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INCREASING THE EFFICIENCY OF THE SURFACE-MOUNTED ULTRASONIC
ELECTROMAGNETIC-ACOUSTIC TRANSDUCER ON ACCOUNT
OF THE MAGNETIC FIELD SOURCE

G.M. Suchkov*, V.F. Bolyukh**, A.I. Kocherga***, R.P. Mygushchenko****,
0.Yu. Kropachek*****

National Technical University “Kharkiv Polytechnic Institute”,

2, Kirpichova str., Kharkiv, 61002, Ukraine.

E-mail: hpi.suchkov@gmail.com; vfbolyukh@gmail.com; kocherga.oleksandr07@gmail.com; mrpl@ukr.net;
kropachek@ukr.net

Model studies were carried out using the COMSOL Multiphysics package, aimed at ensuring the forming of a
permanent magnet magnetic field at a considerable distance to a ferromagnetic product from its pole, which is
necessary to create efficient portable ultrasonic electromagnetic-acoustic transducers of thickness gauges and testing
and diagnostic devices. It is theoretically shown and experimentally confirmed that for portable measuring ultrasonic
devices it is expedient to set the height of the permanent magnet at about 60 mm and the cross section of the magnet
pole 50x50 mm’. At the same time, with a gap between the magnet pole and the product of about 30 mm, the value of the
normal component of the magnetic field induction near the surface of the object is about 0.3...0.4 T, which is sufficient
for thickness gauging or diagnostics of ferromagnetic products using the ultrasonic pitch-and-catch method. References
19, figures 8.

Key words: measurements, testing, diagnostics, electromagnetic-acoustic transducer, gap, magnetic field, permanent
magnet, magnetic field induction, ultrasonic pulses, ferromagnetic product.

Introduction

Electromagnetic-acoustic (EMA) transducers are increasingly used for ultrasonic testing and
diagnostics of products made of ferromagnetic material with dielectric coatings or deposits on the surface [1-
13]. The thickness of coatings can reach 2-5 mm, and deposits up to 20 mm or more, especially on the inner
surfaces of pipelines for various purposes. Cleaning such deposits before control requires significant
financial and material costs [14-15].

There is an opinion among non-destructive testing specialists that electromagnetic-acoustic
transducers (EMATSs) have a low efficiency of converting electromagnetic energy into ultrasonic energy and
vice versa (double EMA conversion) [2, 7]. A contradiction arises. On the one hand, it is necessary to
diagnose products with coatings and deposits of significant thickness without expensive cleaning [7, 14-15],
and on the other hand, in this case, low efficiency of EMA conversion is declared.

According to known works [2-3, 5, 7, 16], the efficiency of EMAT is estimated by the coefficient #
of the double EMA conversion, which can be represented as:

n=k-I1-B*-exp(-h/R),
where k is a coefficient that depends on the electrical, magnetic and elastic characteristics of the material
tested; 7 is the strength of the high-frequency current in the EMAT inductance coil, 4; B is the value of the
normal induction component of a permanent polarizing magnetic field in the surface layer of the object of
control (OC), T; h is the distance from EMAT to surface of OC, mm; R is the average size of the high-
frequency inductor of the transducer, mm.

Direct combined overhead EMATSs are most often used for portable devices that allow exciting and
receiving shear ultrasonic pulses, which are characterized by increased sensitivity when detecting defects [7,
16]. For these devices, it is necessary to ensure the maximum possible induction of the magnetic field at a
considerable distance (5 - 60 mm) from the surface of the ferromagnetic OC to the source of the magnetic field.

© Suchkov G.M., Bolyukh V F., Kocherga A.l., Mygushchenko R.P., Kropachek O.Yu., 2023
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To increase the EMAT efficiency, research and development is being carried out aimed at increasing
the current / in the high-frequency coil [17], and at increasing the value of the normal component of the
induction of the magnetic field in the surface layer of the OC [2, 7, 10, 18]. It should be considered that when
using combined EMATS, the efficiency depends to a greater extent on the magnitude of the induction B of
the magnetic field than on the high-frequency current / [2, 7]. This makes it necessary to increase the
induction of a permanent magnetic field in the surface layer of the OC, which is especially relevant at
significant distances / from its source, made on the basis of a highly coercive permanent magnet.

The aim of the work is to increase the effectiveness of the overhead ultrasonic EMAT by increasing
the ratio of the amplitude of the first reflected ultrasonic pulse to the noise amplitude by selecting the
geometric parameters of the magnetic field source located at significant distances from the surface of the
ferromagnetic control object.

Consider EMAT for portable ultrasonic devices, which are used mainly for thickness measurement
or diagnostics of products with equidistant surfaces: sheet, tube, shell, etc.

Basic provisions for modeling:

— consider the ferromagnetic material half-plane product as the OC.

—use a NeFeB ceramics-based permanent magnet in the form of vertically arranged sections, each of
which has a rectangular shape in the vertical section, and a square shape in the horizontal section as a source
of the magnetic field

— use a magnetic wire located above the sections of the permanent magnet to increase the induction
of the magnetic field in the near-surface layer of the OC.

Also consider the magnetic field B in the plane (z0x) crossing the middle of a magnet with a square
section of a pole with side a, Fig. 1, using the COMSOL Multiphysics application program package [19].

When conducting experimental research, the normal component of magnetic field B induction was
measured by a Hall sensor in the active zone — under the pole of the magnetic system at a height of 0.5 mm
above the surface of the OC. This is necessary for verification of simulation results and experimental
measurements.

7| A simplified physical model of a combined EMAT
- a - 6 located above the surface of a ferromagnetic OC with plane-
r =) 7 parallel planes (a variant of thickness measurement) is shown in

Fig. 1, which shows: / is the permanent magnet; 2 is the OC; 3
is the high-frequency inductor; 4 is an electromagnetic screen
designed to protect against excitation of coherent pulsed

A 4 ultrasonic interference in the magnet; 5 is a protector designed
) to protect the transducer from mechanical damage; 6 is the

S . 3 magnetic screen; Z1 is the distance between the magnet pole

i 0 and the product (hereinafter the gap); H, is the thickness of the

h

dielectric coating (deposit) on the OC surface; H1 the height of
the permanent magnet; a is the side of the square pole of the
permanent magnet; B is the normal component of induction of
the permanent magnetic field. Arrows in the OC volume show
the directions of ultrasonic pulse propagation.
‘ A The following provisions are considered during
modeling. The thicknesses of the electromagnetic shield, the
high-frequency inductor and the protector are included at a
distance of Z1 from the magnet pole to the OC surface. A
certain (technological) distance % is required between the high-
frequency inductor and the end of the permanent magnet. This
Fig. 1 is due to the fact that in a permanent magnet, even in the
presence of an electromagnetic shield, coherent ultrasonic pulse
interference can be excited. Thus, for example, with the thickness H, of the dielectric gap between EMAT
and OC up to 20 mm, the thickness of the protector 1 mm, the thickness of the high-frequency inductor up to
1.5 mm, the thickness of the electromagnetic screen up to 0.6 mm and the distance between the high-
frequency inductor and the end of the magnet up to 8 mm, the total distance Z1 between the lower end of the
permanent magnet and the surface of the product being measured can be 30 mm or more.

27
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Considering the influence of the height H1 of the permanent magnet on the value of the induction
normal component of the magnetic field in the active zone of the OC, a permanent magnet with a pole cross
section of 50x50 mm as the maximum size was chosen, which is determined based on the ability of the
operator of the portable device to physically scan the ferromagnetic metal product being diagnosed. One
example of modeling for a magnet height of 60 mm
and changes in the distance from the pole of the
magnetic field source to the OC in the range of
5...60 mm is shown in Fig. 2. These are the results
of comparative experimental studies, for an air gap
of 5.5 mm, position 1 (19.5 mm total gap from the
magnet pole to the OC) and 15.5 mm, position 2
(29.5 mm total gap from the magnet pole to the
OC). The distance from the magnet pole center is
calculated along the surface of the OC.

Fig. 3 shows the generalized simulation
results for the normal component of magnetic field
induction for magnets of different heights H1 at
different values of the distance Z1 from the pole of
the magnetic field source to the surface of the OC.
Analysis of the data shown in Fig. 2 and Fig. 3
allows us to draw the following conclusions:

215 — to obtain a value of the normal component
of magnetic field induction sufficient for EMAT
operation (at least 0.35 T) [19] at a distance between
the permanent magnet pole and OC Z1 = 30 mm, the

Zi=5m  height of the magnet should be selected H1 = 50
1= 20 rre mm.

Z1= 10 M

21= 25 — with an increase in the height of the H1
7™ magnet, the normal component of the magnetic field
~-.0 Induction in the active zone near the surface of the
zi-45m  ferromagnetic OC increases nonlinearly with a

Z1=50m1 slowdown in its growth rate;
=B — the value of the normal component of the
A= magnetic field B induction within £ 10 mm from the
center of the magnet pole (the EMAT active zone)
A1 mm does not change by more than 10%, which is
Fig. 3 sufficient [10-11] for the formation of the
directional diagram of the ultrasonic field during

reception and emission in the OC pulses of ultrasonic vibrations;

— when the gap increases, the width of the dependence of the normal component of the magnetic
field induction on the border of its maximum value also increases, which makes it possible to form a sharper
directional diagram of the ultrasonic field, other things being equal;

— for the conditions established during modeling, the value of the normal component of the magnetic
field induction at a gap of about 30 mm, determined earlier, reaches 0.3...0.4 T, which is sufficient [4-5] to
ensure the performance of the EMAT.

An increase in the normal component of magnetic field induction is also possible due to the use of a
magnetic (ferromagnetic) screen [7, 16]. Consider the EMAT magnetic system with a magnetic shield
(position / in Fig. 4), which covers the permanent magnet from above (Fig. 4, a), partially (Fig. 4, ) and
completely (Fig. 4, ¢) from its sides. During modeling, the height Y of the side sections of the magnetic
screen varied in the range of 0...65 mm. In the given example, the gap Z1 = 10 mm.

The influence of the height Y of the side sections of the magnetic screen on the value of the normal
component } of the magnetic field induction in the center of the magnet pole is shown in Fig. 5. The analysis
of the data shown in Fig. 4 and Fig. 5 shows that the greatest increase in the normal component of the
induction of the magnetic field is provided by the location of the magnetic screen on the upper part of the
pole of the permanent magnet. Comparing the generalized simulation data shown in Fig. 3 and Fig. 5, it

ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 2 5



=
€ 10
T o

E
S 10

Fig. 4

should be noted that with a
significant gap between the
permanent magnet and the OC
due to the ferromagnetic screen
on the upper part of the magnet
pole, the addition of magnetic
field induction is about 0.1 T,
which with a significant gap can
be significant (25..30%). In
addition, the magnetic shield
can be the basis for fastening a
permanent magnet in the EMAT
¢ case. This allows you to

suspend the magnetic system in

the EMAT housing and protect

=
g 130
=i
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it from destruction in the event of a collision with a ferromagnetic OC.
Let us consider the influence of the size of the magnet end (parameter a, Fig. 1) on the value of the

87T
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normal component of the magnetic field B induction. Based on
the practical experience of operating the EMAT [5], the
minimum size of the permanent magnet end is chosen as axa =
30x30 mm. This ensures the formation of an acceptable
magnitude of the of the magnetic field B induction at relatively
small distances to the OC. The maximum acceptable pole size is
defined as 50x50 mm, based on the operator's physical ability to
scan the diagnosed metal product. The maximum size of the
magnet pole is set at 100x100 mm, as acceptable for use in
mechanized or automatic systems of ultrasonic measurement,
control and diagnostics.

The influence of the end size of the pole permanent
magnet on the value of the normal component of the of the
magnetic field B induction at different values of the height of
the magnet and different sizes of the gaps between the magnet
and the OC are shown in Fig. 6.

The analysis of the results regarding modeling of the influence of the pole ends sizes in the range of

30x30...100x100 mm”
allows us to draw the
following conclusions:

- with all
considered sizes of pole
ends and gaps greater than
20 mm, the increase in the

value of the normal
component B of the
magnetic field induction

does not exceed 0.1 T,
which is not significant.

— with smaller pole
end sizes and a magnet
height of about 60 mm, it is
possible to obtain larger

H, = 60 mm
H, = 50 mm 0 x 10 B n H, = 50 mre 50 x 57
H = i0mm | ] )\ R
il A | h

i — Hy=30mm — — ]

v 5 o

h mm o 5 v 5 21 2% X

Fig. 6

values of the normal component of the magnetic field induction with gaps between the magnet and the OC

up to 5 mm.

Based on the obtained theoretical results and experimental studies, an EMAT model with a
permanent magnet based on NeFeB ceramics with a height of H1=60 mm and a pole end size of 50x50 mm
was made. A magnetic shield 6 (Fig. 1) made of grade 3 steel with a thickness of 10 mm is attached to the

ISSN 1607-7970. Texu. enexmpoounamira. 2023. Ne 2



upper pole of the magnet. Experimental verification of the normal

« g; component of induction of a constant magnetic field showed compliance
a5+ with the results of model studies, Fig. 7. Its value reaches 0.25...0.3 T,
as + which, according to [4-5], is sufficient to obtain the necessary amplitude
g;? of ultrasonic pulses during double EMA transformation. This
ar assumption was tested on a special stand for OC — a sheet sample made

0% —u  —w g ©Of 09G2S steel 40 mm thick. Time sweep of the sequence of ultrasonic

21 mm
Fig. 7

pulses reflected in the volume of the OC on the screen of a digital
oscilloscope, obtained using the developed EMAT on the sample with a

gap between the transducer protector and the metal surface of 20.1 mm
(the distance from the pole end of the magnet to the metal surface is 33.6 mm) shown in Fig. 8.

From the data shown in Fig. 8, it can be concluded that the ratio of the amplitude of the first reflected
ultrasonic pulse and the noise
amplitude is approximately
5/1, while according to [7]
this  ratio  should be
approximately 3/1.
Therefore, the developed
transducer with a
modernized magnetic system
has a higher efficiency
compared to known ones.
Thus, the obtained
experimental results show
the increased efficiency of
the developed EMAT, which
uses an improved magnetic
field source.

CHi~ 188U

CH2~ 1.8V

Conclusions.

1. As a result of calculation and experimental studies, it was established that in order to ensure a
sufficient value for the measurement of the normal component of the magnetic field induction, at significant
distances from the EMAT permanent magnet to the ferromagnetic OC, it is necessary to increase the height
of the indicated magnet and the width of its poles.

2. For portable measuring ultrasonic devices, it is advisable to set the height of the magnet to about
60 mm and the cross-section of the magnet pole to 50x50 mm®”. Thus, with a gap of about 30 mm, the value
of the normal component of magnetic field induction is about 0.3...0.4 T, which is sufficient for thickness
measurement or diagnostics by the ultrasonic mirror-shadow method.

3. With large gaps, an increase of approximately 0.1 T in the normal component of the magnetic
field induction is proposed to use a magnetic screen with a thickness of about 10 mm, located on the upper
pole of the magnet.
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3a oonomozoro naxemy COMSOL Multiphysics euxonano moOenbHi 00CNIONHCeHHA CNPAMOBAHI HA 3abe3nedeHHs
POpMYBaHH MASHIMHO20 NOJS NOCMIUHO20 MAZHIMY HA 3HAYHIU GIOCMAHI 60 1020 NONIOCA 00 (BEPoMACHIMHO20
8UpOOY, WO HeOOXIOHO 3a05l CMEOPEHHS eQEeKMUBHUX NOPMAMUBHUX YILMPA3EYKOBUX €IeKMPOMACSHIMHO-AKY CIMUYHUX
nepemeopiosauie MoSWUHOMIPIE | npunadié KOHmMpono ma oJiacHocmuxu. Teopemuyno NOKA3aHO ma excnepu-
MEHMANbHO NIOMBEPONCEHO, WO Ol NOPMAMUBHUX BUMIDIOBANLHUX VIbMPA3E8YKOBUX NPUNAOIE BUCOMY NOCMIUHO20
Maznimy doyineHo ecmanosniosamu 6ausbko 60 mm ma nepepiz nomoca maznimy — 50x50 mm’. Ipu yvomy y pasi
3a30py MIdiC NOIOCOM MacHimy i eupobom Oauzvko 30 MM 6enuduHa HOPMATLHOI KOMNOHEHMU THOVKYIL MAZHIMHO20
noas 6ina nogepxui 00'ekma cmanosums 01usvko 0,3...0,4 Tn, wo € docmamuin 01 NPOBeOeHHs MOGUUHOMEMPIL YU
diacHOCMUKU hepoMasHImHUX 8UpoOi8 YIbmpaz8yKo8UM 03epKALIbHO-MIHbo8UM mMemodom. bidim. 19, puc. 8.

Kntouoei cnoea: BUMIpIOBaHHS, KOHTPOJb, MiarHOCTHKA, €JIEKTPOMArHiTHO-aKyCTHYHMI II€peTBOpIOBad, 3a30p,
MarHiTHe IoJje, MOCTIHHUN MarHiT, 1HIYKIIisS MArHITHOTO NOJIS, YJIbTPa3ByKOBI IMITYJIbCH, ()epOMArHiTHUI BUPIO.

Hapivima 21.11.2022
Ocrarounuii Bapiant 05.12.2022
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I
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OCOBJIMBOCTI JMHAMIYHUX XAPAKTEPUCTHUK CUCTEM PEI'YJIIOBAHHA 13
OJHOCTOPOHHBOIO TA IBOCTOPOHHBOIO HTUPOTHO-IMITY JIbCHUMU MOAYJIAIIAMHA

A.B. Ilep6ak’’, nokT. Texn. Hayk, K.5I. IBakina®", kaHa. TexH. Hayk

! Hanionasibuuii Texniunmii ynisepenrer «XapKiBchKuii nosiTexHiunmii iHncTuTY T,

ByJ. Kupnnyoga, 2, Xapkis, 61002, Ykpaina. E-mail: yvsh47@gmail.com

? XapbKiBchbKHIi HANIOHAILHUII YHIBepCHTET MichKoro rocnionapersa im. O.M. Bekerosa,
ByJ. Mapmaua baxkanosa,17, Xapkis, 61002, Ykpaina.

Memoto pobomu €. usHaueHHs OUHAMIYHUX GIACMUBOCHEN CUCEM ABMOMAMUYHO20 KEPYBAHHA IMNYIbCHO20 Nnepe-
mMeopI08aya NOCMItHOI Hanpyeu i3 0OHOCMOPOHHBLOI MA OB0CHIOPOHHLOIO MOOVIAYIAMU WIAXOM OOCTIONCEHHSL GNIUGY
Gopmu 0nopHo2o cueHanry Ha OUHAMIYHI NPOYecU y CUCMeMax A8MOMAMUYHO20 pe2yit08aHHS BUXIOHOI KOOpOUHAmMU
nepemeop8aia 3 WUpoKo suKopucmogysanumu nponopyitinum (P), inmeepanronum (1) ma nponopyiiino-inHmezpanbHum
(I1l) peeyrsmopamu. Hosusna 3anpononosanoi pobomu nonseac y 6UHaAUeHHi 6naugy 0OHOCMOPOHHbOI ma 080CMmO-
POHHBOI UUPOMHO-IMAYILCHUX MOOYAAYIU HA CMIUKICMb Ma YMO8U Npoyecy Kinyesoi mpusanocmi cucmemu asmoma-
MUYHO20 KePYBAHHA IMNYIbCHUM Nepemeoprogaiem NOCMIuHoI Hanpyau. JJuHamiuni Xxapakmepucmuxu cucmemu 00cui-
0JfCeHi i3 3acmOoCy8aHHAM IMNYIbCHUX MOOeell Nepemeoprogaia NoCmilHoi Hanpyau i 6UKOPUCIMAHHAM MAMeMamuidHo-
20 anapamy Z-nepemeopeHHsi ma iMimayitinozo mooenosants. Ompumano aHaiimuyHi 3a1eHCHOCME: YMO8U CMIUKOCMI
07151 NPONOPYIIHO20, THMESPATLHO20 MA NPONOPYITIHO-IHMESPATLHO20 Pe2YISMOpPI8; YMOBU NPOYecy KiHYesoi mpueaio-
cmi 6 cucmemi i3 anepioOUdHOIO JAHKOIO 8 KOJi HABAHMANCEHHS, OCYUIOZPAMU NepexiOHUX npoyecie, uwjo niomeep-
0arcyromes meopemuuni pesynomamu. Ilpakmuuna yinnicmo noaseae 8 momy, wo ompumani 6 pobomi pe3ynrbmamu 0a-
10mb nid uac po3pooKu cucmemu a8MOMAMUYHOL0 Pe2yIOBAHH I3 3A0AHUMU NAPAMEMPAMU MONACIUBICIb ONMUMATb-
HO20 8UOOPY MUY WUPOMHO-IMIYAbCHOT Modynayii. bion. 17, puc. 15.

Kntrouosi cnosa: miepeTBoproBad IMOCTIHHOI HANIPYTH, IMUPOTHO-IMITYIECHA MOMYIIAIIS, IMITyTbCHA MOJENb, TIepeaaBa-
ThHA (GYHKITISI, XapaKTepPUCTUIHE PiBHAHHS, CTIHKICTh CHCTEMH, MPOILIEC KiHIIEBOT TPUBAJIOCTI.

Beryn. V BHCOKOE(PEKTHBHUX CUCTEMaX MEPETBOPEHHSI €ICKTPHUYHOI €HEepTii MIMPOKO 32aCTOCOBYIOTh
iMIysbeHI nepeTBoproBayi noctinoi Hampyru (IIIITH) 3 0oqHOCTOPOHHBOIO Ta JBOCTOPOHHBOIO MIMPOTHO-
immynscHUME MoxyJisimisimu (LLIIM) [1-8] Taki mepeTBoproBadi 3aCTOCOBYIOTHCS JJIsl TIOOYIOBH aBTOMAaTH-
30BaHOTO EIEKTPOIPUBOAY MOCTiitHOTO [1,2] 1 3MIHHOTO CTPYMIiB Ta CTA0LTI30BaHUX CHCTEM XKUBJICHHS [3-8].
PizHATBCS Mik 0000 Taki epeTBOproBadi (POpMaMHu OTIOPHUX CHUTHANIB. Y MEpEeTBOPIOBayYa 3 OJHOCTOPOH-
Hpor0 [1IIM 1e ogHOCTOpOHHI MIIIKOMIONIOHMIA CUTHATI, a i3 nBocTopoHHiH IIIIM — nBocTopoHHi# omopHuit
curtait. g BimMiHHICTE BIUMBaEe Ha auHamivHi BiaactuBocTi ITIITH sk auckpeTtHOi cuctemu. Lle € meToro
JIOCTIKEHb TaHOT pOOOTH.

Hocnimxensto IITITH 1 po3po6ui iMmynscHEX Mozesel mpucBsueHo podotu [9- 12]. B [13- 16] pos-
TJISHYTO TUHAMIYHI BIACTHBOCTI CUCTEM aBTOMATUYHOTO PETYIIOBAHHSA 13 0HOCTOpOoHHBOIO 1IIIM i3 ypaxy-
BaHHAM TUCKpeTHUX BiacTuBocter IIIITH. € 3HauH0 MeHIa KidbKicTh POOIT, B SKHX HABEACHO PE3yJIbTaTH
AHAJIOTIYHUX JOCHIKEeHb 13 qBOCTOpoHHBOIO IIIIM [17]. Cnix 3a3HauuTH, IO BIiJOMI Pe3yJbTaTH JOCIi-
JOKeHb HE HalaloTh TOBHOTO PO3YMIiHHS BiIMIHHOCTI JAWHAMIYHHUX BIIACTUBOCTEH CHCTEM 13 OJIHOCTOPOH-
HBOIO 1 IBOCTOPOHHBOIO 11IIM.

Meta po6oTH MOJIsTa€ B BU3HAYCHHI AMHAMIYHUX BJIACTHBOCTEH CHCTEM aBTOMATHYHOTO PEryJto-
BaHHA 3 3actocyBanHsAM I[1ITH i3 0qJHOCTOPOHHBOIO Ta ABOCTOPOHHBOIO MOIYJIALISIMU IIJISIXOM aHaJli3y Mpo-
I[ECiB B CHCTEMi aBTOMAaTHYHOTO PETYJIOBaHHS BHUXiTHOT KOOPAWHATH TIEPETBOPIOBaYA 3 MIUPOKO 3aCTOCOBY-
BaHux: nponopuiiauM (IT), interpansaum (I) Ta inTerpansao-nponopuiiauM (I1I) perynstopamu, 1o € ax-
TyaJbHOIO 3aJauelo, IKa BU3HAUA€ HOBU3HY OJICPKaHMX PE3yJbTaTiB Ta MPAKTUYHE 3HAUCHHS.

