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Abstract

Relevance. The process of improving the safety of operation of nuclear power plants is in demand all over the world.
Theorists, when interacting with practitioners, try to offer the best option for building a modern automated process
control system (APCS). This paper discusses one of the problems faced by designers of modern automated process
control systems, namely, an attempt is made to answer the question: how and by what criteria to select intelligent
sensors for NPP equipment parameters that would meet the ever-growing requirements for reliability, accuracy and
maximum automation of monitoring the state of the technological process. In this case, the object of research is modern
intelligent temperature sensors and a resistive temperature detector TSP-0690, which are now widely used at nuclear
power plants in Ukraine. Today the practice of using analogue thermal sensors is still widespread in the equipment of
automated process control systems of NPP power units. However, the development of modern microchip technology
allows organising more efficient and reliable automatic control systems for the technological process, but the lack of
sufficient information about the ability of intelligent sensors to work effectively in nuclear power plants becomes an
obstacle to their implementation.

Purpose. Theoretical and empirical analysis of existing intelligent temperature sensors aimed at identifying the most
suitable temperature sensors that can be considered to replace obsolete analogue sensors.

Methods. A theoretical approach using the provisions of information theory adapted to measurement technology;
experimental studies.

Results. Topical issues of assessing the applicability of intelligent digital temperature sensors in thermal control systems at
nuclear power plants are considered. A comparative analysis of measuring temperature converters is carried out from the
standpoint of the information and energy measuring theory. It was found that all the considered digital thermal sensors have
better characteristics than the standard measuring device — the TSP-0690 resistive temperature detector, so the results are
conclusions that further study is promising and relevant.

Conclusions. The DS18B20 temperature sensor is the most suitable for use in automated process control systems of NPP
power units from the standpoint of information theory and its practical properties

Keywords: NPP safety, monitoring and control, temperature measurement, digital temperature sensor, computerised
signal information processing

Introduction

Success in the development of the economy of any country  referred to as NPP), as objects of increased energy intensity
is largely determined by the level of its energy potential  and, accordingly, strategic importance, require special at-
and, above all, by the possibilities of generating electric  tention in terms of ensuring their nuclear and radiation
energy. This forces countries to focus on the development  safety by minimising the impact of possible risk factors [1].
of nuclear energy. Notably, nuclear power plants (hereinafter =~ Continuous improvement of control and measuring
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equipment of automated process control systems (herein-
after referred to as APCS), hardware modernisation and
use of new algorithms in the management of information
systems related to NPPs.

The possibility of using various modern digital
technologies in the field of automation systems is often
limited by the high cost of conducting the necessary re-
search on new technical means. Therefore, there is a
certain deficit in such studies. An obstacle to the wide-
spread introduction of digital systems and technologies
at nuclear power reactors of NPPs is also the fact that
most of the latest developments of electronic equipment
elements are imported, and the accompanying reference
(rated) operating instructions are insufficient to compre-
hensively assess the possibility of applying the devices
proposed for implementation in specific technical oper-
ating conditions. However, this fact does not exclude the
fundamental suitability of new advanced developments
and products of the world's leading manufacturers, but
requires additional analysis of their functional reliability
when performed in various automation devices at NPPs.

The functions performed by a modern NPP APCS
are related to measurement, collection, transmission,
processing of information, diagnostic analysis of the tech-
nological process, the output of control signals. The im-
portance of primary transducers in NPP APCS, cannot be
overestimated — the safety of nuclear power units largely
depends on their functionality and reliability [2].

From numerous scientific sources, in particular [3-5],
it can be concluded that in the future automation systems
will be built mainly on intelligent sensors. This inevitably
leads to the transition to digital channels and methods of
transmitting signal information [6-8]. On the one hand,
the advantage of analogue signal generation and trans-
mission tools is the simplicity of implementing technical
information processing tools and high performance. On
the other hand, the significant disadvantages of analogue
technology include high susceptibility to interference,
which can lead to signal distortion and, consequently,
contribute to various violations of the technological process,
which is unacceptable in NPPs and can lead to emergency
situations.

