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Anotace

Bldha, S. Ndvrh Fidici jednotky pro elektrickou pec. Katedra aplikované elektroniky a teleko-
munikact, Zdapadoceskd univerzita v Plzni - Fakulta elektrotechnickd, 2014, 44 s., vedouci: Ing
Kamil Kosturik Ph.D.
Cilem této diplomové prace je navrh a konstrukee fidici jednotky pro elektrickou pec. Navrzeny
systém vyuziva procesor AVR jako klicovy prvek. Spole¢né s perifernimi integrovanymi obvody
tvori maly ale vykonny tidici systém pro pouziti v celé fadé tepelnych procesu. Tato prace
ukazuje kompletni fetézec designu, ktery zac¢ind od konstrukce hardwarové casti, pokracuje
pres navrh softwarové ¢asti a zavrsuje ivodnim méfenim a simulacemi. Cely navrhovy fetézec
poté konci u méfeni a testovani regulacniho algoritmu.

Motivace ke vzniku této prace vysla ze snahy o propojeni teoretickych a praktickych znalosti

o systémech a jak lze tyto systémy regulovat.

Klicova slova

AVR, SSR, termoclanek, regulace, méreni



Assignment of diploma thesis

Control unit for electric kiln

Design a control system for electric kiln
Design an algorithm for regulation of temperature
Consider a usage of fuzzy control in the system

Designed solution realize and discuss properties of the system
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Abstract

Bldha, S. Control unit for electric kiln. Department of applied electronics and telecommunica-
tions, University of West Bohemia in Pilsen - Faculty of FElectrical Engineering, 2014, 44 s.,
supervisor: Ing Kamil Kosturik Ph.D.
Aim of this diploma thesis is to design and build a control system for electric kiln. Proposed de-
sign uses low cost microprocessor AVR as a key element. Together with a peripheral integrated
circuits it creates small but powerful control system with usage also in various temperature
controlled processes. This thesis shows a complete chain of design. It starts from construc-
tion of hardware and software then it shows design of electric kiln controller, that is based on
mathematical model. It ends with measurements and verifications of the regulation processes.
Motivation for this thesis comes from effort to interconnect a theoretical and practical

knowledge about systems and how these systems can be regulated.
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Introduction

At the begin of this thesis an introduction will point out basic parts of electric kiln. In the
following chapters there will be descripted a hardware design of control unit, software part
with regulation algorithm and at the end there will be simulations and measurements done for
testing and calibration of regulation process.

Let’s begin with a simple question. What is an electric kiln? It is a basic question, but
someone maybe doesn’t know the answer. Any kind of kiln (not only electric) is used to heat
up small inner space (thermally insulated chamber) to some certain temperature and then it
should keep this temperature for some given time. The electric kiln is a type of kiln, which uses
electric energy to heat up. This type of kiln has insulated chamber inside with atmosphere rich
on oxygen. It is because there is no open flame to consume oxygen molecules. The atmosphere
inside the insulated chamber can be also donated with some additional gas, but it depends on
usage of electric kiln.

In our further development we will focus only on the temperature inside insulated chamber

and not on the atmosphere inside it.

Figure 1.1: Electric kiln

From electric point of view, most of the small electric kilns are powered by single phase
electric power. But also there are some areas, where 3-phase electric power can be used (mostly

in industry). This depends on the power of electric kiln. For more technical details about



electric kiln used in this project, you can see table below (1.1), where you can find essential

parameters of the kiln.

Table 1.1: Device parameters

Model L9R Power | 2.7kW
Company | Nabertherm Voltage | 220V /50Hz

Dimension | 52 x 42 x 54 cm || Thpow 1100°C

To control electric kiln you need two parts - sensor for temperature measurement and reg-
ulatory element for power coming to heater. As sensor of temperature it is used a termocouple
and as regulatory element it is used SSR (Solid State Relay). Both parts are shortly descripted

in following sections.

1.1 Solid State Relay

A Solid State Relay or shortly SSR is an electronic device used for switching large power
incoming into the load. Switching is done by applying external voltage on the input of SSR.
Control signal can be either AC or DC. It depends on type of relay. Basic structure of SSR
consist of 3 parts - first is sensor for input control signal, second part works as a switch of
load and third part couples previous parts together (electrically insulated). SSR has the same
function as electromechanical relay, but it is without any moving parts. One of the advantages
of SSR is that it is faster than standard electromechanical relay. On the other hand one of the
disadvantages of SSR is that it has voltage and current characteristics of semiconductor rather

than mechanical contacts [4].

