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Abstract

This study concerns the issues of temperature stabilization in units used to research the properties of
molecules at low and ultra-low temperatures. This research is relevant due to the need to increase the speed
and accuracy of the data obtained. Using the LabView graphical programming environment tools, a control
program was created for the LakeShore 325 thermocontroller which reacts when the current temperature
is close to the control point temperature set by the researcher. By adding controls for the heating element
power and PID controller boot times, it is possible to use them more flexibly. The method was verified
for the temperature control points of 40 K, 100 K, 150 K and 200 K. A comparison of the proposed
temperature stabilization program with the standard PID controller solution demonstrates the advantages of
the former. The speed of reaching the control points was doubled. The digitalization of the LakeShore 325
thermocontroller makes it possible to work further on improving temperature stabilization. The resulting
increase in the accuracy—time stabilization ratio makes it possible for those who conduct low-temperature
experiments to improve the quality of their measurements dramatically. The introduction of a digital version
of the temperature control device opens up possibilities for further automation of cryovacuum units by
linking the thermal control program with other programs, for example, recording the spectra at specific
temperature values.
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AHHOTALUA

Ipeamer uccienoBanusi. PaccMOTpPEHBI BOMPOCH TeMIIEpaTypHOH CcTaOMIN3aIliid B yCTaHOBKAX,
NpeaHA3HAUYCHHBIX ISl BRITIOIHEHHS MCCIEAOBAaHUNA CBOMCTB MOJICKYN MPH HU3KHUX U CBEPXHHU3KHUX
TemIeparypax. AKTyaabHOCTh pabOThI 00YCIIOBICHA HEOOXOMUMOCTRIO TIOBBIIIICHUST CKOPOCTH U TOYHOCTH
MOJTYYaeMBIX TaHHBIX, HA KOTOPhIe B OCHOBHOM OKAa3bIBaeT BIMSIHHE TEMIIEPaTypa nccienoBanus. Metoz.
C 1oMOIIbI0 HHCTPYMEHTOB MIPOrpaMMHUpOBaHus Tpadudeckoi cpeapl LabView co3nana yrpasisrornas
nporpamma Jitst TepMokonTposuiepa LakeShore 325, pearupyrormas Ha nputnmxeHue (paboueii) TeMepaTypsbl
K TeMIiieparype (3aJlaHHO#) KOHTPOJIbHON ToukH. /lo0aBieHNe IEMEHTOB YIPABICHUS MOLUIHOCTHIO
HarpeBaTeJIbHOTO JIEMEHTa M BpeMeHeM BKiIroueHust PID-peryinsitopa mo3BossieT HCIoNIb30BaTh UX Oosee
ruoxo. ITpoBenena BepruuKarys MeTo/1a CTa0MIIN3AINHN JUIsl KOHTPOJIBHBIX Touek Temmeparypst 40, 100, 150
n 200 K. OcHoBHbIe pe3yabTarsl. CpaBHEHHE MTPEAIOKECHHON TPOTrPaMMbI CTAOMIIN3AIMN TeMIIepaTyphl
CO CTaHAAPTHBIM perneHneM B Buae PID-perymsaropa mokasasno ero npeuMymiectBo. [lomydeHo yBenmmdeHue
CKOPOCTH TOCTHIXKEHHUS KOHTPOIBHBIX TOYEK MO NBYX MOPSAKOB. L{mppoBusamnms TepMOKOHTpOIIIEpa
LakeShore 325 nama BO3MOXHOCTH BBIIOJHATH AajJbHEHIINE paboOTHl MO COBEPIICHCTBOBAHHUIO
TemnepaTypHoil ctabuimmsanun. IlpakTudeckasi 3HaYUNMOCTh. [TonydeHHOE yBEINYCHNE COOTHOIICHHS
TOYHOCTh—BPEMsI TIPU CTAOMIIM3AIMK TTO3BOJIMIIO B Pa3bl YIYUIINTh KA9Y€CTBO MPOBOAMMBIX U3MEPECHUH B
obnacTi HU3KKX Temrieparyp. Bueapenune undpoBoil Bepcuu TepMOperyiIupyIomiero npubopa oTKpbIBaeT
BO3MOYKHOCTH JIJIsl ajibHEHILEH aBTOMATU3al[M KPUOBAKYYMHBIX YCTAHOBOK C MOMOIIIBIO O0BbETMHEHUS
MPOrpaMMbl TEPMOKOHTPOJIS C JPYTHMMH IIpOrpaMMaMu, peruCTPUPYIOIINMHY, HalpuMep, CHEKTPhl Ipu
OTIPEJICJIEHHBIX 3HAUEHHSIX TEMIIEPATyPhI.
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Introduction