The digital signal, on the contrary, has a higher
noise immunity, which allows achieving higher accuracy
in transmitting information, but requires the use of complex
analogue-to-digital transformations, which complicates
the technical interface. The use of intelligent sensors is a
promising alternative, since the entire process of converting
an analogue signal to a digital one takes place in one de-
vice — the primary measuring converter, at the output of
which a digital code is generated.

Currently there are several interpretations of the
concept of intelligent sensor:

— a sensor with integrated electronics that performs
one or more functions: logical (intelligent function); deci-
sion-making (control function); two-way communication
function [9];

— adaptive sensor (a sensor whose parameters and/or

algorithms may change during operation depending on
the converter signals contained in it) with the function of
metrological self-monitoring [10].

As a rule, when transmitting a digital signal, the
last bits are cyclic redundant code (CRC), which is used
to verify the accuracy of the received digital signal from
the sensor [11]. CRC provides error detection when trans-
mitting information with a probability of up to 99%.
Therefore, switching to a digital signal should lead to an
increase in the reliability of monitoring and automation
systems, and as a result — to correct monitoring of the
state and trends of the technological process.

The purpose of the study there is an introduction
to modern digital intelligent temperature sensors, which
can be considered as likely components for building modern
digital APCS.

Theoretical Overview

Many sensors of technogenic information and actuators
at NPPs, as before, are regarded as analogue devices ac-
cording to the principle of their operation. The reason for
this lies not in the high reliability of analogue equipment —
just the reliability of digital equipment is significantly
higher than analogue, but in the fact that full operation
requires modern (new) knowledge and qualifications in
the field of programming, system administration and un-
derstanding of the conditions and features of their use.

Gradually, it became clear that only the use of re-
programmed and universal devices would ensure the fu-
ture of technical means of automating technological pro-
cesses in order to ensure an increase in their functional
reliability and safety (if such a potential threat, as in the
case of NPPs, exists). To a greater extent, this applies not
to specially programmable devices, but to fairly universal,
reconfigurable ones. At this stage the development paths
were divided into two lines:

— based on universal electronic computing machines
(ECMs);

— based on simpler computers, but more optimised to
perform the required task, and therefore, those that are
not inferior in efficiency when used within the framework
of a particular task.

Over the past 35 years of technology development,
it has become clear that both of these approaches have
the right to life. Moreover, it is their combination and pro-
vision of the desired quality that is commonplace today,
although 20 years ago it seemed like fiction.

Comparing the level of general application tech-
nology itself in the areas of office applications and in the
areas of automation, then the overall lag in the field of au-
tomation can be estimated at 1-2 generations of computer
equipment. The reason for this lag is not the conserva-
tism of the developed automation tools, but the fact that
technical automation tools are usually subject to higher
requirements than the more widespread office computing
equipment. In addition, automation controllers are usually
forced to work in much harsher operating conditions. The
cost of failure in an automatic control system can also be



much higher than in other information systems, since the
control object needs to be managed constantly and in real
time.

Returning to digital methods and information pro-
cessing tools in ACS, these systems usually have a large
number of different sensors and information converters
of physical quantities such as temperature, pressure, lig-
uid flow, speed, etc. These sensors convert the original
physical quantity into some discrete standardised signal,
for example, using a standard voltage range (from 0 V to
1V) according to Kotelnikov theorem. In the future, the
problem arises of converting this intermediate value into
a digital form. Recently, a new generation of sensors has
appeared and is rapidly developing, which have built-in
controllers that perform a part of the function of converting
a measured physical quantity into a measuring signal.
Such a intelligent sensor itself becomes an element of
the computer network. It becomes a micro-computer that
supports the network protocol and transmits data already
converted to digital form.
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Often, the controller of such a sensor performs
preliminary digital signal processing, for example, cor-
rection of systematic error of the converter, preliminary
filtering of random interference, as well as performance
monitoring. However, the development trend here is un-
equivocal — more and more technical means of ACS are
becoming purely digital. Among the sensors, there are
those in which the conversion takes place directly into
digital form, and directly prepared for transmission over
the communication channel.

