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Oz

Sicaklik kontroliiniin énemli bir uygulama alant malzemelerin mekanik karakteristiklerinin tanimlanmasindaki
kullanimidir. Bu ¢alismada sicaklik kontrollii bir 1sitma ve sogutma sisteminin tasarimi sunulmaktadir. Cok genis
sicaklik araliklarinda ¢alismaya izin veren bu sistem bir ¢gekme-basma test cihazi igin tasarlanmistir. Cekme-
basma deneylerinin yapildigi haznenin sicakligi testler sirasinda istenilen sicaklik araliklarinda tutulmasi
amaglanmistir. Bu termal sistem yalitilmis metal hazne, kuru rezistans, gii¢ ayarlayici, 1s1l ¢ift, hava fani, role,
yiikseltici, mikro kontrolcii ve bilgisayar gibi temel elektrik ve mekanik elemanlardan olusmaktadir. Krojenik
sicakliklarda sogutma iglemi i¢in ise bu elemanlara ek olarak solenoid valf, DC motor siiriicii ve siv1 azot tanki
sisteme eklenmistir. Haznenin iginin sicaklig geri beslemeli bir sistem ile kontrol edilmektedir. Bu geri beslemeli
kontrol sistemi sicakligi bir K-tipi 1s1l ¢ift ile 6lgmekte olup hatalar telafi etmek icin tablo destekli PID, P ve on-
off kontrolciilerin bir kombinasyonu kullanilmaktadir. Sogutma kisminda ise sicaklik kontrolii valf karakteristigine
uygun olarak oransal kontrol islemi ile yapilmaktadir. Bu sitemde basit, ucuz ve programlanmasi kolay oldugu
icin mikro kontrolcii olarak Arduino islemci karti kullanilmistir. Bilgisayar ve deney diizenegi arasindaki tiim
haberlesmeler bu kart araciligi ile gerceklestirilmistir. Gergek zamanli uygulamalar icin MATLAB programi
tizerinde yazilan programlar hem haberlesmede hem de kontrolde biiyiik bir basar1 gdstermistir. Bu ¢alismada,
yalitilmig haznenin sicakhigi +450 °C ila —100 °C arasinda kolay bir sekilde tutulabilmistir. Bazi deneysel
calismalarin uygulanmasiyla, kullanici tanimh degisik sicaklik profilleri basarili bir sekilde test cihazi iizerinde
gerceklestirilmis ve sonuglar 1sitma ve sogutma sisteminin matematiksel modelinden elde edilen sonuglar ile
karsilastirilmigtir. Olusan sapmalarin ¢ekme-basma test cihazi uygulamasi igin kabul edilebilir bir seviyede
olduklari goriilmiistiir.
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Temperature Control of a Small Volume-Thermal System
in Heating and Cooling Processes with Arduino

Abstract

An important field of the temperature control is the identification of physical features of materials at a wide range
of operating temperatures. This paper presents the design of a temperature controlled thermal system in heating
and cooling processes. This system will be used in a tension-compression testing machine. During the tensile
experiments, the aim is to keep the inside of the chamber at a desired temperature. The thermal system consists of
an isolated metal box, dry resistance, power regulator, thermocouple, air fun, relay, amplifier, microcontroller and
computer. For the cooling processes in cryogenic temperatures, the system has also a solenoid valve, DC motor
driver and a liquid nitrogen tank. The temperature of the chamber with a small bulk is controlled by a feedback
system. This feedback system measures the temperature with a K-type thermocouple and uses a combination of a
table-supported PID, P and on-off controllers to compensate the errors between the reference and measured
temperatures. In this setup, Arduino is used as a microcontroller because it is simple, inexpensive and easy to
program. This card supplies all communication between the computer and the experimental setup by a program
written on MATLAB with Arduino package for real-time applications. According to the experimental results, the
temperature of the insulated chamber can be easily maintained between +450 °C and —100 °C. The user defined
different temperature profiles were successfully performed on the setup and the outcomes were compared with the
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mathematical model in the heating and cooling processes. The deviations from the desired temperatures were
found to be at an acceptable level for the applications on a tension-compression testing machine.

Keywords: Temperature control system, Heating, Cooling, Arduino.