Figure 1.2: Solid State Relay (SSR) [1]

For more technical details about SSR used in this project you can see datasheet [1], where
you can find all parameters of SSR D2425 used inside the electric kiln. The most important

parameters are mentioned in table below (1.2).
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Table 1.2: SSR parameters

Control Voltage 3-32VDC | Operating Voltage | 24-280Vrms

Max. Input Current 12mA Max. Load Current | 25A

Min. Turn-On Voltage | 3VDC Dielectric Strength | 4000Vrms

1.2 Thermocouple

A thermocouple is device used for measuring temperature. It consists of 2 different types of
conductors with connection of each other at one or more points. The basic principle of thermo-
couple is that it produces a small voltage at the output, which is proportional to temperature

difference between one end and reference point. This process is called thermoelectric effect [5].

IIy—r\-iet.al Sleeve /—(erarnic Pratecting tube

!

Sensing Element
1

———Connecting Head :

Figure 1.3: Thermocouple [2]

The types of conductors used for thermocouple determines a temperature range and char-

acteristic functions of thermocouple. You can find some parameters in table below (1.3).

Table 1.3: Thermocouple comparison [5]

Type Range Sensitivity Material

K | -200°C to +1250°C | 41uV/°C chromel - alumel

-40°C to +750°C | 50uV/°C iron - constantan

J
E -50°C to +740°C | 68uV/°C | chromel - constantan
T -200°C to +350°C | 43uV/°C | copper - constantan

Inside an electric kiln there is installed a thermocouple of type K with range that is sufficient
to the usage of kiln. In our case a thermocouple has a ceramic protection tube because it is
placed inside chamber of kiln.

Following chapter gives details about design and construction of control unit for electric

kiln.



Construction

This chapter is going to describe design and contruction of control unit for electric kiln. First
of all it will provide general idea of design and then it will point out each part separately with
description of electronic circuit, at hand. Also it will shortly describe tools used for design.

In the figure below (2.1) you can see a complete block diagram of the control system. As you
can see, the control system is divided into four main parts. The blue part represents electric
kiln with VAC input, SSR and own insulated chamber with a thermocouple of type K. The
base part of control system is power supply unit which uses VAC input from electric kiln and
generates output DC voltage for all remaining parts. The most important part is control unit
block, which contains processor unit and interfaces to electric kiln. Two remaining parts are
front panel and rotary encoder. These two blocks constitute user interface, which enables a

user to set desired temperature level.

. VAC > POWER SUPPLY

......... '.N.THT........ UNIT

__________________________ [ < TRONTPANEL
5 : CONTROL

- SYSTEM —  UNIT

: ; —»  ROTARY
............................. -4—— ENCODER

Figure 2.1: Block diagram



2.1 Development tools

A few useful tools, that help with the design, was used for this project. A program CadSoft
Eagle 6.4 was used for design of circuit diagrams and following PCB designs. Since the Atmel
AVR processor was used, intergrated development enviroment (IDE) Atmel Studio 6.1 was
selected for design of software part. In the figure below (2.2) you can see the toolchain. It
shows connection of IDE and development board with AVR processor. Connection is done by
ISP programmer Atmel AVRISP mKII.

Matlab/Simulink R2011a was used for processing of measured data and simulation of reg-

Atmel DEVELOPMENT
Studio 6.1 H AVRISPmKII H BOARD

Figure 2.2: Toolchain

ulation process.

2.2 Hardware part

In this section you will find a description of each part of a control system. You can find actual
circuit diagrams in the appendix A and in the appendix B there are a photos of completed

device.

power input

RTC Rotary encoder
DS1337 connector

SSR | AVR ) Panel
interface ATmega128 connector
MAX31855 >®

Figure 2.3: Control unit

2.2.1 Control unit

As was said before, a control unit is the most important part of the whole system. It represents
a bridge between the user and electric kiln. Control unit has to interpret a commands from user

and also it has to generate a proper signals for electric kiln according to the user commands.

bt



From the figure below (2.3) you can see a detail structure of control unit. It consist of
processor Atmel AVR Atmegal28 [6] as main computational unit, integrated circuit MAX31855
[7] as a digital converter for thermocouple, integrated circuit DS1337 [8] as RT'C source unit,
and finally interfaces for user and SSR.