Other components of ACS can also be arranged in
the same way. Actuators, communication channels, action
setpoints, filters, and so on can be digital and smart (with
built-in microcontrollers) To date, the number of computers
used to manage production processes has increased from
1 million in 1980 and more than 10 million in 2000 to more
than 150 million in 2020 [12].

Figure 1 shows a graph of the growth in the number
of computer applications in technological process (TP)
control tasks.

1990 2000 2010 2020 2030
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Figure 1. Historical growth in the number of computer applications in control tasks

It can be stated that the nature of the growth in the
number of computers in control tasks is almost exponential.
This takes into account the facts of using control task in
solving the problem, and not the total number of processors.
Taking into account the number of processors, the growth
is much faster.

A modern NPP power unit is a complex control object
with a large number of measured (from 5000 to 10000) and
controlled (up to 4000) parameters. A generalised graph
of the distribution of measured physical quantities on a
single power unit is shown in Figure 2. Green colour shows
the number of measurement points in the turbine com-
partment, blue — in the reactor compartment. This graph
shows that temperature measurements prevail over other
measurements.

Due to a large number of temperature sensors, it

is worth focusing on the temperature control of techno-
logical processes and on the temperature measurement
technology. An intelligent sensor (hereinafter referred
to as IS) is an electronic device that combines a sensitive
element, signal conversion schemes, and microprocessor
technology. An intelligent sensor is a sensor with built-in
electronics that includes:

— analogue-to-digital converter;

— microprocessor;

— digital signal processor;

— a system on a chip, etc.;

— digital interface with support for network protocols
for communication.

Thus, an intelligent sensor can be included in a

wireless or wired sensor network, due to the function of
self-identification in the network along with other devices.
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Figure 2. Average number of measured physical parameters per power unit
Note: TC - turbine compartment; RC — reactor compartment; T — temperature; P — pressure; L — level; F — flow rate;

AP — pressure drop

Nowadays, there are many manufacturers of dig-
ital sensors and various technical solutions for building
automated process control systems. However, the cor-
rect choice of the type of sensors used, the interface and
well-written software depends on the reliability, durability,
and accuracy of measurements of the developed systems.
Therefore, the choice of a primary converter is given special
attention at the design stage of automation systems and
metrologically provided control of technological processes.

Materials and Methods
For further analysis, the authors

have selected modern

sensors according to the following criteria:
— measuring range from -25°C to 125°C;
— DC power supply voltage from 3V to 5.5 V;
— bit depth from 9 bits to 12 bits.

More information about the selected sensors is
provided in their technical specifications [13-17].

The study uses a TSP-0690 resistive tempera-
ture detector, a measuring device that is widely used at
Ukrainian NPPs to measure the temperature at power
units. For clarity and convenience, the main technical and
metrological characteristics of the sensors under study
are summarised in Table 1.

Table 1. Main technical and metrological characteristics of sensors
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ADT-75 -55+125 0.06 +2 +3 I*)C 12 3+5.5 525
DS18B20 -55+125 0.75 +0.5 +2 1-Wire 9+12 2.7+5.5 15
LM92 -55+150 0.5 +0.5 +1.5 I*)C 12 2.7+5.5 625
TMP100 -55+125 0.6 *2 *3 I*)C 912 2.7+5.5 75
TSP-0690 -50+150 0.4 +3 4 - 5 100 mA

To conduct a comparative analysis, the study used
the provisions of information theory adapted to measure-
ment technology. Thus, it was found that the energy sen-
sitivity threshold C, being a cumulative characteristic of
the accuracy, sensitivity, power consumption and speed
of measuring devices, can be expressed as a dependence
of the form (1):

C=1y?Pt m

where y — measuring accuracy; P — power expended during
the measurement by the device, W; t —-measuring time, sec.