1. Cucremu 3 oagHocTopoHHbo0 INIM. CTpyKTypHY CX€My CHUCTEMH aBTOMATHYHOIO pPEry-
moBarHs (CAP) 3 immynbscHOI0 Moaemtio ITTITH miis pesxkuMmy HerrlepepBHOMY CTpyMY HaBEIECHO Ha puc. 1,
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ne no3HaueHo: G(p) — nepenaBanbHa GYHKLUIS peryisropa; H(p) — nepenaBanbHa (QyHKIIS Kojla HaBaHTa-
xeHHs. Mogens IIITH cknanaerses i3 igea-

@ T %_ ; ©9 " 1pmoro IMITyJIbCHOTO eJIeMEHTa i3 MepioioM
- 5 JUCKpETHOCTI T i TPUBENCHOI HEmepepBHOT
—> G(p) 3> xF P B vyactunu K TF, ne K| — craTudanuii koedimi-

- @) €HT nepenadi, F — daxrop mynbcariii [13].
Iponopuiiinmii peryasitop. Ilepe-
Puc. 1 JaBabHI QPYHKIIT perysaTopa i Koia HaBaH-

TaKCHHS
: 1
G(p)=K,; H(p)= ——- @)
T, -p+1
3B'SA30K MiX BXiJTHUM 1 BUXIJHUM CUTHAJIaMH BU3HAYAETHCS BUPA30M
. (2)-K,-F-T

ye)= G R T 2)

1+K,-F-T-HG'(2)
Y HacHiIOK TOTO, IO PI3HUI MOPSIKIB TOJIHOMIB 3HAMEHHHKA 1 YUCENIbHUKA TIepeIaBaabHOl PyH-
KIIii MPUBEICHOT YaCTUHU

H(p)-G(p) = 3)

0
I-p+l1
JOPIBHIOE OIMHMUII, 11 peaxiis Ha Buxigauii curnain I[1ITH e po3pusHoto dyHkieto. dns dikcarii iMmysbe-
HHUM EJIEMEHTOM JIIBOCTOPOHHIX 3HAY€Hb BXIJHOTO CHUTHATY XapaKTEePHCTHYHE PIBHSHHA, IO OAEPIKAHO i3
BHpa3y (2), HabyBae BUTIISITY
1+z"K,-F-T-HG (z,])=0. (4)
VY BignosimHOCTI 10 [16] onepxyeMo MoaudikoBaHe MEPETBOPEHHS MepeaaToyHol (yHKINT npuBe-
JIEHOT HenepepBHOT YaCTHHU

e Th
HG*(z)=Z,_, Ko |_Ky ze ) ®)
Liop+l) T - T/h
I3 ypaxyBauusaMm (5) XxapakTepucTUIHE PiBHIHHS (4) HAOyBa€e BUTIIATY
I
z+(KU-K1~F-;—1J-eT':0. (6)
1

Bupa3 (6) mae MOKJIMBICTh OJIepKaTH YMOBH HAJIAIITYBaHHSI CHCTEMH PETYJIIOBAHHS Ha MPOIeC KiH-
neBoi TpuBanocti (ITKT) [12]

T,
K K =—1—. (7
T-F
dakrop mynbcaliil AN cUCTEMH 13 0JHOCTOpPOoHHBOI IIIIM anst pexuMy HEmepepBHOTO CTPyMY i
nepenaBanbHoOi GyHKUIT MpuBeAeHOT YacTHHU (3) BU3HAUAETHCS BUPA30M
- 7 7T/ _ T/
Floltk ~K17'—e . ®)

_n 1= )

08
I3 (9) BuTikae Te, mo ymoBa HanmamtyBaHHs Ha [IKT 3a-

Fl(y)06 JISKUTH BiJl 3MiH PeryJiboBaHOTO Mapamerpy 7. lle BHKIMKae He-

20 / OJTHO3HAYHICTH MEPEXiTHUX MPOIECIB.
_0'4'-@,,“ / Ha puc. 2 mokazaHo 3akoH 3MiHU (akTopa ITyJbcallii,
il g f KU oiepKaHo 3a BHpa3oM (9) Wi pi3HUX CTAIMX Yacy KoJia Ha-
w BaHTaXXCHHS TepeTBoproBava 7 1 HOro mepiogy AUCKpeTHOCTI T,

0 ne F1—pgna Ty/T =2; F2 — ma T,/T =5
- o 6 ' Bimomo [16], o Ass CTIKOCTI iMITyJIBCHOI CHCTEMH aB-
Puc. 2 TOMAaTUYHOTO PETYJIIOBAHHS HEOOXITHO, 1100 MOJIOCH XapaKTepH-
CTHUYHOTO DPIiBHSHHS (6) 3HAXOOUIUCS BCEPEAMHI KPYTy OIUHHY-

HOTO pajiiycy, TO0TO
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modHG'(z,])

l<1- (10)

[MincraBuBmu (8) B XapakTepucTUYHE PIBHSAHHS (6) 1 BAKOHABIIW NIEPETBOPEHHSI Y BIAIIOBIIHOCTI 10
(10), onmepkyeMo BHpa3 AJis TPAHMII CTIHKOCTI CUCTEMH

K -K <l (11
1 o T

2-e Tl —¢ yT‘(1+eT‘)
I'padik TpanmIi CTIHKOCTI CHCTEMH 3 MIPOIMIOPIIHHUM PETYISATOPOM Y 3aJIe)KHOCTI BiJl Y MIpelCTaBIIe-
HO Ha puc. 3, a, ne: K| — qna T/T=2; K, — nnst T1/T=5. Ha puc. 3, 6 nmoka3aHo BIUTMB Ha T'PaHMII CTIHKOCTI
CUCTEMH 3MiHH ii mapameTpiB cuctemu, konu: K1— ans y=0,2; K2 — st y= 0,5; K3 — qns y= 0,8; p=T,/T.
b |

0
50 /
40
40
] \ Ki)yy
K1) K2(p) / L~
CTR R S o -
- ,/// \s 10 )/
=" _L//_/"
% 02 04 06 08 % 2 1 6 8 10
ki P
a o
Puc. 3

Jlana cucTteMa peryiiOBaHHS XapaKTePU3YETHCS BHCOKOIO UYTJIMBICTIO TPaHUIl CTIHKOCTI 0 3MiH
peryipoBaHOIO ITapaMeTpa Yy epeTBoproBaya. BUkirkaHo e 0coOMMBICTIO 3MiH (akTopa mynbcalii (puc. 3,
a). Kputnuna BenmnunHa aktopa mynbcarliil gocsraetbes 3a y=0,5. Lle HeoOXiHO BpaXOByBaTH ITi{9ac Mpo-
eKTYBaHHS CUCTEMHU PETYJIFOBAHHS.

InTerpanbHuii peryasarop, G(p)= %T D)’ 3B 530K MK BXiJHUM 1 BUXiIHUM CHUTHaJIaMH CHCTe-
-

MU BH3Ha4aeThcsa BupazoM (2). [lepenaBanbHa QyHKIIS NpUBEISHOT HENEPEPBHOI YaCTHHU

H(p)-G(p)=[Ty-p-(T; - p+D] (12)
ne T, — cTana 4yacy peryssaropa.
MogaudikoBaHe z-TiepeTBOpEHHsI NepeaaBaibHoi QyHKIIT MpruBeaeHol HellepepBHOI YaCTHHU BH3HA-
4aeThCS BUPA3OM

-7/
1 1 z z-e
HG*(Z,5)=Zg:1 1 :T— _1— T . (13)
net-(pr | 207
1

zZ —e

[MizcraBuBmm (13) B xapakTepucTu4He piBHSAHHI (4) 1 3acTocyBaBiuu Bupas (10), ogepxyeMo BUpa3

JUTSL yMOBH CTIHKOCTI CUCTEMH
-7/
1< 2.(1+€ _T/)Tl . (14)
L kF-e )
V BinnosigHocTi 10 [13] i hopmynu (8) dhakTop mynbscauiil BU3Ha4ae€ThCs HOPMYIOI0
7T/ -7/

F—1:1+K1.Tl.(l_7_i). (15)

TR
2 l-e

[lincranoBka (15) B (14) mae Bupa3 mis yMOBH CTIHKOCTI CHCTEMH i3 ypaxXyBaHHSM ITyJILCYHOUOT
CKJIaJIOBOI CUTHAITy KepYBaHHsI IIEpETBOPIOBaYa
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2T/T;
T, 21— : (16)
yo T
(e Ty —2[(1—7)-(1—52”1 )—(1+e Ty 7T _gT/h J

I'padix rpanuui criiikocti y QyHKUI peryiboBaHOTO mapameTpa y IpeAcTaBleHo Ha puc. 4, a, IpH-
HHsATO HacTynHi mo3HayeHHs: K=T/T,, komu K02 musa T,/T=5, a KO1 — T,/T=2. Ha puc. 4, 6 nmokazaHo 3aie-
JKHOCTI 3MiH TPaHHIl CTIHKOCTI CHCTEMHU Bil (QYHKIN Mepioxy AUCKPETHOCTI ITEPETBOPIOBAYA, CTAJIOl Yacy
KOJIa HaBaHTa)XKEHHS 1 peTyJIbOBaHOTO MapaMeTpa nepeTBoproBaya, ae: Ki= T,/T, K1 — gns y=0,2; K2 — mos
v=0,5; K3 — ana y=0,8; p=T,/T.

50 rd /

. /1 /
7

Ki(p),, /

K[]l('.-')m ) / /
) /

K02(y K3(p)yg

Puc. 4

Sk cmimye 3 (12), pi3HUI TOPSAAKIB TOTIHOMIB YHCETFHUKA 1 3HAMEHHHKA TOPiBHIOE 1BOM. Lle o3Ha-
Yae, M0 MyJIbCyIoYa CKIIaI0oBa CHTHATY KepyBaHHsI IepeTBOproBaya JOPMY€EThCSI IBOMA KaHalaMu mepeadi
iHpOpMaIil 00 BUXITHOI KOOPAMHATH CHCTEMHU PETyIIOBaHHA. B Takiil cucremi BincyTHs (i3udHa ymMoBa
(hopmyBanHs mpotiecy kinneBoi TpuBanocTi (IIKT) [11].
CucreMa peryJIlOBaHHS HANPYrH 3 iHTerpajbLHUM peryJsitopoM. 3amisi moOymoBr cTadimi3oBa-
HUX JDKepell KHUBJICHHsI Ha 0a3i nmeperBoproBadiB Hanpyru 3 LIIIM 3acToCOBY€eTBhCSI cuCTeMa peryiroBaHHS,
CTPYKTYPHY CXEMYy SIKOI HaBEJICHO Ha pHC. 5.
T 3B’S30K MIX BXIJIHAM 1 BUXIIHUM
%/_ 3 (G&) CUTHAJIAMM CHCTEMHU DETyJIIOBAaHHS BH3Ha-
+ T : Ya€eThCSl BUPA30M
x op |—3- KIF |
g i O y @) V(o=@ Ky FT )
T : 1+K,-F-T-G"(z,¢)
XapakTepuCTUYHE PIBHSIHHS  JJIs
¢ikcarii IMIyJIbCHUM €JIEMEHTOM JiBOCTO-

Puc. 5

pOHHiX 3HAa4YCHb BXiZ[HOl"O CUTrHaJly Ma€ BUTJIAQ

1+z"-K,-F-T-G'(z,) =0, (18)
ne G(z,6)=Z,_, i1 =z |
2 P T, z-1
Ymoga ITIKT I,=K,-F-T; (19)
(hakTop mymbcariit
F =1+ K (T 1) (1-7); (20)
YMOBa CTIHKOCTI
r 2 | 1)
T, |K @y

Ha puc. 6, a noka3ani rpadiyni 3anexxHocti ¢pakTopy nmyibcauiil Bix vy, ae: F1 — qnsa 1=T, F2 — ans
7,=0,66T, a Ha puc. 6, 6 Ta TPAHUIA CTIMKOCTI CHCTEMH aBTOMATHYHOTO PETYJIIOBAHHS BUXITHOI HANPYTH
nepersoproBaua 3 [IIM mis K;=1, Ha skomy K=T,/T. I3 puc. 6, 6 Burikae, mo 3a T,=7 cucrema BTpavae
CTIHKICTb.
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I[Iponopuiiino — inTerpaabHuii peryasitop (I1I):
I-p+1 1

= . 22
G(p)= op H(p) Tp+l (22)
! // 08
. AP o
// 06

=]
) i P K(1)

a o
Puc. 6
3B'S30K MK BXIIHAM 1 BUXITHHUMH CUTHAJIaMH CHCTEMH PETYJIOBAaHHS BU3HAYAETHCS BUpPa3oM (2).
[MepenaBanbpHa QyHKIlISA TPUBEICHOT YACTUHN MA€ BUTJIS

T,-p+1
G(p)-H(p)= 3 , (23)
IL-p-(L-p+1)
ne T, i T5— crani gacy I1I — perymsaropa.

BukonaBmu poskinan (23) Ha eneMeHTapHi JJAaHKH, MaeMO

T

) 1 T, T,-T, el

GH (Z,I):Zg=1 —1+# :i (__1) EEGE— (24)
s_e Tl

[TincraBupmm (24) B (4) i BUKOHABIIN TIEPETBOPEHHS, OACPKYEMO XapaKTEPUCTHUHE PiBHSIHHS B Ka-
HOHIYHIN Qopmi

T T T
- - T-T
22 +z- Kl-F-i- 1+(——1) —l-elye . (1-K,-F- 3y=0. . (25)
T, T, 24
3Bigku ymoBu I1IKT
L=T-(-e My, =K F-T-(1-e1'h). (26)

3a/uis OTpUMaHHS YMOBH CTiHKOCTI CHCTEMH PETYJIOBAHHS B XapaKTEPUCTHUYHE PiBHSHHSA (4) mij-
CTaBHMO z-TiepeTBOpeHHsI (24) nepenaBanbHOi QyHKLIT IpuBeeHOI HeepepBHOT yacTuHH (23) 1, BUKOHABIIH
NEePETBOPEHHS, OJICPKUMO
-T/T;
T 2-(1+4e "1
—< = ( T ) =. (27)
L Ky-F|l-¢'™M.(1-2-T3/T))

®daxTop MyJIbcalliii BU3HAYAETLCS PEaKITiel0 MpUBENeHO1 HerepepBHOi YacTHHM (23) Ha BUXiIHY Ha-
npyTy MepeTBoproBaya. 3aiisi OTpUMaHHS BUpa3y il (hakTopy MmyJbcalliil mpeacTaBUMO NepeiaBalbHy ¢y-
HKLII0 (21) sk cyMy nepenaBaibHUX QYHKLIH eJ‘IeMeHTapHI/IX JIaHOK

1
G(p)-H(p)=—|— + kR 28
(p)-H(p) Ar (1 )p+1/T1 (28)
Toni, y BignosigHocTi 10 [13], dakTop mynbcalliii BUZHAYAETHCS SIK
2
Fr=1+3(F"-1), (29)

i=1
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e

Fl 214K, -y Bk By,
T T,

2

e’

TIT; _ ~T/T,

[TincraBuBmu B (29) BUpa3um mis Efl , OZICP>)KAMO

Fl=o1+K -

T
Ib)

T
(_3
5

~1)-

o 7T/T _ T/,
1—e T/

1-e /M

+1-y (30)

3akonu 3MmiH (pakropa mynbcaniid 1 Ki=1 HaBegeno Ha puc.7, a. I'padidHi 3a5eHOCTI BiIMOBia-
10Th HanamrTyBanHio cuctemu Ha IIKT y BimmoBigHOCTI 110 (26) U1 ABOX 3HA4YEHB CTANOi yacy 1; Kojia HaBa-

HTaKEeHHs mepeTBoproBaua: F — T, =12,5-10°¢; F,—T,=25-10"c.
3amucaBmy HepiBHICTH (27) i3 ypaxyBaHHsM Bupazy (30), oTpuMaeMo OCTaTOYHUI BHpa3 YMOBH
criiikocTi cucremu i3 I1l-perynstopom, rpadiku sikoi HaBegeHo Ha puc.7, 6, 1e K=T,/T. I'panuni cTiikocTi

CHUCTEMM peryntoBaHHs, ne K, — ang T, =25 10*35; K, — nna 7,=12,5- 107%¢.

08 =l
e i /
__.__,—l—l'
Fi(n)* ,_—--—-'""'f K1(y)
H _'_—_—_'_- |I
F2(r) -
— 04 s 2
0.2
% 0.2 0.4 0.6 0.8
a
Puc. 7
Usn
L_.r"\. A
[ F
:F ! /(
| | |
| | | I
0 t } t ¢ — i
l ' I l l
L';J" I [ I 1 1
0 0 vT T T
Puc. 8

100

]
Vi

401+ / \
20 _,...--"'"’/ \\‘--R
H““"""—-—-—_
0
0 02 0.4 0.6 0.8
7
2. CucreMmu 3 [BOCTOPOHHBLOIO

HIIM. Ha BimMinay Big ogHOCTOpOoHHBOI LIIIM
BUXIJTHHH IMITyJIbC TIEpETBOPIOBAYa Ma€E MO-
JyJIbOBaHi BXimHUM curHaioMm Uy mepenHiit i
3aHiN GPOHTH, K MOKa3aHO Ha puc. 8.

B pesymprari 1Mp0TO IMIyJIBCHA MO-
JeNb TepeTBOpIOBaYa IOCTIHHOI Hampyrd B
PEeXHMMI HENMEepepBHOTO CTPyMy KoJjia HaBaH-
TaXEHHS Ma€ NIBa KaHAIW Tepenadi inpopma-
il o0 3MiH curHany kepyBanHs Uy. CTpyk-
TypHa CXeMa CHUCTEMH DEryiioBaHHS HalOyBae
BUIJISIY, SIKUH MTOKA3aHO Ha puc. 9.

Mogenb MepeTBOprOBava IMOCTIHHOT
Hampyra Mae JBa iMIYJbCHUX €JeMEeHTa i3

nepioaMy KBaHTyBaHHA, piBHHX nepioxy LIIM. OauH i3 iMITyTECHUX €IEMEHTIB Mae 3aIi3HIOBAHHS KBaH-
TYBaHHS BX1JHOTO CHTHAIY Ha BEJIMYUHY TPHBAIOCTI BUXITHOTO IMITYJIbCY MTepeTBOproBayva [12,14].

x(z)
+

-

14

F

G(p)

%

K,TF,

I,

| SR

i

]
i
r

L
27 o
—>

yip)

:1, C'(z.£)

H(p)

Puc. 9

B cuny Toro, 10 Ha MpHUBEIEHY HEre-
PEPBHY YaCTHHH CHUCTEMH IIIOTh JIBI TIOCIiIO-
BHOCTI J-IMITYJIBCIB 1 Pi3HUX BEIHYHUH (PaKTO-
piB mynbcauiil F;Ta F,, BUHUKAE BiIMIiHHICTh
MPOTiIKaHHS AWHAMIYHHMX MPOLECIB BiJ aHAJO-
TIYHUX MPOLIECIB CUCTEMH i3 OJTHOCTOPOHHBOIO
IIM.

VY BignoBigHOCTI 10 puc. 9 Ta Bpaxo-
BYIOYHM T€, IO 3aIi3HEHHS IMITYJIbCHOTO eJie-
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MeHTy 7, BIIHOCHO iMITyJIBCHOTO eneMeHTy ' He NepEeBHILY€ OJIHOTO TAKTOBOTO iHTEpBaly, MOAHdiKoBaHe

z-nepetBopenHs curnany C(z,&) BusHavaeThes sk [16]
C*(z,szKl-T{ka(z,s)-F{ +x@(z,l—7)-F§], (31)

Jnst e=0 B piBEsHHI (31) 1 Yy BIZMOBIAHOCTI 10 pHC. 9, 0IEPKYEMO 3B'S30K MK BXiTHHM X(f) 1 BUXiTHUM
¥ (z,&) cuTHaJIaMu

K-T-xG ) F+xC l—p)-F) HE).
4z K T GH Gl F+GHE1-p) K
daktopu myJsbcaliil y pa3i npeAcTaBlIeHHS MepeaaBalbHOl QYHKIIT NpUBEIEHOI HEMepepBHOI Jac-

TUHU Y BUTISAL CYMH 71 €IEMEHTapHUX alepioUnYHNX JIAHOK 3 KoedimieHTamu niepenadi K; i cranumu dacy T;
BU3HAYAIOTHCS BnpasaMH

(32)

Y (Z )po =

~yTIT, _ -TIT n ~(=y)TIT, _ -TIT;
_1 e —-e -T e —e
=1+ ; . (33)
Z |—oTT Z:: 2.T, 1_e T/T:
I3 BUpazis (33) 1 (34) ciiaye, mo 3a y=0,5
F=F,=F,. (34)

Amnani3 BupaziB (33) anpiopi Bka3ye Ha Te, IO B CHCTEMi PEryJOBaHHS i3 ABOXCTOpoHHBOW LM
BiIOYBAETHCS 3MEHINIEHHS BIUIMBY 3MiH PETYJIIOIOYOTO IMapaMeTpy 7Y, BiTHOCHO omHocTopoHHBOI IIIIM, Ha
JUHAMI4HI XapakTepucTHKH. Lle € pe3yapTaToM B3aeMHOI KOMIIEHCali€lo (HaKTOpiB MyJbcamii.

[ponopuiiinuii peryasitop. [lapamerpu perynsaropa Bu3HauaroThcsi piBHHHAMEU (1). Momudiko-
BaHE z-TIEPETBOPEHHS MTePEIaTOIHOI (DYHKITI] MPHUBEIEHOT YaCTHHHU
K, K, z-e¢T/h

*
GH(z,¢) = i (35)
ne K,— xoedilieHT nmepenadi peryusropa.
XapakTepuCTHYHE PIBHSAHHS CHCTeMH i3 ypaxyBaHHsM (5), (31) 1 (34) mis K| HaOyBae BUTISALY
. [e—T/Tl Fae DT Fz}
1+K - —- =0. 36
’ I z—e TN (0
YMOBY CTIHKOCTI CHCTEMH OACPKUMO Y BiAMOBITHOCTI 10 Bupasy (10)
-T/T,
T l1+e ° 71
Ko<= 1 | ~TIT, S TTT | G7)
T [F-e Tl 4y DT
dakropu mynscanii y BiAnoBigHocTi 10 (33) BU3HAYAIOTHCS BUPA3aMH
_q K, T 7T/ _oTh 1 K, T e =77/ _e T/
=1+ . ; Fy =1+ . (38)
2'7"1 1_e_T/T1 2.7—'1 l_e_T/Tl
I'padiuni 3anexnocti ¢pakTopis mynbcamii ;s 7;/T=5 i3 IpOMOPLIHHAM PEryIsITOPOM MOKa3aHO Ha
puc. 10, a.
I3 piBHsiHHS (36) 0ep)KUMO YMOBH IPOIIECY KiHLIEBOI TPUBAIOCTI
T (7. Fy+F)
Hus v=0,5 ymosa (39) i3 ypaxysanssaMm (33) HaOyBae BUTIISIITY
I 1
O D S (40)

T Ly F,

BpaxoByroun 3akoHHM 3MiH (DaKkTOpIB MyJbcaliid Ta iXHIO B3aEMHY KOMIICHCAIIMHY [Iif0 HA IPUBENICHY
HEeTlepepBHY YacTHHY cHCcTeMHU, mifctaHoBka (40) B ymoBy (39) Hamae MOXKIMBICTh BU3HAYUTH iXHIN BILTUB
Ha CTIMKICTh cucTemH. I'padiku rpaHmI CTIHKOCTI, sIKi ofepskaHi 3a Bupasamu (37), (33), npencrarieHo Ha
puc. 10, 6, ne KO1 — st 7;/T=5 ta K02 — mnst T,/T=10.

I3 puc. 10, 6 BunIMBae, o B JaHii cUCTEMi 3MiHa PeryIbL0BaHOTO IapaMeTpy Yy MepeTBOproBaya Ma-
JI0 BIUIMBAE HA TPAHUIIIO CTIHKOCTI.
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]
]

16.3

Fiy) Kol(1)
hoceoral 11
FXyv) Ko2(
e
5.5
02
0
] 02 04 0.6 08 1 0 02 04 0.6 0.8 1
a 0
Puc. 10

Interpanbuuii peryasitop. IlincTaBuBum B XapakTepucTUYHUH NomiHOM (32) z-niepeTBopenHs (13)
s € =1 mepenaBanbHOl (yHKIIT npuBeseHOi HenepepBHOI yacThHU (12) 1 BUKOHABIIM TEPETBOPEHHS,
OJIEPKYEMO XapaKTEepUCTUYHE PiBHSIHHSA CUCTEMH 3 IHTETPAIbHUM PETYISITOPOM

~T/T; —(I=p)T/T;
1+T{(1_e1). Fl{l} Fz}o (41)
z z

L z-1 z—¢ T -1 T

TO,Z[i, yMOBa CTiﬁKOCTi CUCTCMHU BU3HAUYAETHCA BHpa3OM
2. (1 +eT/h ) ‘

I, ; (42)
) ‘(1—e‘T/E)ﬂ+[1+e‘T/Tl—2-e*(1*7)'T/T']F2‘
a (hakTOpH Mmybcarin
-y TIT, _ ~T/T, -y TIT, _ ~T/T,
-1 T e /et 1 T e VI et
H =l+—(0-y+———7—); Fy =1+ 43
1 2’TZ( 4 1-eT/h ) 2 2-T, g 1—eT'h 43)

Ha puc.11, a i 6 moka3aHo pe3ynbTaTH po3paxyHKiB GakTopiB myibcaniilt F1(y) i F2(y) cucremu i3 I-
perynstopom a1, =n-T,n=5; T, =T, 1a rpanuui ctiiikocti, komu K01=7>/T — nna T\=5-T, K02=T,/T —
s T1=10-T 3a popmynamu (42), (43).

> i

LUV Iy M~ | K07
F2(7) 10
il K02(7)
0.4 e
3
0.3
0
O 02 04 06 038 1 0 0z L 0s 0
a 0
Puc. 11

Cucrema peryJl0BaHHSI HANIPYTH 3 IHTerpajJbHUM PeryJasiTOPoM. 3B'sI30K MK BXiJHUM 1 BHUXiJ-
HHMM CHUTHaJIaMU CHCTEMH PEryJIIOBaHHS BU3HA4YaeThes BUpa3oM (31).