The AVR processor communicates with digital converter MAX31855 via SPI. The converter
sends to processor a data packet which consists of cold-junction compensated value of temper-
ature measured with usage of thermocouple. The processor generates output control signals for
SSR according to temperature user setting and used controller.

The AVR processor also generates a control signals for graphical LCD, which is connected
to the control unit via panel connector. Through this connector the processor also receives
input signals from small keyboard. You can find more about graphical LCD and keyboard in
the section about front panel.

Second connector, which brings input signals from user to processor, is connector for rotary
encoder. The main purpose of the rotary encoder is that it enables user to easily set desired
value of temperature for electric kiln.

Last part of control unit is RTC block which consists of integrated circuit DS1337. It is a
low power circuit which provides clock and calendar data over I2C bus. This gives user more
possibilities to interact with the system for example by setting a timer to switch on the kiln at
given day and hour. The RTC block doesn’t effect the regulation process and it is an additional
part.

2.2.2 Power supply unit

The power supply unit provides supply voltage for all parts of the control hardware. It is
designed as a linear regulated power supply with 2 levels of output voltage - 3.3V and 5V. The
power supply uses VAC (230V) from the electric kiln as input. In the figure below (2.4) you

can see the structure of the power supply unit.

VAC —ﬁ Transformer Regﬂ:'eerr& R(i%uclsjor H OUTPUT 1

Regulator \
Y5V H OUTPUT 2

Figure 2.4: Power supply block diagram



Transformer alters 230 VAC input to 9 VAC output. This output voltage is transformed via
rectifier and filter to the output DC voltage through 2 following voltage regulators. The first
one is for +3.3V with maximum current up to 1A. It provides a supply voltage for control unit
and all integrated circuits. The second regulator is for +5V branch with current up to 1A. It
provides a supply voltage for a graphical LCD drivers.

Following equation shows calculation, which determines a value of filter capacitor.

Umax: sek_QUd:9_1:8V

Umin = Uout + AU =5+0.5=55V

. _Umin _
I -arccos ( Umax ) 1.5 - arccos (—5'5

Cc> = 8):4.4 F=4TmF
_Q'W'f(Umaa:_Umin) 271'50(8—55) m m

As aregulator for the first +3.3V level was used a low drop (LDO) integrated circuit LF33CV
[9] with load regulation about 50mV over 1A range. For the second +5V level was used LDO
integrated circuit LM2940CT-5 [10] with load regulation about 150mV over 1A range.

T T
—— LF33CV
3.25 1
= 3.2 w\
=}
3.15F 1
3.1 1 1
0 0.5 1 15
1Al
T T
—— LM2940CT-5
4.951 1
S 4ol i
=}
4.85f
48 1 1
0 0.5 1 15

Al

Figure 2.5: Load regulation

2.2.3 Front panel

The front panel constitutes user interface. It consists of small keyboard - set of 3 buttons,

graphical LCD and signalization LED diode. It allows user to see current state of the electric



kiln and also to change settings via panel. Signalization diode is used for visualization of the
state of the regulation.

The front panel has its own PCB as it is apart from the control unit (because of the position
of the mount hole inside the rack of the electric kiln). The panel is connected to the control
unit via 26-pin connector. It connects supply voltage and all necessary signals for the graphical
LCD and buttons.

Front panel electronics is made of of 2 PCBs. The first PCB is graphical LCD itself and via
its connector it is connected to the PCB with buttons and signalization LED diode. You can

see a detail configuration in the figure below (2.6) and also in appendix B - Photos.

K

K

@
-
Q)
o
=
o

aRze

K

—
O
O

CONNECTOR

Figure 2.6: Front panel

2.2.4 Rotary encoder

The rotary encoder is part of a user interface. It allows user to set desired value of temperature
only by rotation of the shaft. It can be also used as a replacement for full numerical keyboard.

Principle of the rotary encoder is that it works like 2 independent switches. Each one of
them connects input voltage to the ground, when it is switched on. Ideal shape and phase
of the signals coming out from the rotary encoder is shown in the figure below (2.7). Both
channels of rotary encoder has RC filters to ensure a detection and reduce a noise in signals

coming from rotary encoder to the processor.

