. The disadvantagkesitfurnaces is the relatively high cost and theration as true
black boxes with respect to the technology of aunire., their methodology and theoretical badi€antrol are not
available to users, which can provide technicaitéitions and operational versatility limited.

In our process, which consists of control of heahsfer, a response time greater than for the afsther physical
variables can be naturally found. This suggestspthssibility to use computers or micro-controllergh minimum
performance settings, enabling the applicationigftal controllers in processes for temperatureticdnwithout the
need for large investments.

The objective of this work is to develop a low ctesaching kit for the implementation of a digitaintroller in a
heating device able to follow temperature cyclemposed from step or ramps type functions. The wocdkudes
constructive aspects of the heating device, themxental evaluation of the dynamic behavior of piant (transfer
function), the electronic system for monitoring fEarature, the power circuit of the actuator anddbsign of digital
temperature controller in order to meet the basibikty and performance criteria of the system.

2. METHODOLOGY

The first step to be worked with students of engimg is to establish the mathematical model ofgyetem. The
mathematical model of a dynamic system can be é@fas a set of equations that accurately represents least
reasonably well, the dynamics of the system (Ogx183).

It is important to emphasize that a mathematicatl@hds not unique to a particular system, sinces ttan be
represented in many different ways and thereforg trave different models depending on the perspedbiging
considered. Depending on the system consideredtengarticular circumstances, a model may be mppzopriate
than others. For example, for systems with optimantrol it is used the representation with spacestates.
Furthermore, for a single input/output linear systéhe use of a Laplace transfer function may besmonvenient than
any other.

Another point that deserves mention in this stefhésbalance between the simplicity of the model aocuracy of
the analysis results. To obtain a simplified mathgral model, it is often necessary to ignore dergahysical
properties inherent in the system. In particulfit,is desired a mathematical model of linear emtcated parameters, it
iS necessary to ignore certain non-linearity arel parameters that can be distributed in the phlysigstem. If the
effects of these ignored properties in the respansesmall, you can get good approximation betwkenesults of the
analysis of the mathematical model and the experiaheesults of the physical system.

Generally, in solving a new problem, it should stfbuild a simplified model in order to have angeal perception
on the solution. A more complete mathematical madel be used later in order to obtain more praeselts (Ogata,
2003).

A simple heating oven was constructed using pdrediieactory plates measuring 229 mm X 114 mm Xr2&
(width, height, depth). These refractory platesensupported by a structure of L type profiles maagul/8" x 3/4".
With this setting the heating device presentedfdewing internal measures (dimensions of thefulseamera): 185
mm X 114 mm X 229 mm (width, height, depth).

It was used as heating element an electric resistari 29Q at 220V commonly used in grills. With these
characteristics, the resistive element can proaideximum power to the heating device of approxéiyst668.97 W.

The used temperature sensing element was an irdugpe J thermocouple. This thermocouple hasaakdt metal
element that involves the driver between the jaih dold, promoting an electromagnetic shieldingider to reduce
possible noise and interference from the outside.

A temperature transmitter was used for reducingen@ind providing more robustness to the measuresystem.
This is a device that prepares the output signa wénsducer for use at a distance, making ceaidjinstments to the
signal which are called patterns of transmissiorsighals (Thomazini, 2007). Other function of tklisvice is the
amplification of the signal from the thermocoupypéd J for the data acquisition system, making pbssa greater
distance between the computer and the heatinge&lelie used transmitter is manufactured by TT30&rSm
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In order to make the acquisition of signals fromperature sensor it was necessary to use a daisiéion system,
part of the interface with the computer to perfahma digital control. This is the 6221 PCI card asijion of National
Instruments.

The Figure 1 illustrates the heating device corstdiin this work.