XapakTepuCTHIHE PIBHAHHS I (ikcarlil iMITyJI5CHAM €JIEMEHTOM JIIBOCTOPOHHIX 3HaUYEHb BXiTHO-
T'0 CHTHAJy Ma€ BUTJISA]

1+ K T |G @) -E+G - F, (44)
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IleG*(z):Z{ ! } Lz

T,-p - Fz -1
[MincraBuBmy B (44) z-nepeTBOpeHHS MepeaaBaibHOT GYHKIIT PeryisTopa, OAepKyEMO XapaKTepHc-
TUYHE PiBHIHHS
ek LA B0 (45)
h\z-1 z-1

dakTopH Mmybcaniil BU3SHAYAIOTHCS BUPA3aMHU:

B T . o T
Fl=1+K -——(1-7)5 E'=1+K,- -y (46)
1 1 2-Tz( 7) 2 1 2.7, /4
I3 (45) 3 BpaxyBaHH:IM (46) OACPKYEMO YMOBY CTIHKOCTI CUCTEMHU
5, _| K f-y-a-p)] | @7)
T+ al—y-(1-p)]-1|
1 YMOBY HaJaIITyBaHHS CHCTEMH Ha MEPEXiHUI Tpoliec KiHleBoi TpuBanocti mist Kj=1
T,=T. K [2-y-0-p] (48)
V9+4-2-y-(-p)]-3
I'padixu daxTopiB mymwcariii Ha puc. 12, @ BIANOBIAAIOTh HAJAMITYBAHHIO CHCTEMH PETYJIIOBAHHS
Ha Ipoliec KiHeBoi TpuBaiocTi. Ha puc. 12, 6 nokazana rpanmus ctiikocti cuctemu, ne Kol=7,/T.
I3 xapakTepuUCTUYHOTO PIBHSHHS (45) MaEMO YMOBY HaJallITyBaHHS CHCTEMH Ha TPOLEC KiHIEBOI
TPUBAJIOCTI

2-y(d-y)
T,=T — 7 (49)
2-[3-7(1-7)-1]
0.8

08
Fin) 06

F2(y) Kol (v)
A 0.4
0.2 0.2
0 0

0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
a 6
Puc. 12

Ha puc. 13 moka3aHo ocmputorpaMu peakilii CHCTEMH Ha BXiTHE MisTHHS TPH HATAMTYBaHHI CHCTEMHU
HAa TIPOLEC KiHIeBOi TPUBAJIOCTI: puc. 13, a — mepeximuuii mponec i y=03; T=25-10"¢c; T, =1,5-107¢c., a
puc. 13, 6 — nepexinHuii mpouec 11 y=0,2;7=2,5-10"¢; T, =2,17-10 "¢, JIe @ — BUXiIHHII CHTHAIl EPETBOPIO-
Bada MOCTIHHOT HAIIPYTH; 6 — BXiTHE TiSTHHA ; 6 — BUXITHUN CUTHAJ IHTETPaIbHOTO PETYJIIATOpA.

Iponopuiiino-inTerpansuuii peryasitop. [lepenaBansHi QyHKIIT perynsTopa i Koia HaBaHTaXeH-
HSl BU3Ha4YaroThCs BUpa3oM (20), a mepeaaBanbHa (YHKIS TPUBEISHOI HEMIEpEPBHOI YaCTHHH BHpazoM (21).
MopndikoBaHe z-TIepeTBOPEHHS MPUBEICHOI HETIEPEPBHOI YaCTHHH BU3HAYAETHCS BUpa3oM (23).

XapakTepuCTHYHE PIBHSAHHS CUCTEMH peryoBanus misi & = 0 Mae Burisg

Tl1 5 e T/

1o e 50
It —ed| —+ () ——— |-+ —1+(?3—1)~ 0. (50)
_ .

cE _ ___|.E
_ g |72
n z=1 4 z—e 1 z—e
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Puc. 13

V BianoBizHocTi A0 Bupasis (33) i3 ypaxyBaHHSAM nepenaBaibHOi GyHKIIT NpHBeIeHOT HelepepBHOi
yactuHH cucteMu (21) Ta ymoBy (29) omep:kuMo Brpasu it GakTopiB MyIbCcarlii
T T -7 T/ -T/T T T ~(1-1)T/T -7/
Flalt—|1-y+E-Dt— ") F'=1+ lr+E-nt—2 . D
2T2 Ti 1_67 1 2'T2 Ti l_e 1

3actocyBaBuim yMoBy (10) 1o xapakrepucTudHOro piBHAHHA (50), 0EpKY€EMO BUpa3 Ui TPaHMIII CTIHKOCTI
CHCTEMH

T 2-(1+e T (52)

o[ T _ _ T: (). '
2 {1+e T/ +(73—1)'e T/TI]FI{He Tk +(73—1)-e =N | F,
1 1

3anexHocTi (akTopis mynbcaniil cucremu i3 II-perynaropom mns 7; =5-7'1 rpaHuipb CTIHKOCTI Bij

PEryJIb0BaHOIO HapaMeTpy Y Yy pasi HalallTyBaHHS CUCTEMH Ha MPOLEC KiHIEBOI TPUBAJIOCTI MOKAa3aHi Ha
puc.14, a i 6, ne K1 — qna 71=5-T, K2 — qna T1=10-T.
1

\-._ !/
| B @

80

038 [
60 [ ——]
0.6
Fl(r) Ki(y)
EXr) Kz(v)m
04
20 [ — |
02 ...a—"""'- -_-"‘—h
0
0 0 0.2 0.4 0.6 0.8
0 02 04 0.6 03 1
¥
a 7]
Puc. 14

VYmoBH HaJJallITYBaHHSA CUCTCMU PCTYJIFOBAHHS Ha IMIPOLEC KiHL[CBO'l' TpI/IBaJ'IOCTi JJIsL ’Y=0,5 BH3Ha4a-

HOTBCS SIK
-T/T -T/T ) -T2
_ ~T/T; - . e (L2—e +e
L=T-F,-(2-¢'"M); =T} SCE)
e +e

Ha puc. 15 nmokazano ocuuiorpamMu 3MiH CUTHAJIiB CUCTEMH PEryJIIOBaHHS MiJ] Yac MepeXiTHOro Mpo-
Liecy: a — Hampyra IepeTBOpIoBaya; O — BUXIJHUNA CUTHAJ CUCTEMH; 6 — BUXIIHUN CHUTHAJI PETYJATOpa; & —
BXIHE TisTHHS.
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HaBeneni ocumiorpamu MiATBEPIKYIOTh
peamizaiii B cucTeMi peryytoBaHHs TpOIecy KiH-
1IEBOI TPUBAJIOCTI, IKUH 3aKiHUYETHCS 3a JIBA TaK-
TOBI iHTEpBANIM TEPETBOPIOBAaYa, IO BiJIMOBiNaEe
MOPSIIKY CHCTEMHU.

BucHoBku.

1. B pe3ynbTary aHamily po3KpHTO Mexa-
Hi3M (opMyBaHHS BIUIMBY OXHOCTOPOHHBOI Ta
nBocTopoHHbOi 1II1IM Ha muHaMiuHI MPOIECH CHC-
TEM aBTOMATHYHOTO peryioBaHHs. OnepikaHi
aQHATITUYHI 3aJIe)KHOCTI BHU3HAYAIOTh BIUIUB BHILY
MOIYJIAIIi Ha CTIMKICTh CHUCTEMH 1 Ha HaJIAIITYy-
BaHHS HAa TPaHWYHY IIBUAKOJIIO CHUCTEM aBTOMa-
TUYHOTO PEryJIIOBAHHS IMIYJIBCHOTO TMEPETBOPIO-
Bayva MOCTIHHOT HATIPYTH ISl PEXKUMY HETIEPEPBHOTO CTPYMY.

2. Tlokazano, mo cuctemu i3 ofgHOcTOpoHHKOW [IIIM B pesynbraTi MOAYISALIT OMHOTO i3 QPOHTIB
BUXIIHOTO IMITYJICY MAlOTh JIOCTATHHLO BUCOKY YYTJIMBICTh JIO 3MiH PETyJHLOBAHOTO MMapaMeTpy, 10 BU3HA-
YaeThCsl CUIILHOIO 3AJICXKHICTIO (PaKTOpy MyJbcalliii BiJi 3MiH PEryJbOBaHOrO MapamMeTpy MepeTBOpIOBava.
«Crtpora» peaiizaiis HaJalITyBaHHS CHCTEMH Ha YMOBH TPaHWYHOI MIBUAKOJII B YChOMY Jiaria3oHi 3MiH
PEryIbOBaHOTO MAPAMETPY JOCITAETHCS B IHBAPIAaHTHUX CUCTEMAaX PeryJIrOBaHHS.

3. B cucremax i3 1BoctoponHboro 111IM, B SIKMX 32 paXyHOK MOJYJISLIT EPEHBOTO 1 38HBOTO (Hpo-
HTIB BUXIJHUX IMIyJIECIB TIEPETBOPIOBAUA, BiIOYBAETHCS B3acMHa KOMITeH caIis Aii hakTopiB mymbcarii. e
PO3ILIKUPIOE 30HY CTIHKOCTI CHCTEMH y TOPIBHSAHHI 13 0AHOCTOPOHHBLOKO [1IIM. Oco0iHBO 1ie MPOSBISETHCS S
CHCTEMI PETryJIIOBaHHS BHUXIJHOI HAMPYTH 13 IHTErpaJbHUM perynsaTopoM. Omuc Takoi CUCTEMH PEryJtoBaH-
HS, B TIOPIBHSIHHA 13 0MHOCTOPOHHKOIO IIIIM, € OinbIr ckmagHuM i y 6araThoX BHUMAAKaX BUKIMKAE HEOOXiI-
HICTh PO3B’S3aHHS TPAHCIICHICHTHUX PIBHSAHB. TakoXK CJIijl 3a3HAYMTH, 10, 32 «CTPOrOro» PO3TIISILY, OJTHO-
cropoHrHs [1IIM dYepe3 HasBHICTh 3BOPOTHOTO XOJy OIMOPHOTO CHTHAIY MEPETBOPIOBada ()aKTUYHO € Pi3HO-
BUJIOM JIBOCTOPOHHbBOI.

4. OpnepxaHi TEOPETHYHI PE3yJIbTATH OCIIIPKEHb Jal0Th MOYJIMBICTh ONTUMAIBHOTO BHOOPY BHIY
IIUPOTHO-IMITYJIbCHOT MOJYJISIIT Y BiMOBIHOCTI 0 BUMOT, SIKi TP/’ SBISIOTHCSA 0 CUCTEMH aBTOMATH4-
HOT'O PEryJIOBaHHsI IMITYJIbCHOTO MIEPETBOPIOBAYA MOCTIHHOT HAMTPYTH.
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FEATURES OF DYNAMIC CHARACTERISTICS OF REGULATION SYSTEMS
WITH ONE-SIDED AND TWO-SIDED PULSE-WIDTH MODULATIONS

Y.V. Shcherback’, K.Y. Ivakina®

! National Technical University «Kharkiv Polytechnic Institute»,

2, Kyrpychova Str., Kharkiv, 61002, Ukraine, e-mail: yvsh47@gmail.com
?0.M. Beketov National University of Urban Economy in Kharkiv,

17, Marshal Bazhanov Str., Kharkiv, 61002, Ukraine.

The purpose of the article is: to determine the dynamic properties of automatic control systems of the pulse DC voltage
converter with one-way and two-way modulations by studying the influence of the form of the reference signal on dy-
namic processes in the systems of automatic control of the output coordinate of the converter with widely used propor-
tional (P), integral (I) and proportionally - by integral (PI) regulators. The novelty of the proposed work lies in the de-
termination of the influence of one-sided and two-sided pulse width modulation on the stability and conditions of the
process of the finite duration of the automatic control system of the pulse converter of constant voltage. The dynamic
characteristics of the system are investigated using impulse models of the pulse DC voltage converter and the use of the
Z-transformation mathematical apparatus and simulation modeling. Analytical dependencies were obtained: stability
conditions for proportional, integral and proportional-integral regulators; conditions of the process of finite duration
of finite duration in a system with an aperiodic link in the load circuit, oscillograms of transition processes that confirm
the theoretical results. The practical value lies in the fact that the results obtained in the work provide, during the de-
velopment of an automatic regulation system with given parameters, the possibility of optimal selection of the type of
pulse-width modulation. References 17, figures 15.

Keywords: DC voltage converter, pulse width modulation, pulse model, transfer function, characteristic equation, sys-
tem stability, process of finite duration.
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PE3OHAHCHOI'O 3APATHOI'O TPUCTPOIO EMHICHOI'O HAKOIIMYYBAYA
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Ipoananizosano erekmpuyHi Xapaxmepucmuky GUCOKOBOILIMHO20 OE3MPAHCHOPMAMOPHO20 PE3OHAHCHO20 NPUCIPOTO
0na 3apA0KuU €EMHICHO20 Haxonuyyeaya. OmpumaHo 3anedxiCHOCmi BUXiOHOI Hanpyeu ma 3apaoHO020 CMpYyMy 8i0
BIOHOCHO20 ONOPY HABAHMAdICEHHSI MA 00OPOMHOCMI pe30HaHCHO20 Koaa. [Ipoananizosano xapaxmep 3MiHU 6UXIOHOT
Hanpyau 6 3aNedCHOCMI 6I0 CNi6BIOHOUIeHHS 00OPOMHOCMI ma GiOHOCHO20 onopy Hasawmadcenus. IIposedeno
iMimayiine MOOemo8anHs pobomu 00CioNCy8ano2o nepemeoprosaya. bion. 11, puc. 6.

Knwowuoei cnoea: BUCOKOBOJBTHHN Oe3rpaHcopMaTOpHUII IEPETBOPIOBAY, PE30HAHCHUH 3apsgHHUN IPHUCTPiH,
JIOOPOTHICTH PE30HAHCHOTO KOJIA.

Enexrpopo3psiaai TexHOJIOTi 00poOKH MaTepialiB i cepemoBHII (MPUPOAHUX Ta INTYIHHX), IO
(YHKIIOHYIOTh Ha 0a31 BUCOKOBOJTHUX IMITYJILCHHX JDKEpEN €Heprii, MaloTh TPHUBAILY iCTOPIIO YCIINIHOTO
NPOMHCIIOBOTO 3aCTOCYBaHHsI, NOCiZal0Yl YMHHE Miclle 3a MOKa3HUKaMH e(QEeKTHBHOCTI, pecypco- Ta
E€HEProEMHOCTI Yy pPI3HOMAaHITTI Cy4YacHHWX aHaJIOTiB, a TOACKYIU CIYT'YIOTh 1 SK €IWHO MOJKIJIMBHIA,
Oe3aTbTEepHATUBHUM 3aci0 BINTUBY Ha CTPYKTYPY 1 BIACTUBOCTI 00’ €kTa 00poOKu. OCHOBHUM €HEPTeTHIHUM
€JIeMEHTOM YCTaHOBOK JJISi EJEKTPOPO3PATHUX TEXHOJIOTIH € TeHeparop immyinbcHux crpymiB (I'1C).
Icayroui I'IC maroTe 0a30By CTPYKTYpY, fKa NMPUHLUIIOBO HE 3MiHIOBajgacs BIPOJOBXK OCTAHHIX NECSTKIB
pokiB (puc. 1) [1]. T'IC mae B ckiami 3apsAHOTO TPHCTPOIO E€MHICHOTO HAKONMUYyBada €HEprii Kpim
BUTIpsAMIISTYa (HANpUKIAZ, 3a cxeMmoro JlapioHoBa) Taki MarepiajJOeEMHI €JICKTPOMArHiTHI EJIEeMEHTH, SK
MiIBUIYBAILHUH TpaHc(OpPMATOp Ta APOCENi Ui CTPyMOOOMEKEHHs, Bara SKux cTaHoBHUTH Bif 30 % 1o

60 % Barm enexkTpo-

€MHiCHII Bucoxko- Enexrpoyma TEXHOJIONTYHOTO 00-

HaKOHH‘[}LBa‘l BOJIETHUH CUCTEMaA ﬂaﬂHaHHﬂ, a [IHUTOMa
eHeprii KOMYTarop

MacorabapuTHa Xapa-

krepuctuka ['IC mpu

TIpucpiit -1 npoMy cknanae Binm 40

}f(‘:’;”}:l‘l’; J— K.r/KBT. 1o 250 KF/K.BT

BIZIMIOBIAHO 3 MPOMIDX-

HUM TIEPETBOPECHHSM

4acTOTA Ta 0€3 HBOTO
Puc. 1. 2]

Crpymo- TTimBumy- Bucoko-
:3 ~50 Fu: obmexysad [_|  BampHMit || BOTBTHMI 00 ‘
. 380B ] | TPAHC(POPMATOP frmmed  BUTIPSIMILTY

Brockonanen-
HS TeHEpaTopa IMITyJIbCHUX CTPYMiB 0a3y€Tbcsl Ha 3HHKEHHI MacorabapuTHUX MOKa3HUKIB [3], crabimizamii
YaCTOTH Ta XapaKTEPUCTUK PO3PSAHUX IMIyJIbCiB [4]. Ane po3poOky enekrpoodnaananus s ['1C 3a3Buyaii
CIIPSIMOBAHO Ha YIOCKOHAJIEHHS OKpeMHX OJIOKIB, IO HE Ja€ 3MOTH 3HAYHO 3MEHIITUTH MacorabapuTHi
MOKa3HUKHU Ta eHepProe()eKTUBHICTh TAKUX YCTaHOBOK.

Tpamuuiiinum cmocoOoM 3MEHIIEHHS Macora0apUTHHX TOKAa3HUKIB € TiJBHIICHHS YacTOTH IIPO-
MDKHOTO TIEPETBOPEHHS CHEPTii Ta BAKOPUCTAHHSI BUCOKOYACTOTHHUX TpaHC(HOpMaTOpiB. AJie Taki CITOCOOH BiKe
JOCSITIIA  CBOET MEXi, IO BUKIMKAE HEOOXIAHICTh IOMIYKY IHIIUX IPHUHIMIIB MOOYAOBH, PO3pPOOKH Ta
o0rpyHTyBaHHs HOBOi cTpykTypH ['1C, Hanpukiaz, i3 BAKOPUCTAHHSAM PE30HAHCHUX CUCTEM 3apSIKH.

Pe3onaHcHI iHBepTOpH 3 MEPEMHUKAHHAM y HYJISIX CTPyMy Ta Hampyr' 3a3BU4ail BUKOPUCTOBYIOTHCS
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it M'skoi komytamii [5]. JloOpOTHICTH TakMX PE30HAHCHHUX KOHTYpPIB HEBEJMKA 1 BHUCOKa Hampyra y
PE30HAHCHOMY KOHTYPI € HETaTMBHUM (haKTOpOM. AJie Mij] 4ac eICKPOPO3PSIHOI 0OPOOKH JieISKTPUYHHX 1
HaIiBIPOBIIHUX CEPEAOBUIL IMOTPIOHI JKepena, M0 3a0e3MeuyloTh BUCOKY Hampyry no 50 kB. ¥V takux
BUIIAKaX BUKOPHUCTOBYIOTH I'€HEPATOPH IMIYJIbCHUX CTPYMiB 3 HAKONHMYYBaJbHUMH KOHICHCATOPaMH, fKi
(HOpPMYIOTh PO3PSIAHI IMITYJIBCH 13 TPHBAINMH OC3CTPYMHHMH I1ay3aMH. €MHICHI HaKOMHYyBadi s
EJIEKTPOPO3PSTHUX TEXHOJOTiH MatoTh eMHIcTh 0,1-10 Mx® [6, 7]. Be3rpanchopmaropHi 3apsaHi mpucTpoi
Ha OCHOBI pE30HAHCHUX CHCTEM Ul 3apAOKd TakuxX KOHJIeHcaTopiB g0 Hampyru ao 50 kB me He
BUKOPHCTOBYBAJIHCS, BIAMIOBITHO, iXHI XapaKTEPUCTUKH ITIe HE TOCITIHKEHO.

Orxe, MeTo0 PpodOTHM € OTpUMAaHHS 3aJEKHOCTEH XapaKTepUCTHK BHCOKOBOJIBTHOTO
0e3TpaHc(hopMaTOpPHOTO PE30HAHCHOTO 3apsAAHOTO MPHCTPOI0 €MHICHOTO HAaKONMWYyBada Bif HOTo
napaMeTpiB Ta JOOPOTHOCTI PE30HAHCHOTO KOJIa.

Jist BU3HAYEHHS 3aJIe)KHOCTI BUXIAHOI HANpPYTH Ta 3apsIOHOTO CTPYyMY Bill BIZHOCHOTO OIOPY
HaBaHTa)XEHHs k Ta HOOPOTHOCTI pe30HAaHCHOTO Kojia () MpoaHalIi30BaHO CXEMH 3aMilllCHHS, HaBeICHI Ha
puc. 2. Ha puc. 2, @ HaBeZJleHO cXeMy BHCOKOBOJIETHOTO iHBEPTOPHOTO
PE30HAHCHOTI'O 3apsIIHOTO MPUCTPOI0 €MHICHOTO HAKOIMYyBauya €Hepril
C,. Pe3oHaHCHE KOJO YTBOPIOIOTH IHAYKTHBHICTH L Ta eMHicTh C,.
Hanpyra U nHa emHocTi C, 0OMeXyeTbcsl Hanmpyrowo Ha emHocTi C,
(mepeBuIlye HA BETUYUHY HANPYTH BIIKPUTHX HiOMIB). 3 ypaXxyBaHHSIM
TOTO, WO CTPYM [/ Kpi3b HaBaHTAXKEHHs, IO MiAKIIOYEHE MapaieiIbHO
C,, He 3aJeXHUThb BiJ ONOPY HAaBaHTAXCHHS, € cTabiTi30BaHUM Ta
BU3HAYAETHCS TUIBKUA OMOPOM IHAYKTHBHOTO €JIEMEHTa PE30HAHCHOTO
koma [9, 11]. Hanpyry U, mo BcTaHoBmiacs Ha emHocTi C,, MOXXHA
3aJaTH K TNaJiHHA Hampyrn Ha akTUBHOMY omopi R [8], sKii
po3paxoByeTbes 3 BUpasy R=U/l. Cming BiIMITHUTH, IO TOTYXHICTh
Pcp=Ucyl 3apsaaKu kongeHcaropa C, Ma€ akTUBHMI XapakTep, TOMY II0
N00yTOK HAaNpyT¥ Ha KOHAEHCATOPI Uc, T4 CTPyMy i KPi3b HBOTO 3aBXK/H
MO3UTUBHHUNA. 3a PaxyHOK CIPOLICHHS CXEMH, 3aMiHUBIIU MOCTIIOBHO
3'€lHaH1 BUNPSMIIAY Ta €EMHICHUM HakonuuyBad C, Ha aKTUBHMI omip R

Puc. 2. (puc. 2, 6), orpumaeMo Oinbm TPyOy MOJENb, sSKa HAAACTh 3MOTY

oJepKaTH 3pYy4HlI IJIS aHallizy 3aJeKHOCTI XapaKTEPUCTHK BHCOKO-

BOJIFTHOTO 0€3TpaHC(OPMATOPHOTO PE30HAHCHOTO 3apsiIHOTO MpHU-

CTPOIO0 EMHICHOTO HAKOMHMYyBaya Bill HOTO IMapaMeTpiB Ta JOOPOTHOCTI PE30HAHCHOTO KoJia. B HaBeaeHiit Ha

puc. 2, a cxemi Hanpyra Ha eMHOCTI C, B IPOIEC] 3apsJKHU 3pOCTAE, i KOKHOMY BiINOBITHOMY 3HAYEHHIO

Hanpyru U Ha emHocTi C, BiIMOBiae okpeMe 3HaueHHs R (puc. 2, 6) i HaBnaku. B cripomeniit mojeni (puc.

2, 6) iHBEpPTOp MOJEIHOBAHO JDKEPEIOM JKWUBJICHHS 3MIHHOTO CTPYMy 3 MPSMOKYTHOIO Hampyromo. 3

ypaxyBaHHSIM TOTO, IO OY/b-KY MEPiOUYHY HAIIPyTy MOXHA po3kiacTd B psn Dyp'e, a pe3oHaHCHE KOJIO

BiZIIBTPOBYE TAPMOHIKH, YAaCTOTA SIKUX BHILA 32 MepIIy (Pe30HAHCHY) YacTOTy, TO JDKEPeJo Hanpyru £ B
Mozeni (puc. 2, 6) MOXXHA BBOKATH CHHYCOITAIbHIM.

st momeni, HaBeAeHOi HAa puc. 2, a, HE BPaXOBYETHhCS AKTUBHHM OINp, IO € Tapa3uTHUM
napamMeTpoM PEe30HaHCHOTO Koia. Taki CHCTeMH AETalbHO PO3TISIHYTO, Hampukian, y [9, 10], ne mokaszaHo,
II0 BOHM € JDKEPEJIOM HE3MIHHOTO CTpyMy MJIsi HaBaHTAXEHHS. AJe pe3ynbTaTH iMiTaniiiHoOro
MOJCIIOBaHHs, HaBeneHi B [11] cBim4yaTh, MO y pa3i 3pOCTaHHSA OIOPY HABAHTAXKEHHS CIIOCTEPITAETHCS
BIIXWJICHHSI BHXIHOTO CTPYMy pE30HAHCHOTO KOJa BiJ CTa0UIi30BaHOTO 3HAYCHHS, IO BHUMArae
BUKOPHUCTAHHSI CIIELiaJIbHOT CUCTEMH KepyBaHHS. 3a1isi BA3HAYCHHS IPUYMHHU TaKOTO BiIXWIICHHS B MOAETb
(puc. 2, 6) nomaHO PE3UCTOp 7, AKUH BPAaxOBYe€ CyMapHHUIl aKTUBHHUH OMIp PE30HAHCHOTO KOJa, CYTTEBY
YaCTUHY SIKOT'O CKJIAJIa€ aKTUBHUM OMip iHAYKTUBHOTO JIPOCETIS.