1. Introduction

Temperature control has an important role in daily life, especially in industrial applications including
production areas such as food, chemistry and mechanical processes. Another specific area of the
temperature control is the scientific studies in laboratory. In general, metal materials have a wide range
of applications under different working conditions, in particular, thermal conditions. As known, the
materials have different mechanical, electrical, chemical and thermal characteristics under different
temperatures in heating and cooling processes. So as to select the proper materials to be used in design,
the characteristics of the materials must be defined under some variable conditions. In addition to the
heating process, the cooling process can also change the features of materials. Obtaining specific
mechanical properties of a metallic material such as hardness, strength, flexibility and reduction of
residual stresses is achieved by a successful heat treatment. Many heat treatment processes require
accurate temperature control over the heating or cooling cycles. In some cases, industrial processes or
environments in which the materials are used are exposed to extremely high temperatures (exceeding
400 °C). On the other hand, in some areas like the wings of high-flying aircraft, the temperature may
drop to cryogenic temperatures of approximately —70 °C. In these conditions, metal or other materials
are subjected to overstress and distortion during the operation. The same conditions in laboratory
environment are simulated by heating and cooling at different temperature profiles.

In literature, the control of heating and/or cooling of the systems is given in several studies with
different approaches. Generally, these studies are about temperature control of buildings and various
industrial processes [1-3]. They are based on heat and mass transfer and involve the modeling and
controls in narrow ranges approximately at ambient temperature. On the other hand, some studies on
heating applications with higher operating temperatures such as ovens and industrial furnaces are also
found in literature. Haye was working on industrial solutions for induction heating of steels [4] while
Ryckaert et al. published an article on the improvement of the performance of an oven using advanced
control algorithms [5]. In another study, the researchers also worked on an electromagnetic cooker to be
used as a solution in electronic production processes for melting steels [6].

Refrigerators or cold storage houses come to mind when generally to say the cooling process.
However, the number of studies on the operations at temperatures of —100 °C or lower called cryogenic
is limited. To achieve this low temperature values, the liquefied gases are utilized. Among these gases,
the most commonly used is liquefied nitrogen. Dhananchezian, et al. investigated experimentally
cryogenic cooling in the vertical cutting by using the liquid nitrogen jet [7]. According to the
experimental results of this study, it is stated that cutting temperature is reduced by 19-40%, maximum
shear force 10-15% and chip thickness 25% compared to dry cutting process. In another study, the large
infra-red device is pre-cooled with liquid nitrogen to keep the infrared device safe [8].

Temperature control in industrial processes and heat treatment is very important for system
performance and cost of production. Many studies have been conducted on this subject. In one of these
studies, an automatic controller has been designed and developed for drying ovens [9]. In this system
with PIC18F4220 microcontroller, the control action is performed automatically by measuring the
temperature with a K-type thermocouple. In another study, Appelblad developed a temperature control
cell for Raman spectroscopy, which is used to detect gases on-site utilizing an Arduino Uno
microprocessor with a proportional + integral (PI) control [10]. It is expressed that the temperature of a
surface oxidized by this spectroscopy can be normalized by the controlled cell between —15 °C and +110
°C, and the set point temperature of + 0.22 °C is able to be kept constant for a long time. This system is
also used for cooling or heating according to the set point.

In literature, the temperature control process is generally implemented by some classical
controllers such as PID, On-Off as well as more modern controllers such as Fuzzy-Logic, artificial
neural networks. Each method is used for a specific process related to industrial needs which are high
accuracy, robustness and response speed. A model reference adaptive control method with a Pl
controller was presented for an electro-magnetic furnace [6] while a predictive control system were able
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to control the internal temperature of an experimental cell at the desired limits based on the model
estimation for almost the entire working time[11]. In another study on controller design, a new type of
self-regulating Fuzzy controller was applied on temperature control unit and it is stated that a control
system with superior performance was obtained compared to classical PID [12].

In temperature control systems, PLC (Programmable Logic Controller) is widely preferred in
industry as a microprocessor. Ding and Li conducted a study on PLC as an industrial control unit [13].
They stated that this system was a stable, highly reliable, economically reasonable and had wide
application field in control applications. In addition to PLC, the temperature control of an oven was
performed with PIC microcontroller on MATLAB-SIMULINK [14]. The communication between the
oven and the computer is provided via a PIC microprocessor through RS-232. As a new trend, Arduino
microprocessors, which are relatively inexpensive, easy to use and easy to program, have been used in
many control systems as well as in temperature control. Krishnamurthi, et al. used Arduino to measure
the real-time air-conditioning such as humidity and temperature [15] while Ayuba designed the
temperature control system in a factory with Arduino [16]. In this study, the cooling unit was activated
automatically as ON when the temperature reading by the sensor which interfaces with the Arduino was
higher than the desired temperature of the factory. This provided a possibility to adjust the cooling speed
unit.