Over the last decades, studying the behavior of
various molecules at low and ultra-low temperatures has
been of great scientific interest [1, 2]. Firstly, observing
molecular complexes at negative temperatures allows
the thermodynamics of the processes involved to be
determined, the simplest stages of complex reactions
to be determined, and the selectivity of the processes to
be ensured. The processes of the formation of glass-like
states of various molecules are important and relevant
[3-7]. Secondly, ultra-low temperatures significantly
affect the physical and mechanical (ultimate strength
and endurance) as well as thermophysical (heat capacity,
thermal conductivity, linear thermal expansion coefficient)
properties of some substances [8, 9]. Due to low
temperatures, the material experiences brittle fracture or
changes one or more of its thermophysical properties. And
thirdly, the study of infrared (IR) spectra of molecules and
molecular compounds at low temperatures allows us to
answer a number of questions and describe a number of
processes occurring in open space [10-21].

So far, astrochemical studies conducted in ground-based
and space laboratories have provided IR evidence for about
a dozen extraterrestrial molecules and ions in the solid
phase [19]. H,O ice and ice mixtures consisting primarily
of H,O compounds have been found to be important
constituents of interstellar particles, comets and a number
of planetary satellites [21].

Identification of extraterrestrial H,O [14, 20], CH;0OH
[11, 12], C,HsOH [13, 15, 16], NH; [22], CO, [23] and
CHy, in their condensed state was performed by comparing
the spectra taken in the near- and mid-infrared ranges
(100 m! to 4 m!) with the spectra of the same molecules
obtained in the ground-based laboratories. The obtained IR
spectra of low molecular weight amorphous and crystalline
solids, focusing on amorphous ice below 100 K, are used to
study the low-temperature chemistry of interstellar clouds
and extraterrestrial solar system objects such as ice-covered
moons and trans-Neptunian objects [17, 18].

In spite of the fact that the IR spectra of molecules
in various low-temperature ranges have been studied, an
important challenge is the stabilization of the temperature
in the research unit and the minimum temperature step
of obtaining the IR spectra of the sample under study.
At the moment, the problem of stabilization is solved by
using a proportional—-integral-derivative (PID) temperature
controllers with a heating element until the temperature
points set by the experimenter are reached. However,
such temperature controllers are not flexible enough and
often lack a graphical interface and special software that
would make it possible to configure them more flexibly for
specific tasks. As a result, the accuracy of the experiment is
negatively affected, and it is not possible to obtain infrared
spectra at certain temperatures or with small temperature
steps; or it takes the researcher a lot of time to do so.

The aim of this research is the temperature stabilization
of the cryogenic vacuum spectrophotometer unit at Al-
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Farabi Kazakh National University in order to solve
the problems highlighted above. The results pursued
include reducing the time of the experiment, reducing
the temperature step of obtaining IR spectra of various
molecules at low temperatures and creating more flexible
conditions for future experiments.

Methodology

Experiments to verify the work done were performed
on a universal cryogenic vacuum spectrophotometer
unit in the cryolaboratory at Al-Farabi Kazakh National
University. LakeShore 325 thermal controller (LakeShore
Cryotronics, USA) is used as a temperature controller in
this cryovacuum unit. This temperature controller model
is a two-channel regulator, capable of working with
various types of temperature sensors (diodes, resistance
temperature detectors, thermocouples). In addition to the
sensors, the controller also features two independent PID
control loops with 25W and 2W heater output, controlling
either 50-ohm or 25-ohm loads for optimal flexibility in
temperature control of the cryogenic unit.