A Signal i on

B Signal ”_l I_l

ccw

Figure 2.7: Encoder output [3]



Type PEC11-4220F-S0024 [3] from Bourns Inc was used as a rotary encoder. It’s a compact
rotary encoder with 24 pulses per 360° and it has additional switch on the shaft, which can be
used for confirmation of selected value or for changing the speed of incrementation/decremen-
tation.

The rotary encoder has its own PCB and it is separated from the front panel, because of

the position of the mount hole inside the rack of the electric kiln.

2.3 Software design

In this section you will find a description of the software used in the control unit. As was said
before the Atmel AVR processor was used for a control. Along with it the Atmel Studio 6.1
was used as IDE to write the software.

The software is important as well as the hardware. It has to manage all necessary parts
of the control system including graphical LCD, buttons from user interface and, last but not
least, regulation algorithm.

In the following section you will find a detail description of the program running in the

control unit.

2.3.1 Program

The best way, how to describe a structure of program is through a flowchart. In figure (2.8)
you can see a flowchart of the program running in control unit.

On the left side of the flowchart you can see a diagram of the main function. On the
right side of the flowchart you can see blocks, that represent interrupt routines used in the
program. It used two basic types of interrupts. The first one is external interrupt used for
catching unpredictable events from user (mainly from buttons). The second type of interrupt
is interrupt from timer overflow. This is used to manage a periodical events like sending of
measured data to the superior device (PC) or creating a PWM signal for driving of SSR.

From the flowchart of main function ( left side of figure 2.8) you can see principal blocks
and structure of the program. The first three blocks do initialization, enable interrupts and
setup graphical output for user via graphic LCD. The drivers for graphic LCD are based on
GNU AVR library for KS108 driver. All necessary files are linked in Atmel Studio project.

After initialization it follows with infinite loop that consists of routine for communication



with MAX31855 (temperature measurement), routines for updating graphic LCD and finally
with regulation that sets SSR for heating.

START ‘ Ext. interrupt 3 \‘ '/ Ext. interrupt 4
“main Ioop/ S
| R 28 Set Update
S rotary encoder rotary encoder
‘ Initialization ‘ speed status
( Set “

user interface ‘

i . Ext. interrupt 5 k . Ext. interrupt 6 k

‘/ Interrupts ‘
enabled

1 f " STOP START

— while(1)

J— '/ Interrupt Timer 1 \‘ '/ Interrupt Timer 3 \k
‘ Measurement ‘ 58 1s
f USART
‘ Set PWM ‘ ‘ send data ‘
SSR P PR
condltlons Set Compute
‘ SSR status ‘ ‘ difference ‘
' SSR ' SSR
SW|tch off SW|tch on
*li
‘/ Update ‘
_ userinterface

Figure 2.8: Flowchart

As was said before, two types of interrupts were used for six interrupt routines (right side of
2.8). First type is external interrupt that was used four times for user interface (which include
main stop and start buttons). External interrupt is also used for detection of event at rotary
encoder. Principle is based on hardware function of rotary encoder. An external interrupt is
connected to one channel of this encoder. When the interrupt happens, interrupt routine checks
value on the second channel of the rotary encoder. This defines direction of detected rotation.

Second type of interrupt is interrupt from timer overflow that was used two times. First
interrupt from timer overflow has a period 1 second and it is used for sending measured data
to the superior device (PC, Raspberry PI) through serial link. It also computes difference of
measured values in range of 10 seconds. This gives an information about a progress of measured

state. Second interrupt from timer overflow has period 5 seconds and it’s used for setting a

10



duty cycle of PWM and for updating SSR status. The period of PWM is 20 seconds according
to the response of the electric kiln to the input power signal.

The regulation conditions are based on simulation and initial measurements. The first con-
dition switches from 100% to 50% duty cycle of PWM at 90°C below desired temperature. The
second condition completely switches off the power to the system at 15°C below a desired level.
For both of these two condition the progress of temperature has to be positive (temperature is
rising). The third condition is for switching on the power to the system. It’s done when the
progress of temperature is negative (temperature is descending) and actual level is 2°C below
a desired level.

You can find a results of the regulation algorithm in the following texts.

11



Simulation

This chapter is going to describe simulation of the electric kiln in Matlab/Simulink enviroment.
First step when developing simulation model was based on initial measurements of the system.
After these measurements it was possible to make aproximations of system behavior with

analytical approach (with usage of system transfer functions).