Energy sensitivity threshold of measuring devices
C, according to the author, is a fairly informative gener-
alised indicator of their quality, which unambiguously
determines such information characteristics of these de-
vices as energy efficiency 1, loss of accuracy y and loss of
information Aq (2-4):



W, mek®

== )
Me = C
. 3
W

c
= 0.5lg — C))

Aq OSZgWS

where W, ] — sound energy value; k —-Boltzmann's constant,
J/K; © — absolute temperature, K.

At the same time, it is taken into account that the
transfer of information from the measurement object to
the measuring device can only occur through energy in-
teraction. In the absence of energy exchange between the
object and the measuring device, information transmis-
sion and measurement is impossible. Notably, with an
increase in energy metabolism, the possibility of obtain-
ing more information that reflects the equation (5) also
increases [18]:

qs = 9.3 + 0.5lg (Pt) (5)

where g_ - the maximum amount of information obtained
during the measurement, expressed in energy units (J).
This relationship sometimes shows a not entirely obvious
connection between information and energy.

For a relative assessment of the information per-
fection (efficiency) of the measurement process, it seems
appropriate to use the concept of information efficiency
of the measurement [17], which can be expressed by the
following equation (6):

_ 9.3+ 0.51gW; + 0.51gn,

M= T 93 0.51gW, ©®
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The advantage of this indicator is that it is suitable
for comparing a wide variety of measurements (electrical,
chemical, optical, etc.), regardless of the principle of op-
eration of primary measuring converters and the equip-
ment used in general. This evaluation approach is in good
agreement not only with the principles adopted in computer
science, but also with the provisions used in the nuclear
power industry [19-20].

To characterise the relative perfection of devices,
it is convenient to use a relative logarithmic indicator — an
indicator of the energy Q-factor of the measuring instru-
ment (a specific measuring device) (7):

lgC

When using an “ideal” device for which C=W,
1n,=100% and n,=100%, this indicator will be pC=100%.
However, in practice, for all measuring devices, this indi-
cator is located within the limits of the interval from 0%
to 100%.

The analysis also takes into account that during
observation, no information about the measured process
may be obtained from the measuring equipment — during
the so-called “dead time” of the measuring device, which
is a cumulative generalised indicator of the accuracy and
speed of measuring equipment (8):

T=y% ®

pC

Results and Discussion

All calculations related to the analysis performed were
performed in the Mathcad software environment. The
results of the calculations performed are summarised in
Table 2 and graphically presented in Figures 3-6.

Table 2. Calculated temperature sensor readings

Sensor Energy sensitivity Energy Q-factor Information Dead time of
type threshold, J indicator, % efficiency, % measuring device, sec
ADT-75 4.8x10°% 37.7 46.8 1.7x10°
DS18B20 7.6x107 41.8 53.8 9.3x10°
LM-92 1.3x107 35.6 37 3.7x10°
TMP100 6.9x10°® 38.6 1.7x10*
TSP-0690 4.5%x10-5 22.4 23 3.6
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Figure 6. Comparison diagrams of the “dead time of measuring devices” indicator

The comparison shows that all digital thermal sen-
sors have better characteristics than a standard measuring
device (TSP-0690). At the same time, it can be concluded
from the analysis that out of the five proposed temperature
sensors, the DS18B20 temperature converter has the best
characteristics. Of particular note is the availability of this
converter and its low cost. The DS18B20 intelligent sensor
can be considered as an active functional element of modern
1-Wire measurement technology, the implementation of
which at NPPs seems promising due to the widespread
transition of NPP technological equipment to ACS.

This measurement technology (1-Wire) allows
creating multidimensional measurement networks using
dozens and hundreds of similar sensors and on this basis
provide a previously unattainable degree of informatisa-
tion of NPP safety systems — due to the prompt receipt
and analysis of more extensive and detailed information
on the distribution of temperature fields characteristic of
station thermo-mechanical equipment.

Feasibility and practical interest in using DS18B20
digital sensors and 1-Wire technology at NPPs is well
understood, for example, due to the production need
for regular thermometric monitoring and monitoring of
the steam turbine unit of the power unit. Measuring the
temperature of the turbine unit elements by conventional
means (only at the currently accepted control points)
does not give a complete picture of the thermal state of
the turbine unit and does not allow an objective assess-
ment of the level of its current functional reliability. The
application of the network digital concept of measure-
ment control and monitoring of temperature fields can
significantly increase the information content of mea-
surements necessary to ensure the safe operation of the
power unit's technological equipment.