The PID controller integrated into the thermal controller
plays a special role in achieving our objectives as it is
used for the initial stabilization of the heating element
temperature. The PID controller is a feedback device in
the control loop of the system which generates the control
signal to produce an output signal with the required
accuracy. The control signal is the sum of three other
signals: the error signal (proportional to the difference
between the input and feedback signals), the integral of the
error signal and its derivative.

Therefore, the output signal of the controller u is
defined as

! de
u(t)=P+1+D=Kpe(t) + K;[ e(r)dt + Kd;,
0

e(t) = (1) - y(0),

where r(?) is the input signal; y(¢) is the output sum signal;
e(f) is the discrepancy or deviation of the value from the
original signal; P is the difference component; 7 is the
time-integral component; D is the time-differentiation
component; ¢ is the current moment in time; t is the time
step; and K, K; and K ; are the amplification factors of the
corresponding controller components.

Despite the advantages and seemingly complete
operability of the PID controller as a stabilizing component
of the temperature controller, it was observed during
the experiments that it took quite a long time to reach
the set temperature. Besides, when approaching the set
temperature, significant fluctuations were observed near it,
sometimes up to 5 K, which can cause significant deviations
in the final results when conducting an experiment. The
hypothesis was made that the insufficient accuracy and
speed of the temperature stabilization performed by the PID
controller is related to its inability to “predict” the behavior
of the heating element within a wide range. Most likely due
to the uneven heating after switching off the cooling unit
of the machine, the PID controller is unable to reduce the

heating power in time, constantly “jumping over” the set
temperature.

Therefore, the automation element to be introduced
into the system must first address the issue of predicting
the speed at which the sample substrate is heated in order
to minimize the time it takes for the PID controller to
stabilize the temperature near the control point set by the
experimenter. So, this automation element must have direct
control over the LakeShore 325 thermal controller, be able
to change the power of the heater, the gains of the PID
controller and, if possible, switch on and off the McMahon
machine that is used to lower the temperature of the
substrate and the experimental chamber of the unit.

The software suite LabVIEW (National Instruments,
USA) was chosen as the environment in which the
automation would be performed. This development
environment allows executing programs written in
graphical programming language G. This choice was
motivated by the simplicity of the development of
applications in the LabVIEW environment, a wide range
of features as well as the availability of a large number of
ready solutions, which can simplify the process of writing
the program required to fulfill the task.

Results

The stabilization of the PID controller was improved
by adding elements to the program that react to the
current temperature of the heated substrate approaching
the temperature set by the experimenter. It is known that
PID controllers also react to approaching the control
point by reducing the power of the heater if P, / and D
parameters are properly adjusted. However, this process
either takes too long or is characterized by “jumping over”
the control point (up to 1.5-2 K) followed by harmonic
equalization of temperature. Both options are not good
enough for our research carried out on a cryogenic vacuum
spectrophotometer, since in the first case, the duration of
the experiment would be significantly increased by the slow
speed of reaching the control points, and in the second case,
the spectrum close to the control point would be obtained
with fluctuations of more than 1 K which is also undesirable.

Thus, the proposed solution solves the two
disadvantages of the options mentioned above: it allows
reaching the reference temperature quickly and at the
same time, makes the fluctuations near it less severe.
This is achieved by activating the PID controller later in
relation to the modes with the default settings of the P, /
and D parameters. As a result, the control temperature is
reached more quickly (due to the longer operation of the
heater at 100 % power). The PID controller is activated
by comparing the control temperature with the current
temperature, incremented by a small value, which has been
calculated experimentally and assumed to be 0.5 K. When
the current temperature reaches the reference temperature
with an increment value, the heating power is reset to 5 %
and then, after a short delay, the PID-controller is activated.
After the power of the heater is reduced, the temperature
of the substrate starts to decrease, but the activated PID
controller soon stabilizes the temperature close to the set
control point.
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To confirm the improved performance of the modified
temperature stabilization algorithm, it is necessary to
compare it with the traditional method of regulation
using the PID controller integrated in the LakeShore
325 thermocontroller. It is important to compare the
performance of the two stabilizing components over a wide
range, capturing both low (below 100 K) and high (100-
200 K) temperature ranges. Fig. 1 and 2 show the graphs
comparing the temperature stabilization of the standard
PID controller of the LakeShore 325 thermocontroller
with the default settings of P =50, /=20, and D = 5 and
the improved (i-PID) controller with the adjustments
mentioned above for the temperatures of 40 K, 100 K,
150 K, and 200 K. The temperature-time dependencies
were obtained 10 K before the control point in order to
investigate a more complex stabilization process than with
a small step.