3ajexHicTh CTPYMiB B pe30HAHCHOMY KOJIi BiJ Oro 100poTHOCTI.

YMoBa pe30HaHCY B pe30HaHCHOMY KOJTi (pHC. 2, 6)

1

oL =——. 1
o (1)
Brenemo mo3HaueHHS AT BHITAIKY PE30HAHCHOI YaCTOTH, TOOTO Y pa3i BUKOHAHHS YMOBH (1)
R oL 1
k=—=0CR, =—= . 2,3
oL ' © r  oCr @3)

Benmnuwna k, mpencraBieHa BHpa3oM (2), € BiIHOCHHM OIIOPOM HaBaHTaXKeHHA. Bemwmumna O,
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npeacTaBiieHa BUpazoM (3), € ToOPOTHICTIO pE30HAHCHOTO KOJIa.
CucreMa piBHSAHB Ta 11 PO3B'SA30K 3 YpaxyBaHHSM MMO3HAYCHD, IPUAHITHX JUIsI BUMAIKY PE30HAHCHOT
4acTOTH
1

I, -(r+jol) +I.-—— =E;
joC.
I, -(r+jol) +1,-R =E; 4
I, -1 -1, =0
_ 1
(r+ jol) — 0
oG, r (o) ol
A=|(r+jol) 0  R|=Rr+——+ 222 =IO o kv0-j); (5)
joC,. joC, joC

! 0
JjoC,
A, =lE 0 R|= “(RjoC, +1) = “(jk+1); (6)
joC joC

o -1 -1 : "

(r+ jol) L E

(r+jol) E 0 e
A =|(r+jol) E R|=E-R; Ap =|(r+ joL) 0 El= ‘EC ; (7,8)
1 0 -1 1 1 o T
O-E-Nk*+1- exp(j(arctg(k) + arctg{lj - 90"]
;A O-E-(k+D) _ k+0Q : )
LA joL-(k+0-)) oL A(k+0)> +1 ’
) 1 o
:ﬁ: 0-E i Q-E.exp(](arctg(k+gj—90 JJ | o)
A joL-(k+0-)) oL J(k+0) +1 ’
QO-FE -k-exp j[arctg[ln
__Ac_ Q-ER-joC _ k+0 (a1
A joL-(k+0-)) oL (k+0) +1 '

BekropHy aiarpamy CTpyMmiB B AMCHIIATHBHIM PE30HAHCHIH CHUCTEMi 3 aKTHBHUM HAaBaHTAKCHHIM
HaBENIEHO Ha puC. 3.

3 BupaziB (9) — (11) cruimye, mo MoOIyNi KOMIUIEKCIB
CTPYMIB HOB'sAi3aHi CITiBBiJHOIICHHSIMU

R O-E
I,|= ; 12
e g oL-J(k+0)* +1 (2
CE-k
1| -—2L =|1y] k; (13)

oL-\(k+0) +1

1ol =Nl el (14)

BBenemo mo3HaueHHS CTPyMy Kpi3bh IHAYKTHUBHICTH L y

Puc. 3.
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BUIAJKy KOPOTKOTO 3aMHMKaHHS KOHJEHCAaTOpa pe3oHaHcHoro koja C, 3 ypaxyBaHHSM TOTrO, 1o » << L,
R=0:

E
Iy =—=EaC,. (15)
oL
Bupasu as1s MOyIniB CTPYMiB IPUIMYTh BUTJISI
i T
|1R|=—Q €, |1C|=—Q sk =|1x| -k (16,17)

Jkro@+1 Jk+0)* +1

3ajexHicTh BUXITHOT HAIPYTH Bil J0OPOTHOCTI Pe30HAHCHOI0 K0J1a.

3 BupaziB (12) Ta (16) chiaye, 1m0 31 30UIBIICHHSIM BiJHOCHOI'O OIMOPY HABaHTAXCHHS k CTPyM
HABAaHTAXKEHHS 3MEHINYEThCS, Ta el ePeKT TUM MeHIIe, YUM OiIble TOOPOTHICTh PE30HAHCHOTO Koja (.

Hanpyra Ha KOHAEHCATOPI Ta HABAHTAXKEHHI

) 0.E R :Q-E-k-exp j[drctg(kiQJ—%oj | )
< JjoL-(k+0-j) Jk+0) +1 k+0)P+1

(18, 19)

Jnst ananizy moBeINiHKM MOXIyJsi Harmpyru 3 Bupady (19) y pasi BapitoBaHHs 3HaueHb k T1a Q
NpUiMEMO MPUITYLICHHS, IKE XapaKTepHE AJIsl pe30HAHCHUX BUCOKOBOJIBTHHX 3apSAHUX CUCTEM

0>>1. (20)
3 ypaxyBanusM Bupasy (20) Bupa3 (19) npuitme BUTIIAT
|Uc| = M ) 1)
k+Q
VY kpaiiHix BUmagkax npu k << Q |U c| =FE-k; (22)
npu k= Q |UC|=E-Q/2; (23)
mpuk>>0 U |=E-Q. (24)

Sk ckazaHO BHIE, HAmpyry Ha KOHJEHCATOPi, L0 3apsKAETHCS, MOACIIOEMO 32 IOINOMOTOIO
HANpyTH Ha aKTUBHOMY OIIOpi, MpeACTaBIeHOMY y Bupasi (21) BiIHOCHUM OMOpPOM HaBaHTaKEHHS k (IUB.
Bupas (2)). Takum unHOM, 3 BUpa3y (22) ciiaye, Mo 32 HEBEIUKUX k MOIyJb Hapyru Uc € MponopuinHuM
JO OMNOpY HaBaHTaKeHHsA. MakcHMajbHE 3HAYCHHsS MOAYJb HApyrd NpUHMae y pas3i BEIHKOro OMopy
HaBaHTaXXEHHs SIK ciigye 3 Bupasy (24). Cuix 3a3HauuTH, L0 Y TAaKOMYy BHINAAKY Moxynbs Hanpyru Uc €
MpoTOpHiHNIM 10 O Ta HE 3aJIeXKUTh BiJl OITOPY HaBaHTAKCHHS.

Sxmo 3anmucary Bupas (21) y Burmsai

el Ue|=E k.. (25)
EQ . .
| ne k,, =k-Q/(k+Q) — xoediuient npu E, TO OTpUMaEMO
0.8 3aJIeXKHICTh MOYJISl HATIPYTH Ha HAaBaHTa)KEHHI BiJl BITHOCHOTO
- OIOPY HaBaHTaXCHHS. J[Id HAOYHOCTI IO 3aJICKHICTh
U]
04 HaBEJICHO y KoopauHaTax k/Q Ta E_Q (puc. 4).

XapakTep 3aleXHOCTI Ha puc. 4 TOKasye, IO 3a

k << () BuXimHa HampyTra 3pOCTa€e MaiKe MPOMOPIIHHO [0 k,

TOOTO pE30HAHCHE KOJO € JDKEPeNoM CTpyMy JUis

Puc. 4. HaBaHTaxeHHs. [lpu k£ >> Q BuxigHa Hampyra maiibke He

3MIHIOETRCS T11]] 9ac 3pOCTaHHS OIOPY HAaBaHTaXKEHHS, TOOTO

PE30HAHCHE KOJIO € JDKEPEeJOM Hampyrd A HaBaHTaxeHHs. [ 3CyBy BHXIIHUX XapaKTEPHCTHUK

pe30HaHCHOTO Koja y OiK JpKepena cTadili30BaHOTO CTPYMy HEOOXiZHO 30imblIyBaTH IOOpPOTHICTH

pe30HAaHCHOTO Kojia. Hampyra Ha akTUBHOMY HaBaHTa)KCHHI HaOIKaeThcs A0 Bupasy (24) y pasi
301IbIIEHHS BiAHOIICHHS k/Q.

0 10 20 30 kO
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Crig BigmituTH, o cTpyM [ Ta Hanpyra Uc IOpIBHIOKOTH BUXITHUM CTPYMY Iy, Ta Hanpy3i U,
0e3Tpanc(hopMaTOPHOTO PE30OHAHCHOTO 3aPsITHOTO IPUCTPOIO EMHICHOTO HAKOTIMYYBaya.

Ha puc. 5 HaBeneHO Mozenb MOCTOBOTO iHBEPTOpA 3 TOCHIJOBHUM PE30HAHCHUM KOJIOM (€JIEMEHTH
L1 ta C39 Ha puc. 5) B cepenoBumii LTSpice. B pesonancaomy komi 3amano omip (Rl Ha puc. 5), mo
BPaxoBY€ CyMapHHH aKTHBHHH OIlip PE30HAHCHOTO KOJAa, CYTTEBY YaCTHHY SKOTO CKJIaJa€ aKTHBHHUH OIIip
IHAYKTUBHOTO Apoceis. HoMiHanmM eJIieMeHTIB, BKa3aHUX B MOJIENI, MAalOTh 3HAUCHHS, BUMIPSHI B eJIeMEHTaX
PO3pOOIIEHOTO EKCTIEPU-MEHTAILHOTO 3pa3Ky 3apsAHOTO MIPUCTPOIO.

param Fosc=23300  -model MYSW1 SW(Ron=0.01 Roff=10Meg Vt=.5 Vh=-.4)

.param D=0.98 .opt cshunt=1f trtol=7 vntol=1mV abstol=1nA > 300
- .param Tper=1/Fosc T w1 vz [ v
x .param Ton=Tper*D/2 > + $ i
.param Tdel=Tper/2 ::: HHP—— = NEV AN
D3 L L,
ja 7L u
152 D - $1 D = ‘-"{21.2m “Ré
) ‘R3 A 4 ~R2 ' s\ /\—e——Uout
B =1 < A——23/ < i 100
MYSW1~ 5 [Mysw1~ 5 —“R1 D5 D6 |
| <14 L e
. . HHL . . HHP | D D
X ?3 < RS a— Sé < R4 I D‘.r' . DB.
N Y < .5 B VAR 5 \c39 L
.~ D4l D2 - [C4s
MYSW1 I MYSW1 ul I | D D =
2n2
AN VAN 0.2p
D +— D HHL——= - -
Aran 0 330m O startup | L -
Puc. 5

Ha puc. 6 HaBejeHO XapaKTEepUCTUKH Oe3TpaHC(OPMATOPHOTO PE30HAHCHOTO 3apSJHOTO MPUCTPOIO,
OTpPHMaHi B pe3yJIbTaTi IMITAl[ITHOTO MOJICITIOBAHHS, a caMe, CIIoPY HAIPyTd Ha EMHICHOMY HaKOTIMYyBadi
eneprii U,, (puc. 6, a), cTpyM Kpi3b iHAYKTHBHICTH PE30HAHCHOTO KOJIA, OTPUMAaHUI B pe3yibTaTi
iMiTariitnoro moaemoBanus [; LTSpice Ta po3paxyHky 3a Bupaszom (14) [; (puc. 6, 6), BUXiqHuil cepenHii
CTPYyM BHCOKOBOJBTHOTO O€3TpaHC(HOPMATOPHOTO PE30HAHCHOTO 3apsiIHOTO IPHCTPOI0  €MHICHOTO
Hakomu4yBaya (kpizb C45 Ha puc. 5), OTpUMaHHil B pe3yabTaTi iMITaIl[ifHOr0 MOJEIOBaHH Iy, o, LTSpice

Ta pO3paxyHKy 3 Bupasy (16) Iz , = |I R| /1,11 (puc. 6, 6). HeoOximHi st po3paxyHKy 3HaU€HHS k OTpUMAaIi

3 Bupady (19) mis 3agaHWx 3HAYEHD |U c| 3 ypaxyBaHHSM TOIO, WIO (k+Q)2>>1 1 OOVMHUIII0 MOXXHA HE

0-u|
BpaxoByBaTH, k = .
0-E-|U|
I, A Tour, MA
50
14,00 ,I
Uour, kB 12,00 A e
47 I /,_--f""_f 10,00 I P o Jour o LTSpice
55 - _
1 L ] 8,00 N 40
25/ = [ o0 rd
1 B B 30
15] | 200 / -1, LTSpice 1
dq ! { { { » / 20
5 1 2,00 10
o - .
N 0,00 0
0 60 120 180 240 3004 me 0 10 20 30 40 U, xB 0 10 20 30 40 Upp kB
a 0 B

Puc. 6.

Hobpotricte Q, po3paxoBaHa 3a BupaszoMm (3), mopiBHroe 222. B mporieci 3apsaku €MHICHOTO
HaKONMYyBaya Halpyra Ha HbOMY 3pocTae (puc. 6, a), U0 BiINOBiAae MiABUIIEHHIO BiJIHOCHOTO OMOpPY
HaBaHTKEHHS k, KWW po3paxoBaHo s KoxHOro |Uc=U,, 3a nonomororw Bupa3dy (19). Crnocrepiraerscs
30iNBIIEHHST aMIDTITYIN CTPyMY Kpi3b IHAYKTHUBHICTH PE30HAHCHOTO Koya (puc. 6, 0) Ta 3MEHIICHHS
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BUXITHOTO CEpPEIHBOTO 3apsiIHOTO cTpyMy (pHc. 6, ). CriBnamiHHSA pe3yJbTaTiB pO3PaxXyHKY 3a BHpa3aMu
(12) — (19) Ta imiTaliHOrO MOJENIOBaHHS BBa)KAEMO JIOCTATHIM JJIsl OLIHKU BIUTMBY X0OpoTHOCTI O Ha
BUXIJHY HAIlpyTy Ta BUXIIHUH CTPYM BHUCOKOBOJBTHOTO 0€3TpaHCPOPMATOPHOTO PE30HAHCHOIO 3apsAHOTO
HPHUCTPOIO.

BucnoBku. Iling gac MoxemoBaHHS POOOTH BHCOKOBOJIBTHOTO Oe3TpaHC(HOPMATOPHOTO pEe30HAHC-
HOTO 3apsSJHOTO TPHUCTPOIO0 OTPUMAaHO 3AJIEKHOCTI BUXIJHHX HANpPyTH Ta CTPYMY Bill BiTHOCHOTO OTOpY
HaBaHTa)XEHHs k Ta TOOPOTHOCTI pe3oHaHCcHOTrO Koia (. I3 nux 3anexxHocTel ciigye, mo 31 30ibIIeHHsIM k&
CTPYM HaBaHTAKEHHS 3MCHIIIYETHCS, Ta el e(heKT THM MeHIIe, 9uM Oinbire Q.

3a HeBenukux k (k<< () BUXiZHa Hampyra NepeBUIIy€ BXiJHY B k pa3iB, TOOTO pe30HAHCHE KOJIO €
JDKEpEeJIoM CTpyMy AJIsl HaBaHTaKeHHA. Y pasi k >> () BuXiJgHa Hampyra nepeBuIlye BxiaHy B O pa3iB Ta He
3aJIe)KUTh BiJl ONIOPY HABaHTAKEHH, TOOTO Pe30HAHCHE KOJIO € JDKEPEJIOM HalpyId A HaBaHTaXeHHs. [l
3CYBY BHUXITHHX XapaKTePUCTHK PE30HAHCHOTO KoJia y Oik JpKepena CTpyMy HEOOXiTHO 30UTBITyBaTH
JIOOPOTHICTh PE30HAHCHOTO KOJIA,

OTprMaHi 3aJ€KHOCTI BUXIJHOI HANpyTH Ta 3apsAIHOrO CTPYMy Maibke MOBHICTIO CITIBIAIalOTh 3
pe3ybTaTaMH IMITAIIIITHOTO MOJICITIOBAHHS 3apsIIKN KOHACHCATOPA.
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Electromagnetic processes in a high-voltage transformerless resonant device for charging capacitor are analyzed. The
dependences of the output voltage and charging current on the relative load and the quality factor of the resonant
circuit are obtained. The nature of the change in output voltage depending on the quality factor and relative load ratio
is analyzed. Simulation of the researched converter operation is carried out. References 11, figures 6.

Keywords: high-voltage transformerless converter, resonant charger, resonant circuit quality factor.
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MODIFICATION OF THE MASTER GENERATOR METHOD USED FOR FREQUENCY
AND VOLTAGE CONTROL IN ISOLATED POWER SYSTEMS WITH PARALLEL
OPERATING AC GENERATORS
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Such methods as droop method, curve shifting method and master-slave method were primarily developed for voltage
and frequency regulation in isolated power systems with synchronous generators. In modern power systems induction
generators, regulated dump loads, energy storage devices with AC/DC and AC/DC/AC power converters, etc. are used
in addition to synchronous generators. The investigation of new configurations of power systems is closely tied with
further development of control methods for load sharing and regulation of voltage and frequency of the systems. The
article reviews simple-to-implement known control methods used for control of isolated power systems with parallel
operated synchronous generators and proposes a modification of the master-slave method for control of power systems
with parallel operated synchronous and induction generators, static var compensators, dump loads and energy storage
devices with interface power converters. The system “Hydroelectric unit with a synchronous generator - dump load -
hydroelectric unit with an induction generator - compensating capacitors - transformer — AC local load" is considered
and two techniques for regulation of electric frequency and voltage magnitude in the specified system are presented
with accordance to the statements of the proposed modified method. The proposed control algorithm of the dump load
frequency controller is in agreement with the control algorithm of the speed controller of the master unit. The functions
assigned to the electronic PID speed controller of the master unit are to maintain the electric frequency in the system
equal to nominal value and regulate the active power sharing. Verification of the proposed control algorithms for
isolated electric power systems was carried out. References 23, figures 5, table 1.

Keywords: isolated power system, method, master generator, slave generator, dump load.

Introduction. In order to improve the reliability of power supply to AC consumers powered by
isolated power systems (IPSs), these systems are designed with parallel operated generators. IPSs are often
equipped with diesel sets. Gas and hydraulic turbine driven electric generators is a good choice for an IPS
when gas fuel and hydropower are available nearby. The construction of a hydraulic IPS requires more
capital investments than for a diesel or diesel-battery system of comparable capacity. However, in the
presence of hydro resources with required water head and flow, if stable power consumption is observed,
preference should be given to a hydraulic IPS due to its independence of the fossil fuel. For a more optimal
use of hydro resources, it is advisable to consider the possibility of building a hydro-wind IPS [1, 2]. The
independence from the fossil fuel, lower cost of electricity production compared to diesel and wind-diesel
power plants, and good predictability of hydro resources have caused the interest in problematic issues and
searching approaches for improving technical characteristics of hydraulic IPSs.

Among various types of generators in electrical equipment of IPSs, as well as in centralized power
systems, synchronous generators (SGs) with electromagnetic excitation are mostly preferred, but IPSs with
permanent magnet generators and induction generators (IGs) are known as well [3-6]. The so-called doubly
fed induction generators are used mainly in grid-tied variable frequency wind turbines [7]. However, their
application is also possible in IPSs with power output from several megawatts and higher. In scientific
papers devoted to the study of isolated and islanded hydraulic power stations (HPSs), HPSs with one
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hydroelectric unit are most often considered and somewhat less HPSs with two or more generators operating
in parallel [8-12].

Connection of an IG with a SG supplying an asymmetric load for parallel operation provides the
SG’s current asymmetry reduction and, due to this, increases the operating life of the SG. The advantage of
this solution is that the cost of the IG is lower than the SG of the same power, and the procedure for
connecting the IG to the IPS is simpler than for the SG.

An important scientific task for IPS researchers is the development of methods and algorithms for
controlling the parallel operation of generators. These methods and algorithms should ensure operation of
IPSs only with allowed frequency and voltage magnitude deviations, the specified power distribution
between the units and minimization of the power exchange between the generators.

The active power of a SG, as is known, is proportional to its load (power) angle — the angle between
induced EMF and terminal voltage vectors of the stator winding. Regulation of this angle is made by
changing the mechanical torque of the SG with a speed governor [13]. The active power of an IG is regulated
in the same way.

The reactive power of a SG is proportional to the magnitude of the induced EMF and is controlled by
changing the magnitude of the DC excitation current. Asynchronous machine with a short circuited rotor,
both in the motoring and in the generating mode, as well known, needs a source of reactive power for
magnetization. Possible reactive power sources are SG (or synchronous compensator), network, capacitors,
static compensator [14-18].

Since IPSs, as noted, have been designed for a long time using parallel-connected SGs with
electromagnetic excitation, then, accordingly, the control methods developed at that time for IPSs are
primarily focused on AC IPSs with SGs operating in parallel [19, 20], and somewhat later found application
in systems with energy resource interface inverters [21]. The best known of these methods are droop method
(DM), curve shifting method (CSM) and master-slave method (MSM). In Soviet and post-soviet scientific
works the DM is called as the method of static characteristics, the CSM is called as the method of imaginary
static characteristics and the MSM is called as the master (main) generator method (MGM).

The DM is the most simple and known one among them. The application advantage of the DM is the
informational independence of control systems of power supply units in the system. Since the input variables
of frequency and voltage controllers of a unit in an IPSs with DM-based control are active and reactive
output power signals of the unit, there is no need for informational communication between the units. Its
main disadvantage is the use of static frequency and voltage regulators.

Frequency and voltage regulation in a system according to the CSM is actually performed due to the
dynamic shifting of the voltage and frequency droop characteristics of the units. Its advantage is that it
provides zero voltage and frequency steady state errors. But disconnection of any one of the generators from
the system with CSM-based control and a passive (resistive) load will cause a reduction of the electrical
frequency and voltage magnitude in the system after a transient.

According to the MGM, the regulation of voltage and frequency in the system is provided solely by
the master unit (MU) with a SG. The advantage of the MGM over the DM is the zero voltage and frequency
steady state errors, and its advantage over the CSM is the preservation of system operability when any of the
generators is disconnected from the system except the master generator (MG). The disadvantage of the
MGM is that when it is used, the quality of voltage and frequency regulation in the system depends mainly
on characteristics of the MU. In addition, the MU during transients experiences increased loads due to the
functions assigned to it. Therefore, there is a need to improve this method.

The purpose of the article is to develop a modified master generator method for voltage and
frequency regulation in IPSs with parallel operating AC generators and verify developed controllers for
regulation of frequency and voltage in AC IPSs using a simulation model.

Development of the modified master generator method. To improve the quality of frequency and
voltage regulation during transients in IPSs, it is proposed to modify the MGM by putting into use the
principle of assistance to the master generator by other elements of the power supply system. Such a
modified MGM (MMGM) can be applied for regulation of frequency and voltage in IPSs with parallel
operated AC generators, electronic power converters, controlled resistive elements, battery inverters, etc.

An example of such a system is shown in Figure 1. The system is composed of two hydraulic units
with regulated hydraulic turbines (HT1, HT2). The HT1 turbine rotates the SG (unit /) and the HT2 turbine
rotates the IG (unit 2). Unit 1 is the MU and unit 2 is the slave unit (SU). Mechanical torques of the HT1 and
HT?2 turbines are regulated by the wicket gate (WG) angles ¢; and ¢, control. The WGs are rotated by servo
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motors. The SG and IG operate in parallel and supply local consumers through the transformer TRI.
Additionally a regulated dump load (RDL) for frequency and “spinning” reserve regulation and
compensating capacitors for decreasing of reactive power component of the SG output power are added.
Development of simulation model of the Fig. 1 configuration affords testing of discussed below voltage and
frequency regulators intended for AC IPSs.

The fundamentals of the MGM are illustrated by Fig. 2, a, b. The equations for the frequency and
voltage controllers according to Fig. 2, a are defined by

f;szNa ijSzfnl+PGS(fN_fnl)/(k;sPGM)’ U2M=UNa Ugs=Un1+QGS(UN_Un1)/(k;QGM)> (1)

where k;s , k;s are the reference ratios of the active and reactive power of the slave-generator (SIG) to the

active and reactive power of the MG; f,,, Uy, are the frequency and voltage reference of the MG; £,
U, are the frequency and voltage reference of the SIG; f,, f,, are the rated frequency and no load

frequency; U, , U,, are therated voltage and no load voltage; P, , O, are the active and reactive power

of the MG.
If the control variables for the frequency and voltage controllers of the SU are instantaneous power
components of the MG (Fig. 2, b), then the equations of these controllers are given by

0’ PGM < Pcut in * 0’ QGM < cht in
£
kqs QGM ’ QGM = cht in '

* ’ GS
k s Porr» Porr 2 P
where P, Q. are the active and reactive power reference of the SIG.