Regarding the discussion of the study results, it is
worth noting that most previous studies and related publi-
cations devoted to intelligent temperature sensors [21-23]
reveal only the practical side of using these sensors in
standard conditions, without conducting important

scientific research for nuclear power regarding previously
unplanned new operating conditions. Therefore, conduct-
ing new studies, the findings of which are given above,
with further analysis of the data obtained, can hopefully
allow using the studied intelligent sensors for temperature
control of technological processes of equipment operation
at NPP power units.

Conclusions
Thus, as a result of the analysis, it is possible to draw the
following conclusions:

— digital temperature sensors have better metrological
and informational characteristics promising for use at
NPPs in the process of modernisation of control and mea-
suring equipment compared to standard analogue-type
measuring converters;

— the use of intelligent digital temperature sensors
should reduce the error both during the measurement
procedure and during the transmission of signal information
for its further use;

— the use of digital signals in operational data trans-
mission channels, in particular — from temperature sensors,
should lead to the unification of equipment and simplify
the process of integrating new means of change and control
from different manufacturers, which, in turn, would lead
to increased competition of suppliers and would contribute
to the continuous improvement of equipment produced
and supplied to NPPs;

— the transition from the analogue signal transmission
and processing systems to digital systems would improve
the information reliability of thermometric control sys-
tems, provide increased risk informatisation in process
management and ensure the safety of NPP equipment;

The findings of this study can be recommended for
use in the design of modern information and measurement
systems for NPP power units after testing the considered
measuring instruments in real operating conditions of the
power plant.
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YaockoHasleHHS TEpPMOMETPUYHOTO KOHTPOJIIO 00JIafHAHHS aec Ha IifcraBi
ZIOCITi/IKEHHS MOXJIMBOCTi BUKOPHCTaHHS iHTeJIeKTyaIbHUX JaTYUKiB
Birasiii BikTopoBud JIeBUeHKO

BIT «3amopisbka AEC»
71504, Byn. [IpomuciioBa, 133, m. EHeprogap, Ykpaina

AHoraniga

AxrtyanbHicTb. Ilponiec migBuUIeHHs Oe3MeKW eKCIUTyaTallii aTOMHHMX eJEeKTPUYHUX CTaHI[i y BChOMY CBITI €
3arpebyBaHUM. TeOpETHKU NPU B3aEMOZil 3 NPaKTUKaM{ HaMaraloThCs 3alpOIIOHYBaTH ONTHMMAJbHHI BapiaHT
moOyZ0BU Cy4acHOi aBTOMAaTHM30BaHOI CUCTEMM YIPABJIiHHS TeXHoJoriyHuM mpoiecoM (ACY TII). ¥ gmaniii craTTi
PO3IJIAZAETHCS OZIHA i3 TPO6IIEM, 3 SIKOIO0 CTUKAIOThCS IPOEKTYBATbHUKYU cydacHUX ACY TII, a came pobutbcs cipoba
BIZITIOBiCTY Ha MUTAaHHA: SKUM YMHOM Ta 3a SKUMHU KPUTEPIsIMU MiZiOpaTyl iHTeNTeKTyalbHi AaTYWKU MapaMeTpiB
obnazuanus AEC, ki 6 BiANIOBiZia/id MOCTIHO 3POCTAl0YMM BUMOTaM /0 HAAIiAHOCTi, TOYHOCTI Ta MaKCUMAaJbHii
aBTOMaTH3allil KOHTPOJIIO 3a CTAHOM TEXHOJIOTiYHOTrO Ipoliecy. B ZaHOMy BUIAZKY y SAKOCTi 00’€KTY ZOCITiKEeHHS
BUCTYIIAIOTh Cy4YacHi iHTeJeKTyalbHi JaTYUKU TEMIIEpaTypH, a TaKOXX TepMoliepeTBopioBau omopy TCIT-0690, 1o
ITMPOKO 3aCTOCOBYIOTHCS 3apa3 Ha aTOMHHUX eJIeKTPUYHUX CTaHLiAX YKpaiHu. Ha cborogHi B amapatypi ACY TII
eHepro6sokiB AEC Bce Ille nomMpeHa IPaKTHKa BUKOPUCTaHHS aHAIOTOBUX TEPMOJATYHKIB, IIPOTE PO3BUTOK Cy4acHOI
MiKPOCXEMOTEXHIKM 03BOJIsIE OpraHi3oByBaTH Oinbil ebeKTUBHI Ta HaZilHI CMCTEeMH aBTOMAaTUYHOTO KepYyBaHHS
(KOHTPOJIIO) 32 TEXHOJIOTIYHUM ITPOIIECOM, IIPOTE BiICYTHICTDb JOCTATHDBOI iHGOPMAIIil ITPO CIIPOMOIKHICTh €EKTUBHOL
IIpale3/laTHOCTI iHTeJeKTyaJIbHUX AaTYMKiB B yMoBax AEC cTae IepelioHo0 Ha IUIAXY 0 BIIPOBA/KEHHA iX.