Figure 1. Detail of the resistance set at the fap@heating device

This heating system, for simplicity, can be seea éisst order system. This system has as mainackeristic a high
constant-time, so that the responses of the syaterslow. The Equation (1) shows the transfer fandbr this type of
system.

o9 K
RS Ts+1 (1)

The parameters of this model can be experimentditgined applying a step input with maximum powertoe
system and then obtain the values of temperatgiddrthe heating device at regular time intervals5oseconds. From
these data it is then possible to draw a curvespanse as shown in Fig. 2:
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Figure 2. The step response curve of maximum power

From Fig. 2, we can observe that it took 70 min8d3 to the heating device to reach the tempeeatfid84.5 °C,
or 95% of the value on a permanent basis. Thus1408s.

Found the value of the constant of time, the néeg $s to calculate the gain of the plant. This bangiven by the
relationship between the higher temperature andnésémum power generated by the resistance. Thaihave:

K = Omax @)
Pmax
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Where:

K = gain of plant.
Omax = maximum temperature reached in the plant (°C).

Pmax = maximum power generated by electrical resistance (W).

So, from Eg. (2) the gain of the transfer functi®equal to 0,30558 and then the transfer fundB¢s) of the heating
device is:

O(s) _ 0,30558
P(s) 1400s+1

3)

From the experimental curve in Fig. 2 the limitstioé heating device in order to reach some temperatan be
observed, so that it is not possible to get a oetéamperature in a time less than achieved witkimam power.

In order to obtain also the limits of cooling thealing device, because of descent ramps are atsedien this
system, a curve was obtained in natural cooling.aBee there is no implementation of an actuat@ramote cooling
of the heating device, the experiment to obtais thirve consisted on turn off the power of the telea resistance
(zero power supply to glass) and to measure atviglte of time the value of temperature. The respansve obtained
is shown in Fig. 3.

Behavior of descent (natural cooling)
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Figure 3. Natural cooling curve of the heating devi

With the transfer function of the system, it is gible to design the digital controller that medte tdesired
characteristics for the system. This study usedablenique that consists on to design an analogaltar, analyzing its
performance with the continuous plant, and therfoper its discretization verifying its performance the discrete
domain. This last step is very important becauserdroller can be efficient in a continuous domdiat not meet the
desired requirements when discretized. One ofdb®fs that can lead to this problem is the chofcan inappropriate
sampling frequency.

As the proportional-integral-derivative controliatisfactorily meets the system requirements introases, it could
be used to control the temperature of the heatawicd. Before, however, some remarks on the corsyrstem and the
transfer function of the plant should be commented.

The transfer function of the plant, Eq. (3), shdhes system being controlled as a first order oo zirgree. For this
type of system usually a derivative action offevss Icontributions and is put off, so the use of acBhtroller is
sufficient. This is because these types of systemaggenerally very slow and require a responseeiady state with
zero error, which is obtained with the integrataction. For systems that require higher order oortrol with more
precise adjustment it is then recommended the ds®ID controllers. It is of great importance shohese
considerations for students as well as proposeddbigin of different controllers that meet the iegents.

Among other possibilities for implementation of trllers for this system, the transfer functiontiod Pl controller
(Proportional-Integrative) can be as in Eq. (4).
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U(s) _k (s+0,001)
E(s) S

(4)

It is suggested then use MATLAB and plot the raais of the compensated system. It is still poss#xdcording to
the discipline and the interest, complete the rausmually in accordance with techniques that malyhee been
studied. Using this plot there is the locationtad poles of the compensated closed loop system.

Even with the graph of the root locus can be oktithe value of the gain K to leave the systemrotat with
appropriate responses to the specifications optbgct.

The Figure 4 shows the chart of root locus of apensated system.
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Figure 4. Root locus of the compensated systemidéhtification of poles and zeros

Once considered the place of the roots of the cosated system, you must then evaluate the respomsstep input
or ramp. It is expected that this study controtieel system is able to follow the rise and fall rampth maximum error
of 10°C and can achieve a level (step) temperature dkbgehe user with an error less than 5% of firsue.