*
Fos = =

2)

cutin

The main feature of the
""""""""""""""""""""""""" proposed MMGM, that the
functions of the voltage and

1 I
1 1
! Load 1!
il—--—ﬁ& : 2.5KWt :; frequency  regulation  are
e s = e — performed by a subsystem
o ;i}\l{ 621[(]}5\?:? [(\? iz]?)\]jVA~ composed of a power unit with a
Sia i Ll 50z MG, controlled loads with
- ’ : o interface converters, such as
HT1 (F” Y ;@ &ty RDLs, battery inverters,
K_/f \u v 7| flywheel energy storage
C|T SG. 325 kVA. | |SWbL ch systems, etc. All the mentioned
Servol "y 400V, A LS iy N Servo| elements, except for the power
motor, SOHz  +--- R &I\ﬁ: motorf  ynit with the MG, are not able to
] . Rppx3 | : 2 separetly or in conjunction with
T‘-‘]* ;  Noload TLZ‘ each other provide a long-term

. Regulated dump Ioad:: capacitors |
C ... 580kWs . . L 115KVA |

sustainable power supply of
consumers with the necessary
Fig. 1 voltage parameters. According to
the classic MGM, the functions
of frequency and voltage
regulation in an IPS are
performed only by the MU. In
b > b accordance with the MMGM,
P(.i:\{ P{}MZ pfi\-‘]l 0 kF“P(N\'H kPSPUM: P(]S O(i.\ri Q(}MZQG\-‘]! 0 I(l'lf‘ (i'|\'f|kf-l-“ GM2 Q(ih’ Contrary to the MGM’
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voltage regulation to the MG by
various  elements of  the
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om0 6(;_\-1 0 Pt Pom 0 Qeutin Qem this, the quality of frequency and
b) voltage regulation during

Fig. 2 transients in IPSs can be

improved. It is also assumed by
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the MMGM that the function of the SU’s control system, similarly to the classic MGM, is just a load sharing
between the generators.
In accordance with the MMGM the reference curve sets of frequency and voltage controllers were
obtained for the system "SG — RDL — 1G” (Fig. 3, a, b).
The Fig. 3, a curves are defined by:
fov=Ino Ut =Uys Py =hkpy (P +Pyy), Pos =kps(Pyy + Py ), Poy +Pos > Py 3)
where fp, is the frequency reference of the RDL frequency controller; U, is a terminal voltage reference

of the MG, F,, =F,,, + F,s =const is a frequency-responsive fast reserve of active power in the system;
Py, is a total active load demand; kj,,, kg is a reference load sharing coefficients of the generators,

kpy, +kpg =1. In the steady-state of diesel sets and hydraulic units the fuel consumption and water flow

rates can approximately be considered proportional to the active power of the generators. Accordingly, the
reference values of the fuel consumption or water flow rates can be obtained from (3) as:

Qo :kquk;M(POI +P2L)a q; qupSk;S(POI +PZL)’ 4
k

qpS
are the flow rate to active power ratios of the master and slave units in steady state (fixed speed operation).
The equations of frequency and voltage controllers according to Fig. 3, b are given by:

Py, =constif f, < f < foofir =L if £<Sosf b = Lo if > Fur Uoss =Uns fou = fo» Pos = ksyaaPors » (5)
where P}, is the RDL power reference; f;, f, are the lower and upper permissible limits of the operating

* * . . .
where ¢q,,, g, are the master-unit and slave-unit fuel consumption or water flow rate reference; &, ,

range of the electrical frequency in the system, f, < f, < f,; kg, 1s the reference value of active power of
the SIG related to the active power of the MG. If the load sharing in proportion to the rated powers of the
generators is necessary, then the k,,,, value must be taken equal to the ratio of the rated powers of the SIG

and MG.
Adding in (5) the flow rate

A f[;L PCTM A UG to active power ratio coefficient of
uf‘\:— “UN— the SU k¢ gives:
_ Pou Py qs =kypsksiuPor - (6)
0 P 0 P 0 Q] If the prime movers of the
DL L GM
2) generators are of the same type and
have similar mechanical power —
Af* f P* * flow rate (fuel consumption)
TP (= A YGs A Ugm e P
£ f, Iil)L(D const characteristics, then the value of
iM o~ * * *
e Bt ) qS. can be d'eﬁned as qg =kg, 9y
) Il W Uy or in p.u. units by:
1";1_=er qS(p.u.) = kS/M(p.u.)qM(p.u.) ’ (7)
< : > > > where  kg,,., 18 the reference
PGM 0 P PDL 0 Pey O Q 1
DL GM GM value of the p.u. active power of
b) the SIG related to the p.u. active
Fig. 3

power of the MG’ q;(p.u.) H q:l(p.u.)

are the MU and SU p.u. fuel consumption or water flow rate.
As seen from (7), for arbitrary power ratings of generators in the system, the condition of active
power sharing among the generators proportional to their power ratings is kg/(,,, =1-

It can be seen from (5) that the RDL controller keeps the RDL power value equal to P;L when the

electrical frequency in the IPS is in the permissible range to maintain a frequency-responsive fast “spinning”
reserve of active power in the IPS (RDL controller operates in power regulation mode). If the frequency
leaves the limits f; ... f, , then the RDL controller starts operation in the frequency regulation mode.
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Testing of frequency and voltage regulators by simulation of the IPS. To test the proposed new
approaches for frequency and voltage regulation, a simulation model of the IPS of Fig. 1 was developed.

In the simulation model of the IPS of Fig. 1, SG and IG dynamic models of the 6th and 4th order,
respectively, were used [4, 22]. The equations of the HT with servo motor are given in [10]. The three-phase
transformer was modeled by three single-phase transformers with no magnetic coupling between the phases.
The simulation was carried out in Matlab/Simulink environment.

Frequency and voltage control algorithms were implemented based on the system of equations (5, 7).
The SG voltage was regulated according to the standard IEEE algorithm [23]. The SG excitation system
according to this algorithm maintains the SG terminal voltage value U,, equal to nominal voltage U, with
no voltage droop in the steady state.

A proposed block diagram of speed control of the MU and SU of the Fig. 1 IPS configuration is
shown Fig. 4, a. The input of this modified PID speed controller of the HT speed governor is the speed error

of the MG. The outputs of this controller are the WG p.u. reference angles ¢; and ¢, of the hydroelectric
units. The coefficient kg, ), (,,, sets, as mentioned above, p.u. active power value of the IG related to the p.u.
active power of the SG. A feature of the controller is that the integrator resets its output to the value of the
¢, external signal (¢, is saved) when the signal on the RES input rises from zero to positive. The rising
edge appears every time when crossing the limits @, —Ah,, ...®, + Ah, of the HT1 turbine’s permissible
rotational speed is detected, where @, =27f, /p, @, =2#f;/p, Ah, =27Ah,/p, p is the number of pole

pairs, Ah,,, rad/s is the width of the hysteresis band of the window comparator WC1, 4k, is the width of the
HT1, HT2 control Dump load control
]
x ©
- o 2
o A* i
HT'1 =}
WCl (KeH (] i
IS,
N "I RES
> 1
0 ,l X,
a) b)
Fig. 4

hysteresis band, Hz. This approach affords to reduce the duration of electromechanical transients in the
system.

The developed control algorithm of the frequency (power) controller of the RDL’s control system is
illustrated by Fig. 4, b. The controller operates with the rotational speed error signal of the MG if the
frequency is outside the permissible limits. If the frequency is within the permissible limits the being used
input variable for the controller is the duty cycle error §,, —dJ,, of the control signal of the SWp, three-
phase power switch (Fig. 1). Selection of the first or second input variable is made using the switch SW1 and
the window comparator WC2. If the rotational speed of the HT1 turbine Ileaves the
limits w, — Ah,, ...w, + Ah,,, then the signal “1” is set at the output of the WC2 comparator and input 1 of the
SW1 switch is connected to its output. The output signal of the SW1 switch is then amplified by the PI
controller and passes to one of the inputs of the comparator DA. The other input of the comparator is
connected to a sawtooth signal generator. The output signal of the DA comparator is the control signal for
the SWp, three-phase power switch. As a result, when the rotational speed of the HT1 turbine is outside the
®, —Ah, ..., + Ah,band, the frequency control loop is activated and the duty cycle value &,, is adjusted
so that to return the frequency value to the permissible operating band. As soon as the frequency value is
within @, —Ah,, ...o, + Ah,, the signal level at the output of the WC2 comparator will change from “1” to

“0” and input 2 of the switch SW1 will be connected to the output of this switch. As a result, the duty cycle
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8, control circuit will become active and the &,, signal will approach the &,, value in order to maintain

the reference value of the frequency-responsive power reserve in the system.

Verification of the developed control algorithms was carried out by analyzing the electromechanical
processes in the system after a 10 % stepwise increase in the resistive local load (Fig. 5). At the same time,
the amount of frequency-responsive fast reserve of active power in the steady state was maintained equal to
16 % of the RDL’s rated power.

As can be seen from Fig. 5, at first, the IPS supplied a 0.1173 p.u. load, and the power consumption
of the RDL was 0.158 p.u. The rotational frequency values of the SG and IG were 1.001 and 1.005 p.u.
respectively. The WG angle values in both units were equal to 0.248 p.u. The SG and IG supplied
accordingly 0.249 p.u. and 0.26 p.u. of active power into the system. The reactive power value produced by
the SG was 0.003 p.u., and the reactive power consumption value of the IG was 0.408 p.u. The difference
between the reactive powers of the IG and SG was supplied by the compensating (no load) capacitors.

At the time ¢ =15.93 5, the local load increased stepwise by a 10 % of the nominal value up to 0.218

p-u. and the rotational speed of both generators started to decrease. As soon as the electrical frequency of the
system (the p.u. electrical frequency value equals the p.u. rotational speed value of the SG) decreased to a
value lower than f, —Ah, =0.99-0.004 p.u., the frequency control loop of the RDL was activated and a

quick decrease of power consumption of the RDL was observed. This, in turn, caused an increase in the
rotational frequency of
the SG. As soon as the
1.01 1 lr ' electrical frequency
1 d exceeded the value f,,
the power control loop
of the RDL was
0.98 20 3 s activated. The power
control loop activation

e o R i caused an increase in the
- duty cycle value of the
control signal of the
[“ : - - = IG mechanical SWD_L power switch and
l 1 power an increase of power
— Hi2wicketgae | consumption  of  the
== RDL. Due to this at the

10 20 30 ts time ¢=19.52¢ the

G electric frequency of the
— SG| system decreased again
0 to a value lower than
Ji—Ah, =0.99-0.004

p.u., and, accordingly,
"""" pepes---=—----------- the frequency control
loop of the RDL
controller was activated
again. As can be seen
from Fig. 5, when the bang-bang frequency control by the RDL control system was performed, the WG
angles, mechanical and active powers of the hydraulic units was growing. As a result of two consecutive
activations of the frequency control loop of the RDL control system, the IPS passed to a steady state. The
maximum deviation of the electrical frequency from the nominal value did not exceed 1.55%. In the steady
state, as seen from Fig. 5, the rotational speed of the SG and, accordingly, the electrical frequency of the
system are in the permissible limits. The transients in the IPS died within 15 s . This value is several times

lower than the die off times of the isolated hydraulic power systems with no RDL. The mean rms voltage
value in the system in steady state was 1.005 p.u. The rms voltage deviations from the mean value did not
exceed 0.6 %.

Simulation parameters and characteristics. Synchronous generator. Number of pole pairs — 2.
Rated power / frequency / line voltage (connection) — 325 kVA /50 Hz /400 V (Y). d, q — axes synchronous

1.02

L

local load
- - - - dump load

=
i

Active power (p.u.)

0.99

(=]

0.37

(=]
w2
=

0.29 0.29

------ — = SG active power — —1G active power
It % |- - SG mechanical
’0.22 T power

Wl — HT1 wicket gate
1 angle

3
=Y
5]
™
)
o
=y
=
[72]
0 30 t, s B 10
5
(=2
2
&
€]
]
=)
g
z
En

-

HT1 gate angle, SG power (p.u.)

z
HT
=

10 20 30 ts

1.02

101

)

L]
]
]
1
1
r
]
1
i
]
]
.
L]
Al
]
\
i
L]
H
'
]
L
power (p.u.)

Speed (p.u
2
B

|===="1Grotor speed
—— SG rotor speed

0.98 -0,
10 20 30 s 04

2 0.99

Reactive

—
=
[}
.
9}
=
b3
=
ed
=
—_
w

ISSN 1607-7970. Texn. enexmpoounamira. 2023. Ne 2 33



reactances, p.u. — 2.52, 2.16. d — axes transient reactance, p.u. — 0.17. d, q — axes subtransient reactances, p.u.
— 0.12, 0.3. Leakage reactance, p.u. — 0.06. Inertia constant (total SG and HT1), s — 2. Stator winding
resistance — 0.018 p.u. Short circuit time constants, s: d — axes transient — 0.08, d, q — axes subtransient —
0.019, 0.019. Friction coefficient, p.u. — 0.0167 p.u.

Induction generator. Number of pole pairs — 2. Rated power / voltage / frequency (connection) — 275 kVA /
400 V /50 Hz (Y). Resistance of the stator/rotor winding, p.u. — 0.016/0.015. Stator/rotor leakage inductance
— 0.06/0.06 p.u. Inertia constant (total IG and HT2) — 2 s. Friction coefficient — 0 p.u. The magnetization
characteristic of the IG is given in the table

Tons 0.1310.25(0.34/0.46| 0.7 |1.02|1.43]2.03{2.76 UL,
[p.u.] [p-u.]
TRI transformer. Rated power/frequency/connection — 600kVA/50Hz/(A-Y,). Rated line voltage of the
primary/secondary windings, V — 400 /400. Resistance of the primary / secondary windings, p.u. —
0.0008/0.0008. Leakage inductance of the primary/secondary windings, p.u. — 0/0. Magnetizing inductance,
p-u. — 150. Magnetizing resistance, p.u. — 300.

Hydro turbines. Rated power, kW: HT1 — 325, HT2 —275 kW. Turbine gain: HT1, HT2 — 1.073. Damping
coefficient: HT1, HT2 — 0. Water starting time, s: HT1, HT2 — 1 s. Servomotor gain: HT1, HT2 — 3.33. WG
and servo motor time constant, s: HT1, HT2 — 0.07. No load flow: HT1, HT2 — 0. Head loss due to friction
effects in the conduit: HT1, HT2 — 0. Gate opening speed limits, p.u./s: HT1, HT2 — +0.2.
Proportional/integral/differential gains of the PID governor — k,, = 1.56/ ki, = 0. 48/ kg,= 0. 62. kg, 1 (,.., =1

Dump load. Rated voltage/power/connection — 400V/580 kW/Y,,. Switching frequency, kHz — 5. Off /on-
state resistance of the SWpL power switch per phase — 0.001 Ohm / 100 kOhm. Gain coefficients of the
frequency (power) controller of the RDL: proportional — k;,= 0.0012, integral — k;, = 0.0493, gain of the
power control loop — k;5~4.

Local consumer load. Rated power/power factor — 500 kW/1.

Base quantities of power, voltage and frequency for Fig. 5 data. 275 kVA=1 p.u. of the IG’s power. 325
kVA=1 p.u. of the SG’s power. 500 kW=1 p.u. of the consumer load. 580 kW=1 p.u. of the RDL’s power.
400 V=1 p.u. of voltage. 1500 rpm=1 p.u. of rotational speed.

Compensating capacitors. Rated power/rated voltage/connection: 115kVA/400V/Y,,.

Conclusions. The proposed MMGM is intended for voltage and frequency regulation with no droop
in IPSs with parallel operated var compensators, regulated loads, energy storage devices, intermittent power
sources and AC electric generators driven by prime movers with regulated mechanical torque (hydro
turbines, etc.). This method involves the joint regulation of the frequency and/or voltage by two or more
elements of the system, one of which is the master generator control system, and the others are controllers of
the interface power converters of the RDLs, energy storage devices, var compensators and intermittent
generation sources. One of the two presented systems of equations for frequency and voltage controllers
based on the statements of the proposed method was used in the developed simulation model of a 500 kW
hydraulic IPS with parallel operated SG, 1G and RDL of alternating current. The results of simulation studies
have shown that the developed block diagrams of the HT speed control and the RDL frequency (power)
control provide simultaneously reference electric frequency tracking and maintenance of the required amount
of frequency-responsive fast reserve of active power in the system.
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Memoou cmamuunux Xapaxmepucmux, YA6HOCMAMUYHUX XAPAKMEPUCTNUK A 8e0yH020 2eHepamopa po3poOoisaiucs
0/ pe2yn08anHs Hanpyeu i 4acmomu 8 A8MOHOMHUX CUCIEMAX eeKMPOHCUBTEHHS, N0OYO0BAHUX HA OCHOBI CUHXDOH-
HUX 2eHepamopig. B cyyacHux cucmemax enekmpoiCuieHHs KpiM CUHXPOHHUX 2eHepamopis 3acmoco8yioms mMaKoi#C
ACUHXPOHHI 2eHepamopu, pe2yibo8aHi Oanacmui Hasawmasicenus, Haxonuwyeaui euepeii 3 AC/DC ma AC/DC/AC
HANIBNPOGIOHUKOBUMU NEPEeMBOPIO8AYamMU, Mowo. JJ0CiONcenHs: HOBUX KOHI2Yypayitl a8MOHOMHUX CUCTEM elleKmpPO-
JHCUBTIEHHSL MICHO NOB A3AHO 3 NOOATLULUMU POZPOOKAMU MEMOOI8 pe2yNIo8aHHs PO3NOOINY HABAHMANICEHHS MA YACMO-
mu [ Hanpyeu. B cmammi posensuymi npocmi 6 peanizayii 6i0omi Memoou pe2ylo8anHs CUCmeM 3 NapaiesibHo npa-
YIOIOUUMU CUHXPOHHUMU 2EHePamopamMu ma po3GUHYmMo Memoo 6edy4020 2eHepamopa Oisk A8MOHOMHUX CUCTEM 3 Nd-
PpaneibHo npayloyUMy CUHXPOHHUMU | ACUHXPOHHUMU 2eHepamopamu, CHMAmMUYHUMYU KOMNEHCAmOopamy peakxmusHoi
NOMYACHOCMI, Pe2YIbOBAHUMYU OANACMHUMU  HABAHMAICEHHAMU MA HAKONUYYB8A4aMu eHepeii 3 inmep@elicnumu
Hanienpogionuxkogumu nepemeoprosaiamu. Pozenanymo aemonomuy cucmemy «liopoazpecam 3 cuHXpOHHUM 2eHepa-
mopom — banacmue HABAHMANCEHHS — 2I0poazpe2am 3 ACUHXPOHHUM 2eHepamopom — bamapes KOMNEeHCYrOYUX KOHOeH-
camopie — mpanc@opmamop — HABAHMANCEHHS 3MIHHO20 CIPYMY» Md 3aNPONOHOBAHO HA OCHOBI NONONCEHb PO3BUHY-
mo2o memoody 08a nioxo0u 00 pe2yir08aHHs eleKMpUuuHoi wacmomu i Hanpyeu 6 3asHaueHili cucmemi. Pospoonenuii
aneopumm pobomu pe2yisimopa yacmomuy cCUcmemu Kepy8aHHs OAnacCmHUM HABAHMANCEHHAM Y3200H4CYEMbCA 3 AN20-
pummom pobomu pe2yramopa uacmomu 8edyyoeo ziopoazpezamy. Qyukyii cmabinizayii enekmpuuHoi yacmomu cuc-
memu Ha HOMIHATLHOMY PIGHI Ma PO3NOOLLY AKMUBHO20 HABAHMAdICEHHs 6 cucmemi noxkaadeno Ha I1l/]-pezyismop
yacmomu obepmanisi gedyuozo 2iopoazpezamy. Ilposedeno eepughikayiio 3anponoHOBAHUX ANCOPUMMIE KepYSaHHs
Y4ACMOmOoI0 A8MOHOMHUX cucmem eiekmpooicugienns. bioma. 23, puc. 5, tabn. 1.

Knrouoei cnoea: aBTOHOMHA CHCTEMa €IEKTPOXKUBIIEHHS, METOJl, BEAy4YHil TeHEepaTop, BEACHUI TeHepaTop, OamacTHe
HABaHTAXKCHHS.

Hapiiinora 08.08.2022
Octarounwnii Bapiant 05.12.2022

36 ISSN 1607-7970. Texn. enexmpoounamira. 2023. Ne 2



DOI: https://doi.org/10.15407/techned2023.02.037

ROBUST CONTROL OF LOW-COST DIRECT DRIVES BASED
ON INTERIOR PERMANENT MAGNET SYNCHRONOUS MOTORS

S.M. Peresada’, D.I. Rodkin"", Y.O. Nikonenko ', S.M. Kovbasa" , V.V. Polischuk
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
Peremohy Ave., 37, Kyiv, 03056, Ukraine, e-mail: sergei.peresada@gmail.com.

Torque ripple compensation problem is considered for electrical drives, based on low-cost direct drive interior perma-
nent magnet synchronous motors. Robustness properties of the speed and position control systems have been studied
using time scale separation properties of the current, speed and position control loops. It is shown that system closed-
loop dynamics according to new controller design has cascaded properties with speed and position control loops con-
nected in series and therefore has potential of high frequency torque ripple compensation by increasing controllers
gains. Experimental results are presented for two motors with similar rated data but significantly different level of the
torque ripple. It is shown that despite of significand difference in parasitic torque amplitude, the similar position con-
trol performance can be achieved. It makes proposed control algorithms suitable for both high dynamic performance
and low-cost direct drive applications with medium performance requirements. References 13, figures 7.

Keywords: interior permanent magnet synchronous motors, robust speed control, position control, torque ripple.

Introduction. Interior permanent magnet synchronous motors (IPMSMs) are widely used in high
performance applications due to superior efficiency, power and torque density. One of the biggest disadvan-
tages of the PMSMs is presence of parasitic torque pulsations which lead to control performance degrada-
tion, especially at low speeds. The problem of torque ripple compensation is not a new one. It was inten-
sively studied in 1990s and early 2000s. Today this problem is becoming even more relevant due to increas-
ing popularity of small electric vehicles and emergence of numerous low-cost direct [IPMSM drives. Term
low-cost in this case refers to IPMSMs with simplified rotor and stator structures, and that are built from
cheap lower quality materials.

Major sources of the resulting torque ripple are caused by deviations from a sinusoidal flux density
distribution around the airgap, by deficiencies of feasible winding geometries, and by the variable magnetic
reluctance of the airgap due to the stator slots [1]. One of the approaches to reduce pulsating torque is to
modify motor design [2, 3]. Several methods aiming to reduce the cogging torque in PMSMs, such as rotor
skewing, modification of permanent magnets pole arc width, notches in the stator teeth and shifting of the
permanent magnets are compared in [2]. Influence of rotor skewing on torque ripple depending on magnets
design is examined in [3].

Another approach is to compensate or suppress the torque ripple using special control algorithms [1],
[4-8]. Deadbeat current controller with compensation of flux and cogging harmonics is proposed in [1], [4].
In [5] reduction of torque ripple caused by flux harmonics is achieved by usage of high bandwidth current
loop repetitive controller in parallel with linear proportional-integral controller (PI controller). The iterative
learning control module and torque estimation module are designed and used in parallel with PI current and
speed controllers to minimize torque pulsations in [6]. Adaptive control algorithm is presented in [7]. Adap-
tive law for estimation of the amplitudes of high order flux harmonics is designed using the second
Lyapunov method. Similar approach is presented in [8]. In the paper, it is assumed that frequencies of torque
oscillations are known. In [9] modified iterative learning control scheme implemented in frequency domain
is proposed. Genetic algorithms that find optimal current pair to reduce torque ripple are presented in [10].

Application of the adaptive control technique requires development of the torque ripple model,
whose characteristic pattern of produced harmonic torque may be different even when compared to identical
machines from the same producer and the same production batch. As a result, self-commissioning is required
for each individual machine, which is impractical for low-cost applications.

The one possible option in this case would be to use a basic control algorithm which is sufficiently
robust to uncompensated perturbations that cause torque pulsations. In [11, 12] authors proposed a new cas-
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caded structure for speed and position control systems, which is robust to parametric and dynamic uncertain-
ties such as friction and time-varying load torque.

The aim of this work is to verify and prove by simulation and experimentally that speed and posi-
tion feedback linearizing control algorithms for IPMSMs [11, 12] are robust to uncompensated perturbations
including torque oscillations and can be used in low-cost drives.

Model of IPMSM. The model of the IPMSM in rotor reference frame (d-q) is the following

0=0,

o=1"[15p, ((Ly =L, + Wi ) -vo-T, - T, |,
id =L, (-Ri, +L,p,oi, +uy),

iq = L? (_Riq _Ldpno‘)id _\Vmpn(’oid + uq )9

(1)

where 0 is rotor angular position; © is the rotor speed; u,, u, and i;, i, are stator voltages and currents

respectively; v is the permanent magnets flux; T, is the load torque; R is the stator windings active resis-
tance; Ly, L, are (d-q) stator inductances; v is the viscous friction coefficient; J is the total inertia; p, is
number of pole pairs; T, is the rapidly varying parasitic torque.