3.1 Initial measurement

In the figure (3.1) you can see an initial measurements for 100%, 75% and 50% of PWM duty
cycle. From results it’s clearly seen a different time for heat up at the temperature 1000°C.
The shortest time of heat up is around 85 minutes with 100% of PWM duty cycle. With 50%
of PWM duty cycle it takes more than two times to get to 1000°C. Cooling of the system was
also measured, which can be seen in the figure (3.2). The cooling of the system from 1000°C
takes more than 23 hours with closed door of kiln chamber. The time of cooling is so long
because of a good heat accumulation of ceramic material and missing active cooling system in

electric kiln.

12
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Figure 3.1: Heating
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Figure 3.2: Heating and cooling

3.2 Transfer function and model

In the figure (3.3) you can see complete representation of the simulation model. It consists of
several parts, but the most important parts are gray and yellow. A yellow part is 100 seconds
long transport delay, which represents delayed reaction of the system. A gray parts are blocks of

transfer functions connected in series. Both transfer functions are first order systems. Together

13



they create a second order system, which represents a reaction of the electric kiln on input
power signal. The first transfer function represents heating up and the second one represents
cooling of the system. The following orange parts only restore regular value of temperature
from the output of the transfer functions. It’s due to the missing information about initial
temperature and maximum range. A green blocks at the begin and at the end of the simulation
model are links to workspace of Matlab enviroment. Input green block R brings to the model
information about the state of SSR (if it’s switch on/off). The range of this signal is between
0 and 1 and sample time is 1s. Output green block T _sim transfers simulation results into the
workspace for further processing to the graphs with real measured data as you can see in the

following section.

HEATING COOLING
Restore regular value
2.45 2.45
el >
170s+1 22600s+1
From Transport
Workspace Delay To Workspace

Initial temperature

Figure 3.3: Simulation model

3.3 Verification of the model

The simulation model of the electric kiln was verified with real measurements. The first com-
parison was done at low temperature regulation process. As you can see from figure (3.4), the
results of simulation are similar. Slight difference is due to the aproximation of the system so

that simulation is slightly faster than real measured data.
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On figure (3.5) you can see complete thermal cycle. The complete thermal cycle was mea-
sured with control unit and Raspberry Pi (used as a data logger). Raspberry Pi [11] was used,
because of the abnormally long time of measurement (due to the cooling of the electric kiln). As
you can see, the results of simulation has relatively small difference from a measured data. This

is due to the aproximations applied on the rising and descending edge (heat up and cooling).



On figure (3.6) you can see difference (error) between simulation results and measurement.

The highest difference is around 28°C and mean of the error is 3.92°C.

Figure 3.6: Simulation error
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4

Regulation and Measurement

This chapter contains description of regulation and results of measurement with control unit

installed in the rack of electric kiln.

4.1 Regulation methods

Results from simulation and initial measurements were used for setting and tuning of the
regulation process. Regulation is based on 2 basic methods.

The first type of a regulation method is based on principle of 2-State regulation. It switches
off incoming power to the system before reaching a desired level of temperature. After this a
temperature of the system increase due to the dynamics of the system. When a temperature is in
the close neighborhood around desired value, the control system checks progress of temperature
and according to the direction of the progress it switches power to the system again.

The second regulation method is based on the first one. The only change from the first one
is that it uses a PWM to get faster (and with minimal overshoot) into the close neighborhood
of a desired value. Also the regulation conditions inside the region of desired value are more
strict. Both of these improvements have impact on the results of regulation. In the following

section you can see a given results.

4.2 Measurement

In the figure (4.1) you can see results of the initial tests. It’s a simple 2-State regulation with
power on/off condition set precisely at the requsted value of temperature (it’s marked by black

dots). It’s clear that this is not sufficient regulation, because of the overshooting.
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Figure 4.1: 2-State Regulation
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In the figure (4.2) you can see result of the first regulation method as it was described in
previous section. This regulation method works without any overshoots, but it’s slow. It takes
about 80 minutes to get close to the desired value of temperature. Also the oscillations around

desired value are high (more than £6°C).

Figure 4.2: Regulation 1
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The next 2 following figures (4.3 and 4.4) shows the regulation cycles which use the second
regulation method. The figure (4.3) shows regulation on 3 different levels of temperature

(400°C, 700°C and 900°C). Together with measured temperature from electric kiln you can
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see a state of SSR (if it’s switch on/off). At the beginning of the regulation process goes on
maximum power. In the close neighborhood around desired value SSR gives only a 50% of
power via PWM.