This study involves the design of a temperature controlled system in heating and cooling process
to be used on a tension-compression testing machine. The heating side of this system, which operates in
very wide ranges of temperature, is mainly composed of an insulated metal box, dry resistance, power
regulator, thermocouple, air fan, relay, amplifier, microcontroller and computer. In addition to these
components, the cooling unit involves a solenoid valve, DC motor driver and liquid nitrogen tank. The
temperature of the inner part of the chamber is controlled by the table-supported PID controller based
on many experimental results involving the temperature rates and applied control voltages. On the
cooling side, the feedback action is generated by a proportional controller according to the valve
characteristic. In this experimental study, the heating and cooling processes can be carried out separately
or simultaneously. In heating process, PWM (Pulse With Modulation) between 0-5 DCV from Arduino
could adjust the 220V AC voltage via power regulator for several reference temperatures. In cooling
process, a constant DC voltage for the calculated time proportional to the temperature error was applied
to the solenoid valve for tuning the amount of liquid nitrogen. All programs for controlling and
communication have been written on MATLAB environment. In the experiments, it was observed that
the thermal system presented in this study generated any user-defined temperature profiles to be tracked
approximately over +450 °C and the cryogenic temperatures of lower than —100 °C. Although there
have been errors due to the system structure and the capability of the equipments used in the setup, these
temperature deviations have been seen to be acceptable level for the tension-compression testing
machine.

2. Material and Method
2.1 The Setup Design for Heating and Cooling Processes

The main purpose of this study is to control the temperature of a thermal system by heating up to the
high temperatures of +450 °C and cooling down to the cryogenic temperatures of —100 °C using some
electrical-electronic and mechanical apparatus. The schematic representation of the system given in
Figure 1 can be examined under two main topics which are heating and cooling units. These parts can
be operated separately or simultaneously. The heating unit consists of an insulated box, dry resistance,
and power regulator while the cooling side involves a solenoid valve, DC motor drive, fan and liquid
nitrogen tank. In addition, K-type thermocouples, amplifiers, microprocessor card and a computer are
also included to the system as measuring and microprocessor elements for both processes.

The insulated chamber was manufactured by placing rock wool (7cm) between two steel plates
(3mm each) with outer dimensions (0.4 m x 0.4 m x 0.4 M) and inner dimensions (0.25 m x 0.25 m x
0.25 m). The capacity of the dry resistor is 2.5 kW and this power can be regulated from 0 to 2.5 kW
depending on the desired heat load for the required temperature. The power regulator from ELKON can
achieve the variable voltage for 0-220 V AC. This adjustment is carried out by applying PWM signals
between 0-5 VDC via Arduino board known as a microcontroller. In other words, PWM can generate
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the trigger input to the power regulator.

Isolated box Rock wool Electric valve
Power regulator v
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D.C 0-3volte
= = Liquid nitrogen Tube
Elecrtic Relay
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==y
USB conection Arduino Mega 2560+Ada fruit shield v.2
Laptop or computer

Figure 1. The schematic view of the setup with heating and cooling devices

As stated before, the Arduino card was used as a micro controller in this experimental setup.
Arduino card is simple to program, inexpensive, easily available and has many open source codes. Many
analog and digital input-output pins such as SPI (Serial Interface) and PWM are available on this card.
Arduino has many models with different specifications to be used in several fields. In this study, Arduino
Mega 2560 was used. In this feedback system, the temperature of the insulated chamber was measured
with K-type thermocouple as the output. K-type thermocouple can produce an analog signal at the micro

volt level and can measure temperature between —180°C and +1300 °C . However, since Arduino can

only read voltages at a minimum level of 4.8 milivolt, the Adafruit MAX31855 amplifier, which is
compatible with Arduino, has been embedded to the system. This amplifier boosts the micro-volt voltage
to the millivolt level as well as converting the analog signal into digital one.

Liquefied gases such as carbon dioxide, nitrogen, neon and helium are used at extremely low

temperatures (lower than —50°C). The most effective cooling process at these low temperatures, also

known as cryogenic, is the method with liquid nitrogen whose boiling point is —195.8°C at 1.0 atm .