Feedback linearizing position tracking control algorithm. The algorithm has been designed based
on concepts, given in [11], for i, =0 . Block-diagram of the position tracking control algorithm is shown in
Fig. 1. Controller guarantees asymptotic position tracking if position reference 0° is smooth and bounded

function with bounded first 6", second 6" and third 6" time derivatives.

o Speedcontroller . ______________ g-axis current controller ()

—_————— e —— — o

Position controller

Position controller has the following form:
o =-k,0+6, )

where ky >0 is position controller proportional gain; 6=0-0" is the position tracking error; o is the

speed reference.
Speed controller equations are given by
ok l * .k ol ~
i, =—(Xm +o +T, —kmmj,
fould
T, =k,

~ * . . ok
where ®=w-w is the speed tracking error; i

)

is a quadrature current reference; w=3p vy, /2J;

(k,.k,;) >0 is the speed controller proportional and integral gains; TL is the estimate of the slowly varying
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load torque component T, /J; T, =(T, /J) - TL is the estimation error of T, /J; the first time derivative of
the speed reference (2) is computed as
0" =k, (—k,0+)+6". (4)
Current controllers are defined as

u, =Ri, +Lp,0i, +y, poi,+L, (—kilq +X, +1q1), u, =Ri,—Lpoi, +L, (—kiid +Xd), 5)
Xy = —Kioly Xq =—Kiqly,

where k; >0 is the current controllers proportional gain; fq =i, —i: is the quadrature current tracking error;

K;iq» Ky, > 0 is the current controllers integral gains along d and q axes respectively; known component of

the time derivative of quadrature current reference is the following:

ok 1 A\ ok A ku) A% ~ < 3 7.
iy, :E(?m +® +TLJ—I[—(?+1<®)0)+ i, +2—Jpn ((Ld —Lq)ldlq )], (6)
where 1, =i, — 1, the second derivative of the speed reference (2) is given by
oo ¥ ~ ~ V ~ ol 3 7. ATk
o =-k, (—ke (—kee + (o) —(?Jr kmjer ui, +Epn ((Ld -L, ) he )J +0 . (7
The equations of the resulting closed-loop error dynamics of the position control system are:
0=-k,0+, (8)
L ~ = TP v 3 T(T
m_—kwlm—TL—T+u1q+2—Jpn((Ld—Lq)1d(1q+1q)), 9)
T, =k,o,
2 - k k. ([~
i, =k i, +x, ——2 % [TL &j,
] " ] (10)

Xy =Ky
iy = —Kigly + Xy, (11)
Xq = Kiqly,

where k, =k, +v/J, k, =k;+R/L_, k; =k; +R/L,.
Error dynamics analysis. The direct current error dynamics (11) is asymptotically stable

V(k,,k;)>0 and decoupled from (8) — (10), i.e. lim(fd,xd) =0. Therefore the system dynamics (8) — (10)

1

can be considered with i, =0 .

System (8) — (10) is stable with suitable tuning of controllers gains. According to theory of cascaded
systems, the quadrature current dynamics (10) has to be at least two times faster than the speed loop dynam-
ics (9). At the same time the speed dynamics has to be faster than the position dynamics.

Another approach of current control loop tuning is high-gain tuning. In this case the following analy-
sis can be applied.

Quadrature current dynamics (10) analysis is provided considering transformation n = s'lfq , Where

€= k;l' . Dynamics (10) in new coordinates becomes

. Xq
n=-kn-—,
€

: L (12)
% =k on+Kotke (T +£j,
u

q iq L

where X :u’l(karke)(TL +T, /) —x,, A=0.25 if damping factor E=1, A =0.5 if§=\/5/2.

System (12) can be rewritten as
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Sf]:_n_iq,

aiqzkn+8

For small enough <1, closed-
loop system (8) — (11) will be a singu-
larly perturbed one. Therefore, if k;  is

high enough, the reduced-order solution
condition lim Iq =0 can be achieved

t—o
with €=0. Worth mentioning that the
increase of k, and k, gains lead to
increased influence of parasitic compo-
nent T, /J and torque estimation error

T, on quadrature current dynamics.
Considering that with suitable
tuning, condition lim(fq,fd)=0 is ful-
t—o0

filled, the speed and position dynamics
(9), (10) can be simplified to

0=-k,0+a,
: T,

~ T P
_kml(’o_ TL Ty

7 (14)

T, =k,®.

Analysis of (14) shows that the
speed dynamics, given by the last two
equations of (14), and the position dy-
namics are connected in series. It means
that speed error @ caused by the pres-
ence of uncompensated parasitic torque
appears in position dynamics as an ex-
ternal disturbance. Therefore, its influ-
ence on position error can be decreased

by increase of the position gain k.

Speed tracking algorithm.
Speed tracking algorithm equations are

Voltage supply
=12V) ?

? (

o
=

kOJ

+k,
i

[m_

(13)

Loading

) PMSM device

Encoder

Yy

TMS320F28335 based DSP-
controller (32 bit, floating point)

Fig. 2

SMNel. Speed w, rad/s

1 1 1 1 1

37/2 27T S5w/2 3w Tm/2
SMNe2. Speed w, rad/s

0, rad

0

/2

™

37/2 27 3w Tm/2

Fig. 3

57/2 0, rad

presented in (3), (5) and (6) with speed reference ® and its derivatives & ,& given as external functions of

time.

Resulting closed-loop dynamics in this case is presented in (9) — (11) with k, =0 and therefore the

same error dynamics analysis can be applied.
Simulation and experimental results. The experiments are carried out using the rapid prototyping

Speed reference w, rad/s

Position reference 6, rad

10
10
3 5
0 : 0 - -
0 0.5 1 t,s 0 0.5 1
a b
Fig. 4
40

station, whose functional diagram is shown
in Fig. 2. Station includes: tested PMSMs;
three-phase ~ MOSFET-based SVPWM-
controlled inverter operated at 15 kHz
switching frequency; DSP TMS320F28335
based controller, which performs data ac-
quisition, implements control algorithms
with programmable tracing of selected vari-
ables; personal computer for processing,
programming, interactive oscilloscope, data
acquisition, etc. The motor speed is meas-
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ured by a 4096 pulse/revolution optical encoder. The sampling time is set at 150 ps.

Robust position tracking controller has been tested by simulation and experimentally using two different
motors SM1 and SM2, having different levels and content of torque ripple, as it follows from the speed wave-
forms of the rotor free rotation, shown on Fig. 3. Motor rated data are listed in the Appendix A. The results of
electrical parameters identification for both motors are presented in the Appendix B.

Speed trajectory tracking. The operation sequence, shown in Fig. 4, a has been applied. Motor
starts the acceleration stage at t = 0.1 s from the zero speed to 10 rad/s and decelerates at t = 1.2 s. Accelera-
tion and deceleration time is 0.1 s. Maximum values of the first and the second speed reference derivatives

are @ =125 rad/s’, & =6250 rad/s’ respectively. Controller gains are tuned at: k, =200, k =k /2,
k, =1000, k,, =(k,+R/L,)’/4, ky, = (k;, +R/Lq)2 /4. Transients of speed trajectory tracking are pre-
sented in Fig. 5.

3 Current ig, A 3 Current ig, A 3 Current ig, A
2 2 2r
1 1 1r
0 0 0
-1 -1 -1F
2 -2 27
3 : . 3 : : 3 : .
0 0.5 . ts 0 0.5 1 ts 0 0.5 1 ts
Current error ig, A Current errorig, A Current error ig, A
3 T ™ 3 T + 3 T d
2 2 2r
1 1 1t
0 0 R
-1 -1 -1r
2 -2 21
-3 -3 -3 : -
0 0.5 1 ts 0 0.5 1 ts 0 0.5 1 ts
| Speed error w, rad/s | Speed error w, rad/s | Speed error W, rad/s
0.5 0.5 0.5
Y Pr———— L ) WY PPy P AR T W11 m
-0.5 -0.5 -0.5F
-1 -1 -1
0 0.5 1 tts 0 0.5 1 t,s 0 0.5 1 t,s
a - SM1 simulation b - SM1 experiment ¢ - SM2 experiment

Fig. 5
Simulation transients for SM1 are reported in Fig. 5, a with parasitic torque T, =0.1sin(2p,0) Nm.

Quadrature current error is negligibly small (i, ~ 0 ) that proves the results of error dynamics analysis.

The same test was performed experimentally for both motors. Speed transients are shown in Fig. 5,
b, Fig. 5, ¢ for SM1 and SM2, respectively. From speed transients on Fig. 3 and Fig.5 we conclude:
a) torque ripple in SM2 is almost one order higher compared to SM1; b) action of the speed controller sup-
presses the speed oscillations, caused by torque ripple in SM2, by at least two times.

Position tracking. The operation sequence includes position reference trajectory tracking as shown
in Fig. 4, b with maximum values of the derivatives 6" =10 rad/s 8" =125 rad/s* and 6" = 6250 rad/s’.

Transients of position trajectory tracking are shown in Fig. 6, a and Fig. 6, b for motors SM1 and
SM2, respectively. Position and speed controller gains are tuned at k, =125, k, =150, k,, =k’ /2; current

controllers gains remains the same as in the previous test.
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Speed . radss Speed w, radss Precision of the position tra-

jectory tracking is the same for both
motors. Position tracking error in
steady-state (when ©° =const) is
+0.8x10° rad for SM1, and

+1.2x107 rad for SM2. During
acceleration and deceleration dy-
namic position tracking error is equal

+(3-4)x107 rad for both motors.

Conclusions. Performance
and robustness of the speed and posi-
tion feedback linearizing control
algorithms for low-cost IPMSM-
based direct drives are investigated
under condition of high motor torque
ripple. Control systems were tested
1 1 using two motors with different level
0 3 0.5 1 t,s 0 3 0.5 1 t,s and content of torque pulsations.
x10~ Position error , rad x10~ Position error , rad Theoretical analysis shows that
torque pulsations can be compen-
sated by position and speed feedback
controllers, if time scale separation
0 0 between current and speed control
loops is ensured. Position control
loop has to be fast enough to com-
pensate for the external disturbances
from speed regulation loop. Experi-
mental results prove the results of
theoretical findings, since both mo-

a - SM1 experiment . b - SM2 experiment tors show similar position control
Fig. 6 performance. Proposed control algo-
rithms can be used for high dynamic
applications, as well as in low-cost electric drives with medium performance requirements.

Appendix A. Rated parameters of SM1 ZLLG80ASM250: power Py =0.35 kW, current Iy = 8 A,
torque Ty = 8 Nm, speed wy = 21 rad/s, DC-link voltage 24-48 V, pole pairs p, = 15, stator resistance
R =0.35 Ohm, d-q inductances Lq=0.7 mH, L, =0.9 mH, permanent magnets flux y,, =0.028 Wb, total
inertia J = 0.0073 kgm?, viscous friction coefficient v =0.012 Nm(rad/s)™.

Rated parameters of SM2: power Py = 0.3 kW, current Iy = 10 A, torque Ty = 8 Nm, speed
oy = 10 rad/s, DC-link voltage 12 V, pole pairs p, = 16, stator resistance R =0.22 Ohm, d-q inductances
Ls=0.3 mH, Ly = 0.6 mH, permanent magnets flux y,, = 0.02 Wb, total inertia J = 0.005 kgm?®, viscous fric-
tion coefficient v =0.012 Nm(rad/s)™".

Appendix B. Algorithm for electrical parameters estimation is presented in [13]. Algorithm guaran-
tees asymptotic identification of resistance R, d-q inductances L4, L, and permanent magnet flux yy,.

The following current references and tuning gains were used in the test.

SM1: d-q axes current references are i, =lsin(2n5t) A, i; =2sin(2n4t) A. Tuning gains are
A, =10, A, =%;=0.0005, A,=001, k,=k,=2. SM2: d-q axes current references are
iy =1sin(273t) A, i, =1.8sin(27n5t) A. Tuning gains are A, =10, i, =%;=0.0005, A, =0.01,

k,, =k;, =1. Initial conditions are zero for all parameters.

S DA O 0 O

0 0.5 1 t,s 0 0.5 1 t,s
Speed error w, rad/s Speed error @, rad/s

0 0.5 1 tts 0 0.5 1 ts

Estimation process of the parameters for SM1 and SM2 are shown in Fig. 7. After transients, the es-
timates of the unknown parameters converge to certain steady-state values. As a result, estimated values of
the electrical parameters for SM1 are following: stator resistance R =0.38 Ohm, d-q inductances
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Ls=0.7mH, Ly = 0.9 mH, permanent magnets flux y,, = 0.028 Wb; and for SM2: stator resistance R = 0.22
Ohm, d-q inductances Lq = 0.3 mH, L, = 0.6 mH, permanent magnets flux y,, = 0.02 Wb.

Estimation of L & mH Estimation of Lq, mH
1 1
0.5F 0.5
0 0
-0.5 -0.5
0 2 4 6 8 t,s 0 2 4 6 8 t, s
Estimation of ¢ _, Wb Estimation of R , Ohm
m
0.04
0.031 0-6
0.02+ 0.4 W
0.01 0.2
0 0

a - SM1 parameters estimation

Estimation of L & mH Estimation of L , mH
0.4 ]
02f
0
-0.2
-0.4 : ' : : : '
0 5 10 15 t,s 0 5 10 15 t,s
Estimation of z/;m, Wb Estimation of R , Ohm
0.02 m [
0.4
0.015
0.3
0.01
0.2
0.005 01
0 : : : 0 : : :
0 5 10 15 t,s 0 5 10 15 t,s

b - SM2 parameters estimation
Fig. 7
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KEPYBAHHA INIOJOXKEHHAM HEJOPOI'MX BE3PEJAYKTOPHUX NPUBOJAIB
HA BA3I IBHOIIOJIIOCHUX CHHXPOHHMUX JIBUT'YHIB 3 HOCTIHHAMMA MATHITAMHA

C.M. Ilepecana, nokr. TexH. Hayk, [I.I. Poabkin, €.0. Hikonenko, C.M. KoBbaca, nokt. TexH. Hayk, B.B. Iloaiuyk
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Posensnymo npobnemy xomnencayii napazumno2o mMomeHmy 0Jis eleKmponpueooie Ha 0CHO8I Hedopozux be3pedyKmo-
PHUX SI6HONOTIOCHUX CUHXPOHHUX OBUSYHIE 3 NOCMIUHUMU MazHimamuy. Bracmueocmi pobacmuocmi cucmem 6eKmopHo-
20 Kepy8aHHs WBUOKICIIO 1 NOJIOHCEHHAM OOCTIONCEHO 3 BUKOPUCHAHHAM NPUHYUNY PO30LIeHHA Y Yaci KOHMYypie pezy-
JUOBAHHSL CIMPYMY, WEUOKOCMI T nonodicentst. Jl06edeHo, ujo OUHAMIYHA NOBEOIHKA 3AMKHEHOT cucmeMu 3a80IKU HOBOMY
CUHME3Y aN2OPUMMY KEPYBAHHS MAE KACKAOHT 61ACMUBOCI 3 NOCIIO06HO 38 SA3AHUMU KOHIMYPAMU Pe2yTI08AHHS UBUO-
Kocmi i nonooicenns. Takum uunom 3a6e3newyemopest MOJNCIUBICMb KOMNEHCAYTT 6UCOKOYACMOMHUX NAPAZUMHUX MOMe-
HMi8 3a80AKU NIOBUWEHHIO KOeQiyicHmie HANAuWimy8aHHs pezyramopis. Pesyibmamu eKcnepumenmanbHo2o O0CTi-
O2HCEHMsL HA OCHOBI 080X 0BUSYHIG 3 NOOIOHUMU HOMIHATLHUMU NAPAMEMPAMY, NPOMe 3 CYMMEBO PI3HUM DI6HeM napa-
SUMHO20 MOMEHMY CI0UAMb, WO HE3ANEHCHO 610 AMNIIMYOU NAPA3ZUMHO20 MOMEHMY 3abe3neyyemovcs nodioHa egex-
MUGHICMb 8iONPAYIOBAHHS NOJOICEHHS. 3ANPONOHOBAHI ANOPUMMU KEPYBAHHSA MONCYMb OYMU BUKOPUCMAHUMU K OJis
BUCOKOOUHAMIUHUX 3ACMOCY8AHb, MAK i 051 He0opo2ux Oe3pedyKMOPHUX eNeKMPONPUBOOi8 I3 CepeOHIMU BUMO2AMU 00
AKocmi pe2ynioeants weuoxkocmi i nonoxcenus. biomn. 13, puc. 7.

Kntouosi cnosa: SBHOTIONMIOCHI CHHXPOHHI JBUTYHH 3 MIOCTIHHUMH MarHiTaMu, poOacTHe KepyBaHHS IIBUAKICTIO, Kepy-
BaHHSI MOJIOXKEHHSM, IIapa3UTHUHA MOMEHT.
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BIIJIUB YUCJIA ®A3 OBMOTKHU OBEPTAHHSA HA CTPYKTYPY TA BJIACTHUBOCTI
EJEKTPUYHOI MAIIIMHHA 3 TPUCTYIIEHEBUM POTOPOM

I.C. MeryxoB’, oxT. TexH. Hayk, B.I'. Kipees™, kann. Texn. nayk, K.II. Akunin™, JOKT. TeXH. HayK,
B.A JlaBpuHeHKo

Incruryr eaexrponnnamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: igor petu@ukr.net.

Pozenanymo cmpykmypy enekmpudnoi Mawury 3 pomopom, wjo mae mpu cmyneni c6oboou obepmanns (EMTP) i ckna-
0aemuvcsl 3 306HIUHBO20 MA BHYMPIUHLO2O MASHIMONPOBOOI8, MIdC AKUMU 8 NOBIMPAHOMY HPOMINCKY chepuiHOi KOH-
Qizypayii posmawosarno m-gazny 0OMomKy obepmanHs ma oOMOmMKY YNpaeuiHuA. 30Y0iceHHs MASHIMHO20 NOJA 8
EMTP 30iticuroembcs 3a 00n0MO02010 ROCITIHUX MACHIMIG, PO3MAUIOBAHUX HA 308HIUHbOMY MA2HIMonpoeooi. Oxpec-
neno cepy 3acmocysannss EMTP ¢ cucmemax cmabinizayii, cnocmepesicentst ma cmedicents, oe pomop sioiepac ¢yu-
Kyito 2ipocmabinizyiouozo enemenmy. 3 o02nady uma cmpykmypy poseaanymoi EMTP obrpynmosano 8iocymHicms 6
KOHCMPYKYIi GNAUGY BUXPOGUX CIPYMIG | NPUOAMHICb MAMEMAMUYHOL MOOeNi CMAMUyHO20 MA2HIMHO20 nois. Buko-
HaHo po3paxynox obepmanvrozo momenmy EMTP 3 060- ma mpughasnumu 06epmanbHumu 0OMomxamu 3a ymos pisHo-
20 Kyma Haxusy pomopa eionocHo oci cmamopa. Iloxkazano nepesuwyents Momenmy o6epmans mpugasnoi oomomxu
Ha 20% y nopiensnni 3 060QazHor. Biomiueno 3naunutl 6n1ue 00MOMKY YNPAGIiHHA HA 00epMAlbHUlL MOMEHm mpuga-
3HOI 0OMOMKU | NPUOUZHO OOHAKOBULL 6NIUE 080~ MA MPUPAZHOT 0OMOMKU 00EPMAHHS HA NpeyeciiHull MOMEeHm 3d
VMO8 3HAUHOT 8enuyuny Kyma Haxuiy pomopa. bion. 7, puc. 8, Tadm. 1.

Knrouosi cnosa: TpuctyneHeBa eleKTpUYHA MAIIWHA, TipOCTa0LIi30BaHUIA POTOP, Mpemecis, Tpuda3zHa 0OMOTKa, IBO-
(hazHa 0OMOTKA.

Beryn. Enextpuyni Mammau 3 TpucTyneHeBuM potopoM (EMTP) ckmamaroTs okpeMuii KJlac eJIeKTpo-
MEXaHIYHUX NIEPETBOPIOBAYIB CHEPTil, B SIKMX POTOP, 110 00EPTAETHCS 3 BUCOKOIO IIBUKICTIO, MOYKE 3MIHIOBA-
TH HaIIpsIM 0ci 00epTaHHS BiTHOCHO ABOX KyTOBUX KoopauHar [1, 2]. Takum unaom, EMTP 3natHi 3MiHIOBaTH
TIOJIOKEHHST BUKOHABYOTO OpPTaHy, KOPCTKO OB’ S3aHOTO 3 POTOPOM, 3a IBOMa KyTOBUMH KOOpAWHATAMH, MTPH-
YoMy craliizalis IbOro IMOJIOXKEeHHs 3a0e3neuyeThes sBumeM ripocrabimzanii. [losBa Ta po3poOka Takux
MallIMH 0B ’s3aHa 3 MOTPeOOoIO MiABUIIEHHS eKCIUTyaTaliiHUX MOKa3HHUKIB MPUCTPOIB Ta CHCTEM, B SKUX He-
00X1THO peanizyBaTd BHIIE3rafaHy (DYHKITIIO Opi€HTAIii, OCKUTBEKH MOXIJIMBOCTI TPAAUIIHHUX KIHEMAaTHIHHX
CXeM i3 3aCTOCYBaHHSIM MPHUBOJIIB MO KOXKHIH 3 KyTOBHX KOOPJHMHAT MPAKTUYHO BryeprmaHi [1].

3nebinpmoro EMTP BUKOpUCTOBYETBCS B pEKUMI ABHTYHA 1 3aCTOCOBYETHCS B CHCTEMax cTadiiza-
11, CHOCTEPEKESHHS Ta CTEXKEHHS, JIe POTOP, K BXKe BiIMI4€HO, Bimirpae GpyHKIito ripocTadinizyrovoro emne-
MEHTa. 3a MPUHITATIOM (DYHKITIOHYBAaHHS TaKi MAaIllMHHA, BOYECBHIb, MAIOTh BIIACTUBOCTI TIPOCKOIY, OCKUTBKH
iM mpuTamMaHHa 37aTHICTH pearyBaTH Ha 3MiHYy KyTOBOi opieHTalii 00’€KTy, Ha SKOMY BOHH BCTaHOBJICHI,
BiJTHOCHO 1HEPIIIITHOT CUCTeMH BiJUTIKy. AJie Ha BiIMiHY BiJl KJIACHYHOTO TipOCKOITY, 1€ JJIsl IPUMYCOBOT 3Mi-
HU Opi€HTAIlil 0Ci pOTOpa BUKOPUCTOBYIOTHCS CITEIialibHI IPUBOIHN 10 KOXKHIN 3 1BOX oceir, B EMTP 3mina
opieHTallii 0Ci pOTOpa BUKOHYETHCS 38 paXyHOK il MarHiTHOTO MOJIS OOMOTKH YIPAaBJIiHHS, 3MIHHHN CTPyM
SIKOi CTBOPIOE BiAMOBiIHUK Kopuryrounii MmomeHt. Lls BnactuBicte EMTP 3ymoBnioe nputamansi i Taxi
BaYXJIMBI €KCIUTyaTAalliiHi SKOCTi SK MIBHIKOisI, Malli MacorabapuTHi MOKa3HUKH, HU3bKE €HEePTOCIIOKHBAH-
HS y TIOPIBHSHHI 3 0araTOMalllMHHAMU KiHEMaTHYHUMU cucteMamu. Jlani Oyae posrisHyto came EMTP 3
YIpaBIiHHIM HaPIMKOM OCi 00epTaHHs pOTOpa, SKUH BUKOHYE, B CBOIO Yepry, QyHKUiIO iHepLiifHOTO cTa-
oOimizaropa.