Meta. TeopeTU4YHUI Ta eMIIpUYHUN aHali3 iCHYIOUMX IHTeNeKTyaJbHUX JAaTYMKIB TeMIlepaTypH, CIPAMOBAHMUI
Ha BUABJIEHHs HaWOLIBII BiATIOBIIHMX JATYMKIB TEMIIEpaTypH, SIKi MOXYTb OyTH PO3IJIAHYTI I 3aMiHU MOPaJIbHO
3acTapilnx aHaJIOTOBUX AATYUKIB.

MeTtoau. TeopeTWYHHWH MiJXiZi 3 BUKOPHUCTAHHAM IIOJIOXKEHb Ta amapary Teopil iHdopmariii, azanToBaHUX 0
BUMIipIOBaJIbHOI TEXHIKHU, Ta eKCIIEPUMEHTAIbHI AOCTiIX)KeHHS.

Pe3ynbTaTu. PO3rIsTHYTO aKTyaIbHi MUTAaHHS OLiHKY 32CTOCOBHOCTI iHTEIEKTYaIbHUX ITUPPOBUX JATYHKIB TEMIIEPATYPU
B CHCTeMax TeIUIoTeXHiuHoro KoHTposo Ha AEC. [TpoBeieHO MOPiBHAMBHUI aHasIi3 BUMipIOBaJIbHUX IIepeTBOPIOBAYiB
TeMITEpaTypU 3 TOUKH 30py iHOpMalliliHO-eHEPreTUYHOI Teopii BUMiproBaHb. ByJi0 BCTAHOBJIEHO, IO YCi PO3TJITHYTI
IMPOBi TEPMOAATINKY MAIOTh Kpallli XapaKTEPUCTUKY HiK IITaTHUH BUMiPIOBaJIbHUN IPUCTPil — TEPMOIIEPETBOPIOBAY
onopy TCIT-0690, ToMy pe3y/ibTaTaMH € BUCHOBKH, ITI0 TTOAAJIbIII ZOCTiYKEHHS B IAHOMY HaIpsMi € IEPCIIEKTUBHUMU Ta
aKTyaJbHUMU.

BucHoBku. [laTuuk Temnepatypu DS18B20 € Haii6imbIl BiANOBiZHMM JAJIs BUKOpHCTaHHA B amaparypi ACY TII
eHepro6okiB AEC, 3 Touk# 30py Teopii iHpopMmariii Ta 0ro paKTUYHUX BIAaCTUBOCTEH

KirrouoBi ciioBa: Gesnexa AEC, MOHITOPHHT 1 KOHTPOJIb, BUMIPIOBaHHSA TEMIIEPATypH, HUPPOBUM TEPMOAATUHK,
KOMII'TOTepr30BaHa 06pobka curnanbHoi inpopmarriii