As you can see in the figure (4.3), regulation process overshoots at low temperature (under
500°C) with magnitude of 30°C (less than 10% from the range). At the high temperature level
a regulation process overshoots with magnitude of 25°C. The oscillations around desired value
are constant (+£4°C).

The first overshoot of desired value with magnitude up to 30°C is acceptable according to
planned usage of the electric kiln. According to the usage more important is that regulation

system is capable of holding a desired value with a minimal oscillations around this value.

Figure 4.3: Regulation 2
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The figure (4.4) shows a regulation on 2 different levels of temperature (600°C and 800°C)
together with a state of SSR. From the figures (4.3 and 4.4) you can see, that the regulation
process works without overshoot in temperature range from 500°C to 900°C, where dynamics

of the system are different from dynamics on low temperatures.
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In figure (4.5) you can see comparison of two measured regulations. A comparison is made

for regulation on temperature 600°C. It is shown together with output results from Matlab

simulation model. The first type of regulation is much slower than the second one, which uses

a PWM in the close neighbourhood around desired value. The output simulation is between

the first and second type of regulation. The regulation process is faster with the second type

of regulation but it has a small overshoot around 7°C. The average oscillations of this fast

regulation are 4°C.
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Figure 4.5: Comparison of regulations
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4.3 Corrections

This section shows measurement of temperature corrections. It was done by applying of an
external thermometer to the chamber of electric kiln and measuring a temperature at same
process as internal thermometer. The reference measurement was done by external thermome-
ter Almemo 2290-4 with a thermocouple of type K. In the figure (4.6) below you can see a
comparison of measurements with and without applied corrections.

The largest difference between the reference measurement and measurement without cor-
rection is 80°C at the range from 100°C to 600°C. From 600°C up to 1000°C the difference
decreases to 20°C as a minimum. At the room temperature the difference is around 4°C be-
tween the reference and uncorrected values. The correction values from this measurement were
processed with Matlab enviroment and as lookup table they were inserted into the control

algorithm.

Figure 4.6: Corrections
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Conclusion

This chapter sums up all results and discuss parameters of regulation and suggest possible
improvements for control unit.

As you can see from the previous chapters, the regulation performance is acceptable ac-
cording to the range of temperature we are working with and usage of the electric kiln. The
overshoots are less than 8% from the range at extra low and extra high temperatures. In
range between 500°C and 800°C the regulation is without overshoots. Temperature oscillations
are less than 1% from the range. Speed of temperature increment is about 16°C/minute at
maximum power. With less power a speed of temperature increment decreases linearly. A
tempererature increment is about 10°C/minute at 50% of power.

The results of simulation are proportional to the measured data from real system of electric
kiln. A slight difference between a simulation results and measured data is due to the approx-
imation of the real system by mathematical model. Despite of differences in simulation and
measurements mathematical model can be used for simulation of more sophisticated regulation
methods like adaptive PID regulation or Fuzzy regulation.

Now at this point it is time to suggest a few possible improvements or modifications. The
first improvement can be in the regulation algorithm. It can be replaced by PID regulation for
example or by implementation of different type of regulator. A different type of regulation was
not tested because of the sufficient results of used method. But hardware part of control system
is capable of implementation every regulation method that can be represent in C programming
language. This means that new regulator is only matter of modification of software without
any changes in hardware.

The second improvement can be in user interface. It’s possible to use another type of graphic

22



LCD or buttons or even it’s possible to use a graphic LCD with touchscreen. This can improve
a level of user comfort.

Without any improvements this designed control system gives a sufficient performance to
control an electric kiln and also it makes a base for further development with this control

system.
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A

Circuit diagrams

List of circuit diagrams:

A.1 Regulator

A.2 Power supply

A.3 Display and keyboard panel

A.4 Rotary encoder
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(a) Regulator - top side (b) Regulator - bottom side

Figure B.1: PCB of Regulator
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Figure B.2: PCB of Power supply

(a) Rotary Encoder - back side (b) Rotary Encoder - left side
Figure B.3: PCB of Rotary Encoder
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Figure B.4: PCB of Panel

Figure B.5: PCB of Panel - 2
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