30ymxeHds MardiTHoro mojst EMTP 3miiCHIOETBCSI pO3TallIOBaHOIO HA POTOPI CHCTEMOIO IMOCTIHHUX
MAarHiTiB. 3 MOSBOI BHCOKOCPIUTUBHHUX MOCTIHHMX MAarHiTiB Ha OCHOBI IHTEPMETAIIUYHUX CIIOJYK CaMapiro
Ta HEOJUMY TaKa crcTeMa 30yKeHHs cTaja ()aKTHYHO Oe3aIbTEpPHATUBHOKO, 32 BUHSATKOM THX BHIIAJIKIB,
KOJIM TI0JIe 30y KeHHS Tpeba perymoBaT. [IpocToTa KOHCTPYKIIT poTOpa AEMI0 YPiBHOBAKYETHCS CKIIATHI-
CTIO KOHCTPYKIIii cTaTopa, Jie MOTPiOHO PO3MICTHTH OOMOTKH, 110 3a0€3MeuyoTh 00epTaHHsI PoTOpa, Ta 00-
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MOTKY YHPABIiHHS IJIs1 KOPUTYBAaHHS HANpsIMKY OCi
MarHiTonposia | CHcreMa 06MOTOK | obeprantsa. ENeKTpUYHi ABUTYHH, IO PEaTi3yioTh
BHYTpILIHIH TPUBUMIPHHUH pyX POTOpa 4YM KEPOBaHY MPOCTOPOBY
OpIEHTAIIII0 OCI MPHUCTPOIO 32 JBOMA KYTOBUMH KO-
OpAMHATaMH, MarOTh 3HayHE NOUIMPEHHS Ta JOCIHi-
g 3 ok JDKYIOTBCSL TIPOTATOM TPUBAJIOTO dYacy. 3ycrTpiva-
H S/ N %_P S\N IOTBCSI Cepell HUX TakKi, 10 MAlOTh KJIACUYHY CTPYK-
1 TYypy, OOEPTOBHIA PyX POTOPY SKHX Pealli3yeThes 3a
i - MPUHIMIIOM CHHXPOHHOI MamuHu [2—4]. Yrpamin-
‘|‘ HSl TIPOCTOPOBOIO OPIEHTAII€I0 B TaKUX MPHCTPOSX
BiIOYBa€ThCS 3aBAAKH peajizallii mpouecy mperecii,
TOOTO B HUX aKTHBHO BUKOPHUCTOBYETHCS TiPOCKOIIi-
Puc. 1 yauii edext. ToMy OOMOTKY YIpaBiiHHS 4acTo B
JiTepaTypi Ha3UBalOTh 0OMOTKOIO Tiperecii. BapianT
eleKTpoMexaHigHoi cTpykTypu EMTP knmacwdaHoro THITy HaBelIeHO Ha puc. 1, ne cuctemy 30yIKEHHS Mar-
HITHOTO TOJSI MOCTIHHMMHU MarHiTaMH PO3TAalllOBaHO HA 30BHIIIHBOMY MAarHiTONpPOBOAI. Y Wil CTPYKTYpi
30BHIIIHII Ta BHYTPIIIHIA MarHiTOOPOBOAM KOPCTKO 3’€IHAHI MiX CO0OI0, P IbOMY BOHH OXOIUTIOIOTh
cucTeMy OOMOTOK, BHACTIIOK YOTO B IPOLECi 00epTaHHs POTOPY BUKIIOYAIOTHCS BTPATH Ha MepeMarHiuy-
BaHHS Ta BUXPOBI CTPYMH B MarHiTONPOBOZAAX, & TAKOX 3MEHIIYIOTHCS MOTOKH po3citoBanHs [1]. B Toit xe
Yyac cucreMa OOMOTOK, PO3TAallOBaHHX Yy OOMEKEHOMY IMPOCTOpi MOBITPSIHOTO MPOMIXKKY, € CKIaJIHUM
00’€KTOM SIK KOHCTPYKTHBHO, TaK 1 TEXHOJIOTIYHO, OCKIJIbKH ii CTPYKTypa Ta TOYHICTh BUKOHAHHS BIUIMBA€E
Ha Bci nokasHuku EMTP.

st peanizamnii MOKJIMBOCTI TPhOX CTYIIEHIB CBOOOAN 00epTaHHS pOTOpa BUKOPHCTOBYIOTHCS Pi3HO-
MaHITHI €JIeKTPOMAarHiTHI cTpykTypu. ¥ po6oti [5] nocmimkeno EMTP, ska mpaiioe 3a mpruHIUTIOM iHAYK-
TOPHOI MamuHU. BoHa MICTUTE JBa MMOEMHAHUX CTATOPH I 00EPTATHLHOTO Ta XUTAILHOTO PYXY BiATOBITHO
3 CUCTEMOIO 3 BOCBMH OOMOTOK JIJISl KOYKHOTO 3 TI'ITH MOXKIIMBHX (DIKCOBAaHMX KyTiB HAXWIIy poTopa. MokHa
BIZIMITUTH HU3KY JOCIi)KEHb TaK 3BaHUX ABUTYHIB CEpPUUHOTO THILY, 1€ AJs 30YIPKEHHS MarHiTHOTO MOJIS
BUKOPHUCTOBYETHCS TOCTIHHUI MarHiT, a peryJioBaHHA 32 TPhOMa KOOPAWHATAMH PEali3yeThCs 3a MPHHLU-
MIOM KPOKOBOTO JBUTYHA, III0 MICTUTH y CBOii CTPYKTypi 0OMOTOK 12 abo 24 cekwii. Lli TexHiuHi pinieHHs
OIMCAaHO BiAMOBiAHO B poboTax [6, 7]. KoxkeH 31 3ragaHuX NpWUHLMIIIB — NPUHIMI IHAYKTOPHOI MalIMHU Ta
NPUHIMIT KPOKOBOT'O ABUTYHA — TSI CBOET peatizaii noTpeOyoTh JOCUTh CKIaAHOI KOHCTPYKIIil MarHiTHOI
CHUCTEMH 1 HE MOXYTh OYTH BUKOPHUCTAHUMH TSI 3a0€3MMeUeHHS MIBUAKOO00EPTOBOTO PyXy poTOopa Ta 0e3CcTy-
miHYacTol 3MiHM KyTa HaXuily Horo oci oOepTaHHs 4epe3 HasBHICTh MarHiTHOTO TSDKIHHS MK CTaTOPOM Ta
poropoM. B mpencrasneniit ctpykrypi EMTP (puc. 1) Ha craropi gBuryna BiacyTHi Oyab-ski (pepomMartitHi
MaTepiaim, o 00YMOBITIOE MOKIJIMBICTE TUTABHOTO PETYIIOBAHHSA KyTa HaXmily poTOpa i BIACYTHICTH IIKif-
JIUBUX MOMEHTIB, SIKi O MPU3BOIMIIM IO HOTO HEKEPOBAHOT MpeIecii.

Amnaniz ocoomuBocteii EMTP, a Takox

HasSBHICTh HOBUX MAarHiTHUX MaTepiajiB i eleKT-

MarHitonposia BHyTpimHiﬁl POHHHMX KOMIUIEKTYIOUHX AJISI CUCTEM KEepPYBaHHS

CIOHYKalOTh JO TMOJANBLUIOr0 yIOCKOHAJICHHS

Marsitonposia 3OBHimHiI‘,’I| LBOr0 KJIAacy €JIEKTPHUYHMX MAllHH, a ITiJBHILE-

HUM [OIUT Ha CydYacHI CUCTEMH IOLIYKYy Ta CTe-

YKCHHS MITBEP/KYIOTh aKTyaJlbHICTh 3a3HAa4EHOT
TEMaTUKH.

Tpamuniitno B8 EMTP nns 3abe3nedeHHs
posroHy Ta crabimizamii 00epTiB pOTOPY BUKOpPH-
CTOBY€ThcA ABodasHa oomoTka [1, 2, 4]. Axe 3
KJIACHYHOI Teopii eNEeKTPUYHUX MAIIUH BiIOMO,
mo TpudazHa cxeMa JKUBIICHHS Ma€ IesKi mepe-
Baru mnepea Bo(da3HOI 1 TOMYy METOI0 JaHOL
po0oTH € BU3HAYCHHS! MOXXJIMBOCTI BUKOPHCTAH-
Ha Tpuda3zHoi OoOMOTKH B 0OpaHili CTPYKTYpi
EMTP Ta mpoBeneHHS MOPIBHAIIBHOTO aHaNi3y
XapaKkTepHCTUK JABHI'YHa Y pa3i 3acTOCyBaHHS
JIBOX CX€M OOMOTOK Pi3HOI (ha3HOCTi.

Marsitonposiz
30BHIITHIH

LY

Y

| Kapnanos minsic |

OobmoTka praBJ‘IiHHHl

Ob6moTka dazu B |

Marsit

Puc. 2

46 ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 2



Po3paxyHkoBi CTpPYKTYypu Ta MaTeMaTH4YHAa MoAedb. Ha puc. 2 HaBeJeHO momepeyHHuil mepepi3
MAarHiTHOT CUCTeMH 00paHoi CTPYKTYypH B cUcTeMi koopauHar (X, Y, Z), moB’sa3aHiit 31 ctatropom, zie KyT f3,
TaK 3BaHMU KyT HyTalii, € KyTOM BiAXHJIEHHS oci poTopa Bif oci Z. [1{06 BHKIIOUMTH BIUIUB APYTOPSIIHHX
0c00IMBOCTEH KOHCTPYKLIl Ha pe3yabTaTH MOZCIIOBAaHHS, MarHiTHy CHCTEMY 3BEICHO A0 iJeani30BaHOi CH-
METPHUYHOI TeOMETPIi 1 3 Hel BUKITIOUEHO €JIEMEHTH KapaaHoBa minBicy (puc. 1). B posrmsiHyTHI Tepepi3 1mo-
TparstoTh cekuii ¢pasu B. Cekuii $hasu A, mo Mae npocTopoBHi 3cyB Ha 90° y3/10BK KyTOBOI KOOPJIHHATH 7,
MaroTh CKOPOYEHHH KPOK 1 TOMY B HaBeICHHH Iepepi3 He MOTpamvisiioTh. Bonu 3aiimaroTh map Mix ¢azoro B
Ta 0OMOTKOIO ympaBliHHA. 300pakeHHs aBo(a3zHoi 0OMOTKM HAaBEIEHO Ha PHC. 3, JA¢ CEKIlii ABoX (a3 mo-
3HAYEHO Pi3HUMH KOJIBbOPAMH.

Oco6aMBOCTI MpakTHYHOT peanizauii ABo¢dazHoi 0OMOTKH BU3HAUYAIOTH 11 MPUHIUIOBI Henomiku. Oc-
HOBHHM HEJIOJIKOM € Te, 1[0 HEMOXKJIMBO YHUKHYTH MIPUJISTaHHS CEKIIid, SKi pO3TalloBaHi B CYyCi/IHIX IIapax
Ta MalTh NMPUHAICKHICT 10 pi3HUX (a3. lleil HemoiK MPU3BOANUTE 0 3HIKCHHS HAIIHHOCTI OOMOTKH Ta
yCKJIaAHEHb 3 11 BurotoieHHs. [1o30yTucs iioro Mo>kHa BUKOHABLIM 0OMOTKY 3 (ha3HOIO 30HOIO He OiNIbIIO0
HiK 90°, ane B LpOMY BHIAAKY aMIUTiTYAa nepuioi rapmoniku MPC cknanae nume 63 % Bix mepiioi rapmo-
HIKF OOMOTKH O0paHOi CTPYKTYPH.

Cekirii 000X 0OMOTOK B PO3TJISTHYTIH MOJIeNIi BUKOHAHI 3 JCII0 CKOPOYCHUM KPOKoM (puc. 3), 10 He-
3Ha4HO 3HMWKye MPC, ane 1ie 3HWKEHHsI HE € KPUTUYHUM 1 CTAaHOBUTH MPHOIHM3HO 2 Y% Bix aMIUTITYIU mep-
1101 TAPMOHIKH (32 33/1aHOT IMUPHHU CeKIlii 0OMOTKH). [lo TOTO X CIii TOIaTH, M0 MPOMIXKKHA MiX CEKIisSIMU
BIZIIrpaloOTh MO3UTHUBHY POJIb, OCKUIBKU 3MEHIIYIOTH JIOOOBI YaCTHHH, SIKi COPMOBAHO TOPU3OHTATBHUMH
IOUITHKaMH 0OMOTKH Ha pHcC. 3, 110, 3BUYaifHO, 3MEHIIY€E 1HAYKTUBHICTh PO3CIIOBaHHS Ta OMip HEAKTUBHHUX
TITHOK OOMOTKH.

I'eomeTpuyHi JaHi 0OMOTOK 1 MarHiTHOI CUCTEMH HaBeIeHO y Ta0uii. JIiHiiHI po3MipH moAaHi Bifl-
HECEHUMH 10 BEJITMYUHH NOJTFOCHOTO MOIIITY.

Poswip Cexuin2 pam A |
[Mapamerp BiJTHOCHO
TIOJIFOCHOTO
O JTLTY
[ToBHMI NOBITPSHUN TPOMIKOK MK 0,104
MAarHITONpoBoaMH 4,5 MM
ToBmmHa mapy 006MOTOK 3,5 MM 0,081
Bucota sipma BHYTpIiIIHBOTO 0,035

Marsitonposony 1,5 MM Cekuis 1

Bucora sipma 30BHimHBROTO MaraiTompo- | 0,045
BOAY 2 MM

dasu A

Bucota marHiTy 7 MM 0,162
KyTtoBwii po3mip MarHity (miomuna X, ¥) | 120°
KyToBwii po3mip 0OMOTKH yrpaBIiIiHHS 70°

(utomuHa X, Z)

KyroBuit kpok cekrii oOMoTKH obepTranHs | 154°
(tutommaa X, Y)

KyroBa mmpuna akTuBHOT yacTuHu cexmii | 13°

00MOTKH 00epTaHHs Puc. 3

CriBBiTHOIIICHHS TOBIIUHM IIapiB oOmo- | 8/3

TOK yIIPaBJIiHHs i 00epTaHHSI Tpudazny oOMOTKy po3TalryBaTy y JBa Ia-
KoeditieHT 3amoBHEHHSI 0OMOTOK Mi IO 0,34 pH, K Lle Majo Micue 3 JBO(}a3HOI0, TEXHOJIOTIYHO
Marepiaj ocTiifHOro MarHity KC37A Habarato ckianHime. Tomy TpudazHy oOMOTKY BH-
Iositpsanuii npomixok mix pyxomumu i | 0,0116 MYIIIEHO MO)KHA BHKOHATH [CII0 «BUPOHKECHOIO» 1
HEPYXOMUMH dacTuHamu 0,5 MM PO3TAIIOBAHOIO B OJIMH ILAp, 10 HABEJIECHO Ha puC. 4.

3BayKarouu Ha KyTOBY IIMPUHY aKTHBHOI YaCTHHU CeKIil 00MOTKH (TabI.), sIKy AJs MOPIBHSUIBHOTO aHai3y
3aIMIIAMO TaKOIO K, KYTOBHM KPOK CeKIii (cepenHiii KyToBuil po3mip) ckimagatume 120°-13°=107°. Cekmii
BBKAJTUCS YKJIAICHUMH 0€3 TPOMIKKIB MiXK aKTUBHUMH YacTHHAMU (puc. 4).

st mopiBHSHHS 00OpaHUX CTPYKTYp OOMOTOK OyAeMO pO3IIISAaTH YCTaJeHUH CHHXPOHHUH PEXUM
o0epTaHHs POTOpa 32 YMOB KHUBJICHHSI OOMOTOK CHHYCOiJAJIbBHUM CTPYMOM. BigmiThMO, 1110 3MiHHE MarHiT-
HE T10JIe, K€ CTBOPIOETHCS 3MIHHUMH CTpyMaMH OOMOTOK, Ta MarHiTHe mose 30y/pKeHHS poTopa, mo obep-
TAETHCS, HE BUKIUKAIOTh MOSBU BUXPOBUX CTPYMIB B MarHiTOIpPOBOJAX, OCKUILKA MarHiTOMPOBOAU «00ep-
TAIOTBbCS Pa3oM 3 MoJieM». TakoX MPUITYCTUMO, 10 0OMOTKH HaMOTYIOTHCSI JOCUTh TOHKUM MPOBOJOM, IO
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3aCTOCOBYETHCS B OLTBLIOCTI BHIIAAKIB, i TOMY BUXPOBHMH CTPyMaMu B ApOTax MOXKHA 3HEXTyBaTH. B pe-
3yJITATI MOMEPETHHOTO aHANI3Y CTPYKTYP OOMOTOK 3 ypaXyBaHHSM BUCYHYTHX MPUITYIICHb BU3HAYHMO T10-
Ka3HUKH Ta KPUTeEpii, 38 SKUMHU MO>KHA BUKOHATH MOPIBHSHHS 00paHUX BapiaHTiB:
— a) BEJIMYMHA CTBOPIOBAHOT'O 00€PTaIbHOTO MOMEHTY;

' ' 0) BeTMYMHA BINTUBY OOMOTKH YIIpaBIiHHSI Ha 0bep-
TaJIbHUM MOMEHT;

B) BEJIMYMHA BIUIUBY OOMOTOK 0O€pTaHHS Ha MOMEHT,
CTBOPIOBaHUN 0OMOTKOIO yTIPaBIIiHHS;

T') HailHICTh T4 TEXHOJOTIYHICTb.

3pobiieHi npumyIeHHs, 00paHUi PEKUM Ta KpUTepii
MOPIBHSHHS [AAIOTh 3MOTY BHUKOPUCTATH [UIS AOCIIIKCHHS
MaTeMaTHYHY MOJEJIb MarHiTOCTATUYHOIO IOJIS, B AKIH Po3-
PaxoBYETbCSl TPUBHMIpPHE IOJIE BEKTOPHOTO MAarHiTHOTO IIO-
TEHIliaTy A Ha OCHOBI PiBHSHB

vl _va-J. (1)

n(B)
B=VxA, 2)
Jie | — MarHiTHa MPOHHUKHICTh cepenoBuIa; B — BekTop MarHiTHOI iHAYKIII; J — BEKTOp TYCTHHU CTPyMY,
IO MPOTiKae B 00MOTKax. Sk Oyio oOrpyHTOBAaHO paHillle, BUXPOBUMH CTPYMaMHU B €JIEKTPONPOBIIHUX 00-
JACTSX MOKHA 3HEXTYBaTH. HelmHIMHIMEI B MarHITHOMY BiTHOIIICHHI BB)KAJIUCS MAarHITOIIPOBOIH, a TAKOXK
Marepiajl MarHiTy, BIaCTHBOCTI SIKMX 3a/IaBAIMCS XapaKTEPUCTUKAMH HaMarHi4yBaHHS Ta pO3MarHidyBaHHs
BIZITOBITHO.

MaremaTnyHe MOJAENIOBaHHS BUKOHYBajlocs B cepenoBuii makery « COMSOL Multiphisics» B iH-
tepdeiici «Magnetic fields». Po3paxyHkoBa obmacte oOMexyBanacst ceporo 3 YOTHPUKPATHUM IO BiIHO-
IIEHHIO JI0 30BHILIHBOIO pajiiyca poTopa pajiycoM R;,. Jis OiibII TOUHOTO MOJENIOBAHHS PO3MOBCIOKEH-
HS MAarHITHOTO TOJs Ha HECKIHUEHICTh Mepe]] 30BHINTHHOI0 TPAHUICID OYyJO0 BUAUICHO Iap 3aBTOBIIKH
0,1 R;,, po3niofiinennii Ha Tpu mAapy 3 HECKIHYEHUMH eJIeMEHTaMHu, sKi mependadeHi B inTepdeiici «Mag-
netic Fields». Ha xomm’rotepi 3 yactoToro mponecopa 4 I'T po3paxyHOK OIHOTO BapiaHTy 3a YMOB IOMIp-
HO{ T'YCTOTH CITKU CKiHYEHUX €JIeMEHTIB CKJIa/laB OJIM3bKO MiBTOPH XBUJIMHU.

st 069rCIeHHS BEKTOPY eIeKTpoMarHiTHoi cvuw f, 1m0 1ie Ha poTop, BUKOPUCTOBYBaJIacs hopMy-
na JlopeHua

f, =JxB. 3)

OcCKiJbKU MOZAENIOBaBCs ycTaneHuil pexxuM poootu EMTP, ¢dazoBi 3cyBu cuHycOinadbHUX CTPYMiB

B 00MOTKax 3amaBajucs Tak, mo0 3a0e3rmeuyBaBcsS MaKCHMAIBHWA OOCpTAThbHUN MOMEHT. TakuM UYHHOM,

SKIO B MOYAaTKOBHI MOMEHT 4Yacy Bich Imouisi 30yIDKEHHS poTopa crhiBmangae 3 Biccio ¢asu A4, To cucrema
CTpyMiB (a3 iy, iz MOBUHHA MaTH TaKy 3aJIC)KHICTb BiJl KyTa 0OepTaHHs Y

i,(y)= 1,siny
b
i,(y)=-1,cosy
ne 1, — aMIDTiTyJa CTPyMY, L0 BU3HAYAETHCS 32 MPUITYCTUMOIO BiIIOBIZHO /0 TEIIOBOTO PEKUMY T'YyCTH-
HOIO CTPYMY, IIONTMHOIO TOIIEPEYHOTrO Tepepizy 0OMOTKH Ta KOe(IIlieHTOM 3aloBHEHHS 00’ €My 0OMOTOK
Mizto (Tabm.).
Ob6epranbHuii MOMEHT M, (MOMEHT BITHOCHO OCi Z, puC. 2) 004YHCIIOBaBCs iHTErpyBaHHIM CKJIAIO0-
BuX cuim JlopeHna 3a 06’ €eMOM KOKHOT 3 00MOTOK 3a (hOpMYJIOI0

MZ:J'V (_fX.Y+fYX)dV+jV (=fy Y+ f,X)dV )

e Vya, Vip — 00’ eMu, 1o 3aiiMaroTb 00MOTKH (ha3 4 Ta B BIAMOBIAHO (I BUMAAKY ABO(A3HOI OOMOTKH);
fx fr — cknanoBi cuiu JlopeHiia, 10 SIKUX € JOCTyM Oe3nocepenbo 3 inTepdeticy «Magnetic Fields». 3a ana-
JIOT1YHOI0 (HOPMYJIOI0 00UMCITIOBAaBCs 00EpTaILHII MOMEHT AJisl TpUQa3sHOi 0OMOTKH, TEMep BXKE LUIIXOM
IHTETpyBaHHAM 32 IXHIMU 00’ eMaM (puc. 4).

Pe3ysabTaTn MozneaioBanHs. Ha puc. 5 HaBeneHo rpadiku 3a1eKHOCTI BiTHOCHOTO 3HAUYCHHS MOMe-
HTY oOepTaHHs M, Bif KyTa o0epTaHHs Y B Aiana3oHi Kyta HyTtamii f ~ 0...30°: a) ans Bunaaky aBodasznoi
00MOTKH Ta 0) -Tprua3Hoi 0OMOTKH 32 YMOB BiJICYTHOCTI CTpyMy B OOMOTIII yrpaBiIiHHA. 3a 0a30BEe 3HAYECH-
Hs OyJIO0 MPUIHATO cepelrHe 3a nepio] oOepTaHHsA 3HAYEHHsA OOEPTaIbHOTO MOMEHTY M) a0 (PHUC. 5) And

4)
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nBo(da3Hol 0OMOTKHM 32 YMOB HYJILOBOTO KyTa HyTamil. TyT i Hajgani po3paxyHOK KyTOBUX 3alI€KHOCTEH MPo-
BOJIMBCA 3 KpOKOM 71/16 1o KyTy o0epTaHHsI, a rpadiku OyayBanucs 0e3 MpoLeypH 3ri1aKyBaHHS.

MeodazHa obepranbHa o6MOTKA, I,,,=0 Tpuipazna obepranbHa obmoTKa, I,.=0
140 L T T T T 140 T T T T
130+ . 130 -
120 = 120 .
110+ - 110 -
100+ . 100+ -
z 90 % 90 .
5 80 - 2 80 1
g " _\r\o_/‘\//\/'\m_/_ ; col i
i 5
= eof g x 601 .
3 i 4 = 50
= 50 - — f=0 ()
a0t %= =0 () || a0f
. —— B=10 (°)
30k —— f=10 (°) | | 30+ -
ok —— B=20 () | | 20 p=20 (9
10l —— B=30 () | 10f = F=30 ()
0 1 'l 'l L 1 0 L L L .
0 90 180 270 0 100 0200 300
¥ ) v
a) 0)
Puc. 5

[Tynbcyrounit XxapakTep MOMEHTY B 000X BHIaKaX BUKIUKAHUH, O€31IEpeuHO, 30CEPEPKEHIM BHKO-
HaHHSM OOMOTOK 1 OCOOJIMBOCTSIMH CTPYKTYPH MaraiTHOI cucteMu. CepeiHs BeIMYrHA MOMEHTY JJISl BCHOTO
Iiama3oHy KyTa HyTauii B y Bumaiaky TpudaszHoi oOMoTkH Oinbina Ha ~20 % Hix a1 gBodazHoi 0OMOTKH,
[0 TOBOPUTH NP0 e(heKTUBHICTH MepInoi. AMIUTITYIa Imyibcalid B 000X BUMaIKax MpUOIN3HO OogHaKoBa. B
yMOBaxX KepoBaHOi mperiecii B 0OMOTIII yIpaBIiHHA POPMYIOTh CHHYCOINaTBHUN CTPYM 1, TOIi, KOJTH HE0O0-
XiJIHO 3MIHUTH HaXHJI OCi 00epTaHHS pPOTOPA.

3a yMOB HyJILOBOT'O KyTa HaXWIy poTopa [} BHACIIIOK CUMETPii MarHiTHOI CHCTEM MOTOKO3YETIIICHHS
MK 00MOTKamMH oOepTaHHS 1 MarHiTaM{ POTOpa Ma€ MaKCHUMAaJIbHY BEITMYHHY, a IOX1HA Bij] IOTO 3HAYCH-
HS TI0 KYTy [} IOpIBHIOE HYJI0. BiAmoBimHO, CKIagoBa MOMEHTY, IO NMPH3BOAMTE 0 BiAXHIICHHS Bici 00ep-
TaHHA POTOpY, Oyne BiacyTHs. [lig yac Haxwiy poTOpa MiA BIUITMBOM MOMEHTY, CTBOPIOBAHOTO OOMOTKOIO
YIpaBIiHHS, BTPAYa€ThCS BUIE3ragaHa CUMETPis 1 3’SBIAE€THCS TOPU30HTAIbHA CKIIaa0Ba (B moiomuHi (X,
Y), puc. 2) Mar"iTHOTO MoOJIsi OOMOTKH, a 3 HEIO 1 MyJILCYIOYHI MOMEHT, SIKUH 30ypIO€ MOMEHT 00epTaTbHOTO
pyxy. Lle 30ypeHHs € OinplI BUpa)KeHUM Y BUNIAAKy Tpr(azHOi 0OMOTKH, IO BiZ0OpaXeHO KpUBUMH AJIS 3 >
0 Ha puc. 6 y mopiBHSHHI 3 TpadikaMmu Ha puc. 5. 3ayBaKUMO, IO 30UTBIICHAS] KOJMBaHh MOMEHTY B PO3-
TTITHYTOMY BUIIAJKY HE TIPU3BOAUTH J0 3MiHH HOTO CepeTHbOr0 3HAYCHHS.

3aJIe)KHOCTI CepeIHiX 3HaYCHb 00epTaIbHUX MOMEHTIB BiJl KyTa HAXWIIy pOTOpa [3, IO BiAMOBIIAIOTH
3anexHocTsM (puc. 5, 6), HaBeleHO Ha pHC. 7 (3aNeXKHICTh st ABO(A3HOT OOMOTKH TYT HE HABOIUTHCA,
OCKITBKH OJIM3BKICTH CEpPEeIHIX 3HaYeHhL MOMEHTY Ha PHC. 5, a Ta puc. 6, a € oueBuaHO0). CIIiJ 3a3HAYNTH,
IO 3rajjaHe Mmylbcytode 30ypeHHs: Mae (a3oBUi 3CYB, SKHI 3aJICKHUTh BiJl ()a30BOTO 3CYBY CTPYMY OOMOTKH
ynpaiiHHs. Take 30ypeHHS MO)Ke BUKJIHMKATH OIOCEPEIKOBAHUI BIUIMB Ha MpeLeciiHuil pyX. Ane Oijbin
JOKJIaJIHE OCIIKEHHS BIUIMBY YIPABIISIOUOTO CTPYMy Ha IyJbcallii MOMEHTY 0OepTaHHS Ta, TAKUM YHHOM,
OIIOCEepPeIKOBAHO Ha NPELEeCciiHUN pyX pOTOpa BUXOIHUTH 38 PAMKH JAHOTO JTOCIHIIKEHHS.