To perform simulations of the response of the erangps and steps you can use MATLAB. In the casppfication
of this work is to the use of Simulink, a tool daaie in the software mentioned above. Thus itassible not only to
check the response of the system defined entrigsalbo include limiting (in the case of this wddkconsider that the
system has a physical limitation of action for nmaxin power to be delivered to the heating devicepragnother
features. Can also be easily modified and confdjuvgh different types of input for analysis. Usitigs model it is
possible to analyze the response of the systenstepaof 108C and 408C, for example. In the Figure 5 is presented a
model created in Simulink.

fﬂ

Oscilloscope
T g b (5+0.001) = 030558
. s Power without Power limited 1400 s+1
Generator Gain of limiting Power Transfer function of
of step controller Analog controller limiter the plant

Figure 5. Model for simulation of control built 8imulink

Once designed and with results of computer simartashould be available then followed for the secphase of the
project. This phase is the discretization of thetaaler designed and the achievement of performdests for analysis
of the response of the system using a digital cdletr

To perform the discretization of continuous monitgrshould be used in the methods available, sschilmear
transformation (also known as a method of Tustimyried processing, transformation or married medibilinear
transformation with frequency distortion (Barczdlg95). In this work the method is to Tustin whichkased on
numerical integration. To perform the discretizataf analog controller just replace the tesmof the transfer function
by the expression of Eq. (5), whélrés the time of sampling used in the system.
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Making the discretization of the controller withngaling timeT equal to 4 seconds, you get the Eq. (6).

U@2 1,002z - 0,998
=K@O
E(2) z-1

(6)

The discretization of analog controller can alsgpbgormed computationally using the MATLAB. To thes simply
use the command c2dm and choose the method ofiTarstither desired method.

To achieve the desired simulation is still necesdcretized model of the plant. According to Qgéit995), is often
used a data hold of order zero (ZOH - zero orddd)hd@his discretization can be performed using M&TLAB
command c2dm and choosing how zoh method. Theestapbrder zero is responsible for maintaininghkie of the
sample until the conversion is complete (Barcz&#95). Thus, considering a sampling time equal sedonds, the
transfer function of the plant may be rewritterzias in Eq. (7).

O(z _ 0,008714
P(2 z-0,997147

()

Now just set the gain of the controller throughimtions of discretized system. Should be assebgeresponses to
steps of different values of temperature and rawigsdifferent slopes.

In possession of the results obtained through ceen@imulation and validated the digital contrallgou must then
find the difference equations that should be imgetad in software as part of the control algoritfithe difference
equation to a controller with a gain equal to 18 ba expressed as in Eq. (8).

P(K) = 15,03¢(k) - 14,972(k - 1) + P(k - 1) ®)

The Figure 6 illustrates the structure of the digibntrol system of temperature proposed in thoskw

Control D4 Heating

ea) Power i ylz)
—”@_' Software | T|Converter : Circuit ™ Device

AD Sensor

Converter Circuit [*

Figure 6. Structure of the digital control systehtemmperature

The next step is the creation of software to cdnivbere to use the difference equations found.hie $ystem
developed, the temperature inside the heating degieneasured using a thermocouple type J. Thigidas a low
voltage to a temperature transmitter which in tparforms amplification and signal processing foe wegith long
distances. The signal provided by transmitter nilush be delivered to an input analog/digital (At)the PCI card.
The software interprets the value of control vadtagd converts a measured value of temperature.

In possession of the value of the measured temperatontroller must make a comparison with the resfee
temperature value and calculate the error betwhennteasured value and expected. It is from thigsr étrat the
controller must decide the level of electric powarbe supplied to the heating device. Set thisevatucontrol the
software triggers the digital/analog converter (Pihich in turn controls a power circuit. This fen responsible for
providing power to the heating device calculatedsbftware control. The circuit power is defined eafuator and
because of its functionality in the system candresidered part of the control system.