In this study, the liquid nitrogen stored in pressure vessel called Dewar with 50 liters and 1.5 bars was
used as refrigerant. The flow of the high pressure liquid nitrogen to the insulated chamber was carried
out by a solenoid valve. This electronic valve is either fully opened or closed in totally 12 seconds
depending on the applied voltage of 12 V DC. This solenoid valve from SUN YEH OM-1 model has a
ball valve. Adafruit DC motor driver compatible with Arduino was used to control the flow rate of the
liquid nitrogen through this valve triggered by PWM on Arduino. During the operations, an air fan with
the power of 100W actuated by a relay was used in case that the natural cooling speed was not sufficient
for natural cooling at high temperatures in the heating zone. In all these processes, the receiving sensor
information and transmitting them to the controller on the computer and sending the modified inputs-
outputs to the drivers were realized through USB connection with Arduino. The test setup with all
hardware is shown in Figure 2.
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Figure 2. Experimental Setup
2.2. The System Modeling

This study is divided into two parts as theoretical and experimental. In the theoretical part, the
mathematical model representing both heating and cooling processes was constituted by a first order
transfer function with time delay. The temperature response to the step input using this experimental
setup was achieved separately for both the heating and the cooling parts. In order to find the parameters
of this model, the actual temperature values have been measured and recorded to the step input with a
specified input voltage. A graphical method was used to calculate the parameters depending on this
recorded data set. More detailed information about this method can be found in literature in [17]. The
transfer function between the reference temperature and measured temperature is given in Laplace
domain as follows. Here, the initial temperature is considered non-zero.

K
G(s)=T, + e
(s)=T, 1+7,s @)
T, : Initial temperature
K: Static gain (K >0 for heating and K <0 for cooling)
7,: Time delay

7, : Time constant

The calculated values of the parameters and related models are shown in Table 1. In Figure 3,
the graphics with the respective values are given for the transfer function of the model and the
experimental results.
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Table 1. The models with corresponding parameters for the thermal system

Heating part Cooling part
7, =52 second ntn =t 7, = 2 second n+7, =1
7, =150second| 7, + %2 =t 7, =129second| 7, + %2 =t,

K= 420 - 30 = 390°C

390 s

G(s)=30.0+—e —14A75

G(s) =24.75+

1+150s 1+129s

Tt ature "¢

—a =53 T
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Figure 3. The experimental and model time responses to the step inputs.

As seen in the graph above, unlike the heating part, the delay time in the cooling process is quite
smaller. This is because the liquid nitrogen is applied directly into the system and the thermocouple
immediately senses the temperature change. In heating, the delay time is quite larger due to the fact that
the dry resistance heats itself up first and then increases the temperature of the chamber. In both cases,
the responses from the system modeling can suit almost the real time outputs.

2.3. The Controller Design

In this study, the control processes are considered as a three-stage action in order to compensate the
temperature errors in different phases of heating and cooling. The first part is the control at the heating
side and involves the table-supported PID controller used in the region where the temperature is
increasing or fixed. In this method, the experiments were fulfilled for a specified input voltage between
0-5V by an increment of 0.25V and the results were obtained in Figure 4. The temperature rates
corresponding to the input control voltages and the approximate steady state temperatures were tabulated
and recorded to be used in the control operations. The intermediate values are defined by interpolation
via control software. The PID controller used in the table based method is used for fine tuning. As seen
from the graph, the increase in temperature is smaller after the first bending. In fact, the temperature rise
after bending should be zero. However, PWM chops AC signals with the amplitude of 220V up into
discrete portions and switches between 0V and 220V according to these portions to adjust the nominal
voltage, i.e. the average voltage. In other words, although the input voltage is lower or off, the dry
resistance continues to consume its full capacity for a while and to raise the temperature. Therefore, we
use the PID controller for fine-tuning.
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Figure 4. The temperature responses for some specified input voltages

P S

At the second stage, the temperature control involves the shifting from higher temperature to
lower one. In this case, the control action used is only PID. However, when switching between these
transitions and the natural cooling speed is insufficient, the on-off controlled air fan is activated
according to the sign of error. The third stage involves the control phase where the cooling with liquid
nitrogen is performed. As soon as the air fan is insufficient to decrease the temperature, the liquid
nitrogen is activated in cooling. This stage was accomplished by adjusting the amount of liquid nitrogen
via the solenoid valve which received the control signals from Arduino through the motor driver.

The run time on this valve is proportion to the temperature error. So, P controller is used to keep
the temperature at the desired one within acceptable limits. If the error is outside these limits, the valve
is fully open or completely closed. As a result, during all process, the table supported PID, PID, P and
on-off control types were acted as hybrid manner. The basic PID formula is performed for this feedback
thermal system as follows.

WO =K e()-+ K, [edt+ K, L0

()
Here, u(t) is the control input applied on the power regulator or solenoid valve and

€(1) = Tactorance ~ Tvessrs represents the temperature error. K, Ki and Kq are proportional, integral and
derivative coefficients of PID respectively.