As can be seen from the graphs, in three of the four
cases, the heating up to the control point was faster with the
improved PID controller. Slower heating was observed only
when the reference point of 100 K was reached. Obviously,
faster heating of the substrate is achieved by activating the

) a
i-PID
| ——PID
401
1 41 18s
M 4
g 36 v
g g
Q =1
=% 1 = 39
5 :
< 3 5
_ 37
10 30 50 70
] Time, s
28 T T T T T T T T
-10 0 20 40 60
Time, s

PID controller later, thus keeping its power at 100 % until
the very last moment, and by using it more flexibly close
to the control point.

In all cases, stabilization near the control point was
faster with the improved PID controller. The advantage
of the i-PID controller is particularly noticeable in Fig. 1
where stabilization near 40 K was achieved about three
times more quickly than with the standard PID controller.
The difference in the speed of reaching the control points in
Fig. 1 and 2 is presented in the form of timestamps. It can
be seen that in the case of stabilization to 40 K, the method
has an advantage of 18 seconds (Fig. 1, a); for stabilization
to 100 K, it has an advantage of 165 seconds (Fig. 1, b); for
150 K, it has an advantage of 60 seconds (Fig. 2, @); and
for 200 K, it has an advantage of 70 seconds (Fig. 2, b).

Reaching the 100 K and 200 K control points (Fig. 1, b
and Fig. 2, b) with the i-PID controller was about twice
as fast as with the standard PID controller. Once the
control point of 150 K was reached, there was only a small
advantage in using the i-PID controller — primarily the
smaller deviation. The faster stabilization of the i-PID
controller can be explained by the correctly selected timing
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Fig. 1. Standard (PID) and improved (i-PID) thermocontrollers stabilization speed close to the control points of 40 K (a) and 100 K (b)
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Fig. 2. Standard (PID) and improved (i-PID) thermocontrollers stabilization speed close to the control points of 150 K (&) and 200 K (b)
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of the increase and decrease of the power of the heating
element, simultaneously with controlling the PID controller
by turning it on and off at the right time.

It is worth noting that it is also possible to reach the
control points more quickly when using a standard PID
controller by changing the P and / values and removing
the D component. However, with this approach, the
fluctuation was found to be too long and significant (about
1-2 K), this prevented the IR spectra from being obtained
immediately after reaching the control point and required
an equally long wait for the stabilization as with the option
of the parameters P =50, /=20 and D =5 explored in this
article.

Conclusion

The results achieved in this research may seem
insignificant. However, for further work on the automation
and improvement of the operation of the experimental
cryovacuum unit, the obtained gain of 20—160 seconds
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is significant, not to mention obtaining the temperature
change not exceeding 0.5 K at the moment of reaching the
control points.

Despite the versatility and accuracy of stabilization,
the PID controller can still be improved by incorporating
a control element capable of switching the PID controller
on and off within designated ranges and independently
(without relying on the PID controller) changing the power
of the heating element. This has been demonstrated in this
research.

An important issue is the response of the demonstrated
i-PID controller to the heating step value (the temperature
range between the current temperature and the set control
point) on which the stabilization time strongly depends. In
this research, only the case of a relatively large heating step
has been considered implying more complex stabilization
conditions. Nevertheless, it is worth investigating whether
it is possible to reach and stabilize the temperature near
the control point even faster with smaller heating steps by
varying the selected stabilization factor.
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