The Figure 7 shows a picture of the complete strecdf the automation system developed in thisgotoj
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Figure 7. Picture of the complete structure ofghtomation system

The power circuit is a system used to control thase angle of firing of two thyristors, devices coomly used in
circuits that require high current. The thyristtren connect the load source for a period of egcle ©f input voltage.
For generation of firing angles in accordance wite desired amount of tension in the actuator esduBCA 785
integrated circuit, manufactured by Siemens. Theuaof the electronic power circuit is providedriy. 8 below.
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Figure 8. Schematic of electronic power circuit

The electrical resistance to be driven by the posireuit must be supplied with a voltage up to 22@vd for this
reason the power circuit uses the same voltage5\A ttansformer is used to perform the function eflucing the
amount of voltage to meet specifications of therapen of TCA 785 and achieve the isolation betwtencontrol and
the power in the circuit. The triggering angle byristors to be provided to TIC 126D is generatgdhe TCA 785.
The variation can be’@o 180° and can be controlled by the voltage se@gb pin 11 of IC. The manufacturer of IC,
the voltage applied on this pin must be betweena@¥ the value of supply voltage supplied to theraipen of the
same (15V in this work). In addition to electromiomponents used for generation of reference asreggby the
manufacturer two processors are used to attaghutise driving the thyristors.

You can then to controller the value of the outynltage of the circuit from the power control sigpeovided on pin
11 of TCA 785. This signal is generated using thi#wsare of control and sent to digital-analog cateevia channel
zero of the card purchase.

The control program developed in this project uiesl LabView platform in version 8.2.1 and a compuwéh
Pentium 1.8GHz, 512MB RAM and 40GB hard disk witle Windows XP operating system installed. The abntr
program was developed in two versions: functiomal educational (Afonso, 2008).

In the functional version on the screen the syspeesents only general parameters of interest itinged user's
application, which makes it well suited to applioatin industries. Already in the educational versis available other
information of interest, such as the parameterhefcontroller used and the variables of the sysiE@mse data were
only available in this version because it is infatimn open to interpretation by professionals adents in the area of
control. The Figure 9 and Figure 10 show the s@eéthe control system as functional and educatjorspectively.
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Figure 9. Screen of the software developed to obttie temperature in the functional version
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Figure 10. Screen of the software developed torobtite temperature in the educational version

3. EXPERIMENTAL RESULTS

With the system built using the controller with thein equal to 15 was possible to obtain the cuthgdayed in Fig.
11 and Fig. 12. Other curves with different coriéna can also be tested with students for vari@ssgthed controllers.
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Figure 11. Experimental result in response to p isteut of 106C
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The Figure 13 shows the response of the systerhetanput signal from the control system when thin gd the
controller is equal to 50.
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Figure 13. Experimental result of an entry in rexg@oto ramp up followed by step of 200 digital controller with a
gain equal to 50

Analyzing the response of the system when usingliti¢al controller with a gain equal to 50, canden that the
offset errorof the system is around®® and that the time for accommodation is approxga650 seconds. The
completion of this analysis with the students ignenportant.

The Figure 14 shows the response of the system &ntty ramp up the type of 1@ followed by a step and then a

downward ramp to the temperature ofQ%value of the temperature at the time of conagcthe experiments). The Pl
digital controller was used with a gain equal to 50
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Figure 14. Experimental result of an entry in resgmoto ramp up followed by a step of up to 100o€ descending
temperature ramp - digital controller with a gafual to 50
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4. CONCLUSIONS

With the development of all the steps outlined adv is possible to perform a complete and prattitudy of
discrete control. It can also be explored otherartgpe of power circuit and control techniques.riithe experiment
carried out using a PI controller it was possibleneet the desired requirements for the systemwaitid an accuracy of
temperature reading of arountC1

It was possible to observe and implement all stagedevelopment of a digital controller, since #xperimental
modeling to the testing of the whole system.

Given the expected requirements, it is also immorta clarify some factors that may contribute b tsmall
differences between simulated results and expetahgalues obtained:

« To perform the simulation we used a mathematicatlehdo represent the transfer function of the Imgati
device, and more needs to be made in order toroathetter approximation of the real model;

» Through the process of control there are some naseonsidered in computer simulation, which cand
differences between the results obtained,;

* The loss of heat from the heating device to thdrenment was neglected to ensure simplicity of lthear
mathematical model but in the real case a smallinearity at high temperatures is observed;

» Under high temperatures, the behavior of electriesistance also has a small variation, which mélyence
the response of the system.

The built teaching kit is an important tool thathche used to teach digital control in courses othmaeical
engineering.
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