3. Experimental Results

In this study, temperature control experiments addressed for three different situations in order to test the
performance of the system. These situations were selected in accordance with the requirements of a
tension-compression testing used to determine the stresses that a material is exposed under different
temperature conditions. The user-defined temperature profiles for the feedback thermal system were
tracked by a program written in MATLAB on a computer with AMD A8-3550mx APU and 8GB RAM.
In these experiments, the PID coefficients are defined by trial and error because this thermal system
does not provide a marginally stable response to evaluate these coefficients by any method like Nichols-
Ziegler.

In the first experiment, the heating process was only considered. Two step inputs with the
temperatures of +350 °C and +250 °C were chosen as the reference inputs. The temperature behavior
changed according to different PID coefficients shown in Figure 5. In this experiment conducted, the
table-supported PID control was activated since the input temperatures were fixed. It can be seen that
the best results are acquired by PID coefficients of K, =130, K;=0.04 ve K, =30.
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Figure 5. Time responses to the two level step inputs

In another heating experiment, a two-stage ramp input was applied to the system. Here, the
temperature was increased up to +400 °C in the first 500s and changing the slop immediately dropped
from 400 °C to 250 °C in next 400s. In fact, this experiment was conducted for a process of following a
reference. Here, the best follow-up response was obtained for K =144, K;=0.7 and K, =110. As

can be seen in Figure 6, the integral action plays a very important role to compensate the errors. The
proportional control action alone is not sufficient to reach the desired top temperature value. The cooling
process in the second region was carried out by the fan-free natural cooling. As can be seen from both
graphs, there was a larger time delay due to the nature of thermal systems compared to reference input.
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Figure 6. Time responses to the two ramp inputs with different slops

The second type of experimental study was on the cooling of the insulated chamber at room
temperature with liquid nitrogen. A user defined reference temperature profile consisting of ramp and
step inputs was monitored by opening and closing the solenoid valve by the P controller. The results are
shown in Figure 7. Here, the blue curve was obtained by P control together with an on-off controlled
fan whereas the green one was resulted in different conditions which were the nitrogenous pressure 0.5

bars and without air fun assisted.

1380

900



A. Bayram, S.A. Mohammed / BEU Fen Bilimleri Dergisi 8 (4), 1373-1383, 2019

40

—— The first experiment

—— The second experiment

= = =The second experiment referance profile
ol The first experiment referance profile

20 ()

-20 —

Temperature ( °C)

-60 —

-100 (—

| | | | | | |
-120
0 200 400 600 800 1000 1200 1400 1600

Time (seconds)

Figure 7. Cooling process for different temperature profiles

Finally, a combination of heating and cooling processes was given in the same cycle seen in
Figure 8. This operation, in fact, meets the need of a tensile testing device for full temperature cycle.
This experiment was conducted with the constant PID coefficients taken from the previous tests. In this
figure, the fluctuations in heating stemmed from the disturbing noise on the thermocouple.
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Figure 8. Combined process with temperature control

4. Discussion and Conclusion

The determination of the properties of materials in wide range of temperatures is of great importance.
The main objective of this study was to design a temperature controlled thermal system with heating
and cooling processes used in a tension-compression testing machine. For the cost-effectiveness,
compared to other control systems, this experimental setup is relatively inexpensive, easily available
and easily programmable in any environment. Especially, the microcontroller of Arduino accomplished
the measurement, receiving and transmitting of the related data. The user defined program written in
MATLAB has allowed the materials to be tested in different temperature profiles which are a
combination of inputs like steps, ramps etc. Considering the results obtained, it is thought that such a
system can be preferred in many work areas, especially in cryogenic process.

With this thermal system presented in this paper, the temperature can raise up to + 500 °C and
reduce to -120°C. All user defined temperature profiles were also able to be tracked with this feedback
system. As seen from the outcomes, the errors compared to the reference inputs are small and acceptable
for a tension-compression testing machine. During the experiments, some deviations were observed duo
to the disturbances and capability of the devices. The insulated metal box can act as a disturbance since
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it accumulates heat energy and it is trying to increase the temperature in heating or to decrease in cooling
even when it is passive. Besides, a solenoid valve was used in the setup. Instead, if a servo valve was
used, which provides a flow of nitrogen proportional to the error, more accurate results could be obtained
in cooling process. However, the cost of such a valve is quite higher.

The study presented in this paper has provided the following contributions.
* The control system is a relatively simple and inexpensive compared to an equivalent controller such
as PLC.
* Considering the manufacturing cost, this thermal system has high performance and can be easily
controlled.
* The system operates with very small and reasonable temperature errors with regard to the application
field.

In future studies on this subject, instead of PID controller, more modern controllers such as
sliding mode controller, fuzzy-logic controller can be used for more accurate results.
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