BignoBigHo 10 OTpUMaHHMX AaHUX PO3PAaXyHKIB KOHCTATY€EMO TUIBKU Te, IO 32 YMOBH 3HAUY€HHS KYy-
Ta HyTanii 6mu3pko 30° aMInTiTYJa mynbcalii MOMEHTY oO0epTaHHS TpU(a3zHOi OOMOTKH, SIKUH BUKIMKAHO
BIUITMBOM CTPYMy OOMOTKH ympaBiiHHs, Moxe csraTti 40 %, 1mo norpedye TociKeHb BIUIMBY X ITyJIbca-
uiif Ha pyx poropa. Tpeba 3ayBa)KUTH, IO TakKi BEJIHMKI 3HAYEHHsI [bOTO KyTa, MO-TIEpIIe, 3yCTPI4atOThCs
TIIBKH B €KCTPEMabHUX KOHCTPYKLISAX, MO-APYyTe, CUCTEMa yNpaBiHHA MOBHHHA Ay’Ke IIBHIKO BiAIpaLio-
BaTH Ha MiHIMI3aIiIo IIHOTO KyTa, MO-TPETE, ITiJT 9aC PO3TOHY POTOpa 10 HOMIHATBHOI IMBUAKOCTI 0OSpTaHHS
00MOTKa yTpaBIliHHS HE MPAIoe, a OCKIIBKM HOMiHallbHA IIBUAKICTh 32 3BUYall IOCUTh BEJHKA, BUJIHUB 00-
MOTKH YIPaBJIiHHS HiBETIOETHCS 3HAYHUM KIHETHYHUM MOMEHTOM.
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AsodasHa obepraibHa 0OMOTKA, I, ~ sin(y) TpudasHa obepranbHa oOMOTKA, I, ~sin(Y)
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Puc. 6

Buie Oyio BiAMideHO MOXKIIMBICTh BUKOHAHHS ABO(azHoi 00MOTKH (puc. 3) 6€3 MPOMIXKKIB MiXk ce-
KIIISIMH 3 KyTOBUM po3MipoM 167° (1o cepeHiii JiHil) U Biq3HAYANIOCH, IO PI3HUII MIX MEPIIUMHU TapMOHi-
kamu MPC Takoi 0OMOTKH 1 0OMOTKH 3 KyTOBHUM po3MipoM 154° ckiramae He OinbIe ABOX BiICOTKiB. Po3-
paxyHOK MOMEHTY OOepTaHHs Takoi OOMOTKM TeX HaBEJCHO Ha PHC. 7 y BHIIAAI TOYOK, SIKI MPAKTHYHO
CHIBNAMAIOTH JI 000X BUKOHAHb JBO(A3HIUX 0OMOTOK.

ITopsia 3 aHaMi30M 00EPTATEHUX MOXKIMBOCTEH 000X PO3TIIHYTHX cxeM o0MoTok it EMTP icaye
pobiieMa 0e3M0CePeIHBOrO BIUTUBY 00epTalbHUX 0OMOTOK Ha MPEIeCiiHui MOMEHT OOMOTKH YIPaBIiHHS,
SIKMH TEXK 3’ SIBISIETHCS 32 YMOB HaxXwily poTopa. Binomo, mo HebaxkaHnii MOMEHT Oy b SIKOi IPUPO.IH, IO JIi€
Ha TPUCTYTICHEBUI POTOP, BUKIIMKAE MPELECito, Tka Mae OyTH MiHIMI30BaHOKO Ta KOMIICHCOBAHOIO 3a JIOMO-
MOTOIO0 CHCTEMH YTPAaBIIHHS IS TOCATHEHHS 3aaHOi TOYHOCTI opieHTaIlii pododoro oprany. OCKUTEKH 3a
HYJIBOBOTO KyTa [3 MarHiTHa CHUCTEMa € CUMETPUYHOIO BITHOCHO TOPU30HTAIBHOI IJIOMIMHY, IPOBEACHOI Ye-
pe3 nenTp mac (rmomuHa (X, Y), puc. 2), MOMEHTH, IO CTBOPIOIOTHCS JJOOOBUMHU YacTUHAMH (TOPH30HTAIbHI

YaCTHUHU CEKIliif 00MOTKM Ha puc. 3, puc. 4) BpiBHOBa-

120 JKYIOTBCS 32 OyAb-SIKMX 3HaueHb KyTa oOepraHHs. 3a

YMOB HaxXWJIy pOTOpa BiIHOCHO CTaTOpa 3rajaHa cuMme-

100 Tpist HE TOTPUMYETHCS, 110 BUKIUKAE MOMEHT 30ypeH-

Hs 3 OOKy 00MOTOK oOepranHs. Ha puc. 8 HaBemeHo

S 80 3aJICKHOCTI CKJIAJIOBUX BIAXMISIOUOTO MOMEHTY BiJ

st \Bﬂ\g\ KyTa oOepTaHHs Y B 00epTalbHIl CHCTEMi KOOpAMHAT

2 60 o (d, q), moB’s13aHiit 3 POTOPOM 32 YMOB HYJIHOBOI (a3

5 \Bﬂ CTpYMy YTPaBIiHHS 1 BEeIMYMHU KyTa Haxwry P — 15°.

I 3 ornsiny Ha HaBeAeHi rpadiku MOXHA Bi3HAYUTH, 110
s~ 40 —A— 3 cpasm, lwe=0 —

CepemHi 3HAYCHHS CKIAJOBMX MOMEHTY 30ypeHHS

® 3 daan, we~sin NPUOJIM3HO OJHAKOBI, ajle aMIUTITYHE 3HAYEHHs 30Yy-

20 —¢—2aan, (ymid=154°) 1 penns B pasi gBodasHOi 0OMOTKU He3HAUHO (Ha <1 %)
O 2 daam, (ymid=167°) MepeBHINye Take A TpudazHoi oOMoTku. J{o Toro x

0 ‘ CKJIaJIOBI MOMEHTY 30ypeHHsS i1 1B0(ha3HOi 0OMOTKH
0 10 . 20 % Mvators Jemo OuTbIl KpyTi AUISHKH 3POCTaHHS, IO

MOKe OYTH TPaKTOBAaHO SIK HASBHICTH OLIBIIOI YacTKH

Puc. 7 BUIINX T'APMOHIYHUX CKJIAJOBUX Yy 3yCHIULIX, IO [i-

I0Th Ha pOTOp. 3MiHa (a3u CTpyMy YIpPaBIiHHS 3 Me-

TOIO0 3MiHM HalpPSAMKY MPEUECiifHOTO PyXy, OUEBHUAHO, MPU3BEIC 10 «IEPEepO3NOIiTy aMIUTITY» MiX CKia-

JOBUMHU MOMEHTY M, Ta M, 6e3 CyTTe€BOi 3MIHH y CEpEIHIX Ta aMILIITyIHHX CIiBBiAHOMIEHHAX. Jlonamo Ta-

KOX, IO JUIS 1HINUX 3HaYeHb KyTa HaXWiy poropa B 3aJeKHOCTi, MoAiOHI HaBeIeHHM Ha puUC. 8, TYT He
HaBoAAThCs. Li 3a5eXHOCTI MOXKYTh OYTH ITPEIMETOM OKPEMOTO TOCITIIKEHHS.
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Hampukinmi HeoOximHO po3- 5_' ' I I ] ! ' T ]
MJIAHYTH 1€ OJHY BaXIJIMBY OCOOIH- A = My, 2 gasu, f=15 (°)
BICTh, Ha Ky BIUIMBa€ BUOIp ymcna Qa3 4t —o— M,, 2 dhasn, =15 (°) |
obmoTku obepranass EMTP. B mepmry —o— M, 3 pasm, f=15 (°)
Yepry MoBa Hae Mpo OCOOIMBOCTI ITO- -8 M,, 3 damm, f=15 (°)
OyIOBH CTPYKTYpH CHCTEMH (HopMy- 2F 1
BaHHS 3MIHHHX HAIPYT, 10 [TOJAI0THCS
Ha 00MOTKYy obepranus EMTP. V Bu-
najKax peajizailii CTPyKTypd 3 IBO-
abo TpudaszHuMu 0OMOTKamMu 0OepTaH-
Ha EMTP, napanenbHO 10 CHIOBUX
00OMOTOK HAMOTYIOTBCS TaKOX BiIIOBI- 2f :
IHI CUTHAJIBHI OOMOTKH, BHMXIAHI Ha-
MPYTH SIKHX BHKOPHUCTOBYIOTBCS SIK
BXIJTHI CHTHaJIM CHUCTeMH (HOPMYBaHHSI s 1
JIBO- a00 TpU(a3HOI CUCTEMH 3MIHHUX
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TOYKY, TO B 000X BHUIaJKaX MpHUETHAH-

HS CWJIOBUX Ta CUTHAJILHUX OOMOTOK /10 Puc. 8

CXeMH KepyBaHHs BiIOyBaeThCs 3a J0-

MMOMOTOI0 TPHOX TIPOBOMIB. PizHHIIL

HoJIsirae y ToMy, mo it popMyBaHHS ABO- 200 Tprda3HOT CHCTEMH 3MIHHUX HaNpyT HEoOXiJHa peaizallis
IHBEpPTOpa HANPYTH, KWW MICTHTH OibITy a00 MEHINY KiTBKICTh CHJIIOBUX TPaH3UCTOpiB. BakimBoro ymo-
BOIO (hOpMYBaHHS 3MIHHHX KEPYIOUHX HAIpPyT € MITPUMaHHSI HYJIHOBOTO (ha30BOTO 3CYBY MK 3MiHHHUMH
crpymamu ta EPC cunoBux odMorok. Ha mouarky mycky poTtopa, Konu curHan, BiamoBigHi EPC, mopis-
HIOIOTHb HYJIIO, 3aCTOCOBYIOTHCSI CIOCOOM CHHXPOHHOTO IyCKYy a00 (JOpMyBaHHS CIEeliadbHUX MYCKOBHX iM-
nynbciB. MOXKHA TakoX 3a3HAYMTH, IO BUKOPHCTAHHS J1BO- a00 TpH(a3HOI CUCTEMH CHTHANIB JUISl BH3HA-
YEHHSI [TOJIOKEHHS POTOpa HE Biirpae CyTTEBOTO 3HAYCHHSI ITiJ] Yac peaizallii CHCTEMH YIIpaBIIiHHS.

Bucnosku. [lopiBHsaaHs 1Boda3Hoi ABOomapoBoi 0OMoTKH oOepTanHs EMTP, koxHa ¢a3za skoi Bu-
KOHAHa 3 JIBOX CHMETPUYHO PO3TAIIOBAHMX CEKIii, Ta TpHu(a3zHOI OJHOMIAPOBOi OOMOTKH, KOKHA (haza skoi
Mae€ JIMIIIe OJHY CEKIIit0, Ta€ 3MOTY BiJ3HAYMTH TaKi IepeBarud Ta 0COOIMBOCTI 0OMOTKH 0O0epTaHHS Tprdas-
HOT'O BUKOHAHHSI:

— 00MOTKa CTBOPIOE 00epTaIbHUNA MOMEHT, 110 OinblI Hik HA 20% NepeBUILye MOMEHT ABO(a3HOi OOMOTKH;
— BIUTHB ii CTPyMiB Ha MOMEHT OOMOTKH YIIPABIIHHS IS0 MEHINNK 1 32 aMILIITYI00, 1 32 CKIaJ0M BHIIHX
TapMOHIK;

— TEXHOJIOTIYHICTh BUTOTOBJICHHSI Kpallla i, IK HaCJiJJOK, HQAIHHICTh BUIIA.

Pa3om 3 TnM, TpudasHe BUKOHaHHS OOMOTKH OOEpTaHHS 3a yMOB HEHYJILOBOTO KyTa HyTallii mpu-
3BOJIUTH JI0 OIIBITIOL, Y MOPIBHSAHHI 3 TBO()A3HUM BHKOHAHHIM, aMILTITYIH KOJUBAaHHS 00EepPTAIILHOTO MOMeE-
HTY, 0 BUKJIMKAHO BIUNTMBOM MarHiTHOTO MOJIst OOMOTKHU YIPAaBIiHHS.

Po306ixkHOCTI y peanizarii cuctem ynpasminHs EMTP 3 aBo- abo Tpudazaumu oOMoTKamMu o0epTaH-
HS HE € CYTTEBUM (PaKTOPOM Y po3poOIli 3aTalbHOI CTPYKTYPH TaKOTO CIIeIialli3oBaHoro npuBoy. [Ipiopu-
TETHUMH Ta BHPIIIAILHUMH MalOTh OYTH (AKTOPU TEXHOJIOTIYHOCTI BUTOTOBJICHHS €IEKTPOMEXaHIqHOT yac-
TUHH NPUBOY Ta JOCATHEHHSI BUCOKUX TOKA3HUKIB €(DEKTUBHOCTI €IEKTPHUYHOI MAIIMHU, SIKi OYJIO pO3TIIs-
HYTO Y CTarTTi.

B ninomy MoxHa KOHCTaTyBaTH, IO TpudazHa oJHOMApoBa 0OMOTKa MOXE 3a0€3MEUUTH CYTTEBO
OlnpInii o0epTambHU MOMEHT HDK JABOQa3Ha IBOIIApOBa 1 Ja€ 3MOTY 332 YMOBH 3aJaHOTO aKTHBHOTO
00’eMy 3a0e3neunTH Kparli ntuHamivHi BiactuBocti EMTP.

Pobomy suxonamno 3a depacoiodocemuoro memoro «Pozpobumu naykosi 3acaou ma npunyunu nooy-
008U KePOBAHUX N-CMENEHeBUX MASHIMOENeKMPUYHUX CUCTHEM 3 eKCMPEeMATbHUMU XAPAKMEPUCTUKAMUY

(«Excmpemymy), KIIKBK 6541030.
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The structure of an electric machine with a rotor, which has three degrees of freedom of rotation (EMTR) and consists of
external and internal magnetic circuits, is considered. Between them, in the air gap of a spherical configuration, there is
an m-phase rotation winding and a control winding. The excitation of the magnetic field in the EMTR is carried out by
means of permanent magnets located on the external magnetic circuit. The scope of application of EMTP in systems of
stabilization, observation, tracking, where the rotor performs the function of a gyro-stabilizing element, is outlined. Taking
into account the structure of the considered EMTR, the absence of eddy currents in the design and the suitability of the
mathematical model of the static magnetic field are substantiated. The calculation of the torque of the EMTR with two- and
three-phase rotational windings at different angles of rotor’s inclination relative to the stator axis has been performed. It
is shown that the rotation torque of the three-phase winding is 20% higher than that of the two-phase winding. A signifi-
cant influence of the control winding on the torque of the three-phase winding and approximately the same influence of the
two- and three-phase rotation windings on the processional torque with a significant value of the rotor inclination angle
are noted. References 7, figures 8§, tables 1.

Key words: three-stage electric machine, gyro-stabilized rotor, precession, three-phase winding, two-phase winding.
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Vibrating equipment provides various technological processes, such as transportation, separation, compaction of
mixtures. The electromagnetic drive is usually used in vibrating conveyors, feeders and other devices where vibration
parameters are automatically controlled. Increasing the energy efficiency of such devices is an important task. The
paper examines the influence of the power supply voltage on the energy characteristics of the electromagnetic vibration
drive and determines the most effective voltage form. To do this, an analysis of factors affecting the efficiency of the
drive was carried out. It was found that one of the factors is the time interval between the maximum current and the
minimum value of the air gap, and increasing the efficiency is possible by reducing this interval by forming bipolar
rectangular voltage pulses with maximum amplitude, which create narrow sharp pulses of the vibrator coil current. As
a result of the numerical modeling of the processes in the drive, it was found that with increasing power, current pulses
cause short-term deep saturation of steel, which leads to increased losses and reduced efficiency. Therefore, a zero
voltage interval was added between the positive and negative voltage pulses, which limits the peak current values. The
simulation of the processes in the vibration drive with the voltage supply of the proposed form was carried out, its
energy characteristics were calculated: the dependence of the efficiency on the frequency at different load values, the
dependence of the maximum values of the efficiency on the power. It was established that the use of pulsed power
supply makes it possible to increase the efficiency of the drive up to 80% in the power range from 0.25 of the nominal
value to the nominal one, which is on average 10% more compared to sinusoidal voltage. The dependences of
frequency and zero voltage interval optimal values (according to the criterion of maximum efficiency) on power, which
can be used in automatic control of the drive, have been obtained. References 10, figures 9, tables 2.

Key words: electromagnetic vibration drive, power characteristics, impulse power supply.

Introduction. Vibrating equipment is used in various industries to ensure such technological
processes as transportation, separation, compaction of mixtures [1, 2]. The problem of improvement and
modernization of such equipment includes many scientific directions. One of them is increasing the energy
efficiency of vibration drives, optimizing their parameters and operating modes. Many scientific works are
devoted to the improvement of magnetoelectric [3] and electromagnetic [2, 4] vibration drives, which have
high controllability, reliability and durability. Modern automatic control systems make it possible to
automatically support the operation of such drives in resonant and near-resonant modes, ensuring high
energy efficiency. But, to date, the energy characteristics of electromagnetic vibration drives have not been
sufficiently studied, which makes it impossible to achieve their maximum efficiency. In particular, the
influence of the electromagnet power supply voltage shape on the energy efficiency has not been determined.
Therefore, the research in this direction is an important task.

Analysis of previous studies. The electromagnetic drive is very often used in systems where
vibration parameters are automatically controlled. At the same time, the electromagnet coil voltage is formed
by a semiconductor converter, and the form of the voltage is determined by its scheme, the work algorithm
and the control signal. In [4], the processes in the electromagnetic drive of the vibrating conveyor with phase
control and with the sinusoidal current half-waves formed by the pulse-width modulation (PWM) were
investigated. The authors [4] later note that a thyristor converter with phase control can be used only in cases
of a constant load on the working body, since the phase control system does not allow to control the
frequency for resonance tuning [5]. Regarding the PWM converter, which forms a sinusoidal current (or
semi-wave sinusoid), the work [5] states that the use of a high-frequency PWM signal leads to high energy
losses in the converter when switching transistors, as well as in electromagnetic steel. Therefore, [5]
proposes a system that forms multi-polar rectangular voltage pulses that provide a current close to triangular.
A positive voltage pulse causes the current increase in electromagnet windings as soon as possible. It is
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followed by a negative pulse, which reduces the current to zero. After that there is a zero pause until the next
positive voltage pulse comes. The current amplitude is regulated by the width of the voltage pulses, and the
frequency — by the duration of the zero pause.

In [4, 5] both simulation and physical modeling of the processes in the drive with the specified forms
of voltage and current of electromagnetic vibrators were carried out. However, the energy characteristics of
the drive have not been investigated, which does not make it possible to give a justified preference to one or
another form of voltage and current from the energy efficiency point of view.

In [6] the energy characteristics of the electromagnetic vibration drive were obtained, taking into
account the losses in the copper and steel of the electromagnets, in the frequency converter, and in the elastic
elements using the circle-field modeling method. The influence of the load and frequency tuning from the
resonant frequency on the value of the efficiency of the drive was studied, the optimal frequency was
determined according to the criterion of the maximum efficiency, which is 0.96 of the resonant frequency for
the device considered in the work at the nominal load. However, in work [6] only the sinusoidal form of the
power supply voltage of electromagnets, formed by high-frequency PWM, has been considered.

The goal of the work. The purpose of this work is to determine the shape of the power supply
voltage of the electromagnets, which ensures the maximum efficiency of the electromagnetic vibration drive,
and to study its energy characteristics.

Analysis of factors affecting the efficiency of the electromagnetic vibration drive. In work [6] it
is shown that the largest share of energy losses in an electromagnetic drive is copper losses, therefore the
highest value of efficiency is achieved under conditions when the required amplitude of oscillations is
provided by the minimum value of the coil RMS current /). If the oscillation amplitude is automatically
maintained by the control system at a given level, the coil RMS current value depends on the required
amplitude of the electromagnetic force F, and the size of the air gap 6;,,.., which corresponds to the moments
of maximum current. Smaller values of F, and §,,, correspond to smaller values of Ig);s. Taking into
account the amplitude-frequency and phase-frequency characteristics of the mechanical oscillating system,
the minimum F, takes place at the resonance frequency, and J;,,, monotonically increases with increasing
frequency, since the phase lag of the oscillations from the electromagnetic force increases. Therefore, as
shown in [6], the maximum efficiency does not coincide with the resonant frequency, but it takes place at a
frequency that is several percent lower than the resonant one.

In [6] this is explained on the oscillograms of the electromagnetic force, air gap and current (Fig. 2
[6]): at the resonant frequency (w=w,) for the considered vibrator the maximum force corresponds to the air
gap of 1.5 mm, and at a frequency 5% lower (®=0.95®;) — 1 mm. Therefore, at this frequency, the same
amplitude of oscillations is provided by a smaller current, despite the larger amplitude of the electromagnetic
force. Let's consider the moments of current maxima. At the resonant frequency they correspond to a gap
value of 2.5 mm, and at the frequency of 0.95 of the resonant one — 2 mm. Taking into account that the air
gap change range is 0.6..2.6 mm, there is a potential opportunity to increase the efficiency not only due to the
selection of the optimal frequency, but also by applying a special form of supply voltage at which the
maximum current value will correspond to smaller value of the gap than at the sinusoidal power supply.

To do this, let's analyze in more detail oscillograms
of the electromagnetic force, the air gap size and the
vibrator coil current calculated in [6] at ©=0.95w,
(Fig. 1). The phase difference between the

/ H ' i = - electromagnetic force and the armature movement
0.0 002 005 004 | 005 ts atthis frequency is about 60°, which corresponds to

: : i " " the time interval A#; between the maximum of the
force and the minimum of the air gap. The current
reaches a maximum by Az, earlier than the force,
because the force continues to increase due to the
decrease of the air gap. Therefore, the maximum
current leads the minimum value of the air gap by
At; + At,. If this interval is shortened, the maximum
current will correspond to a smaller air gap. At
constant force amplitude this will lead to the RMS
. current decrease and, as a result, to the vibrator
Fig. 1 efficiency increase.
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The interval A¢ is determined by the phase difference between the electromagnetic force and the
displacement at a given frequency and is practically independent of other factors. Thus, it is possible to bring
the maximum current closer to the minimum value of the air gap due to the reduction of the interval Az,
between the maximum current and electromagnetic force. To minimize this interval, it is necessary that the
current, after reaching the maximum, falls to zero as quickly as possible. This is provided by bipolar
rectangular voltage pulses, the amplitude of which is determined by the inverter supply voltage, and the
width — by the required current amplitude. This form of supply voltage is proposed in [5] to reduce energy
losses in the inverter, but taking into account the above considerations, it will also ensure high efficiency of
the vibrator.

Modeling of processes in a vibration drive with pulsed power supply of electromagnets. To
calculate the energy characteristics, we will take as a basis the mathematical and simulation models
described in [7, 8]. They are created using the circle-field method, which is described in detail in [9], as well
as in [10] when applied to a vibration system. In the model proposed in [7], one of the modifications of this
method is used. Its essence is that for a number of combinations of fixed positions of the electromagnet
armature and fixed values of the direct current in the coil, numerical calculations of the flux linkage y and
the electromagnetic force F are carried out, after which the functions /W(y,8) and F(IW, 6), where [W is the
magnetomotive force, d is the size of the air gap. Then, on the basis of the electromagnet equivalent circuit
and the obtained function /W(y,5), the differential equations of the electric circuit are compiled, taking into
account hysteresis and eddy currents. The input values for these equations are the coil voltage and the air gap
size 0, so they are solved compatible with the equations of the control system signal transformation and with
the equations of the vibrating system mechanics. In work [8] this model is implemented in the form of a
circuit in the Simulink environment, built according to the modular principle: the equations of the control
system, electromagnetic processes and mechanics are implemented as three interconnected subsystems. This
provides convenience for improving and scaling the model.

To take into account the pulse supply voltage it is necessary to give a mathematical description of the
voltage form and adjust the expression for losses in the inverter.

Equations of bipolar rectangular pulses described in [5] with frequency o and relative width / can be
obtained as a result of performing the following mathematical operations:

s,(¢) = sign (sin %mt] ; sz(t):%'[sl(t)dt—l ; s3(t)=|sz(t) ; (H-(@3)
so={g O (1) = —sign[%]~s4<r) L -Vl . @)= (6)

where U« 1s the maximum voltage at the output of the inverter.

Time diagrams of signals during the generation of
voltage pulses s;(?)...s5(¢) are shown in Fig. 2.

In [6], the formula for power losses in a transistor
-1 . inverter with a sinusoidal output voltage generated using
===, ! PWM is given. This formula can also be used for the
rectangular shape of the voltage, replacing the PWM
frequency with the current frequency:

:zlw.[&@

1

P

inv

1
IS,US, o + quf + Erec) +E(UCE + UIF )J ’

(7
where 1, is the average value of the inverter output current
module; Uy is the average value of the inverter input voltage;
Jfpwu 1s the frequency of the pulse width modulation (PWM)
signal; E,,, E,; and E,.. are, respectively, turn-on, turn-off
and diode reverse recovery energy losses at the standard
voltage and current values Uy, and [, which are given in the
datasheet; Ucg is the collector-to-emitter saturation voltage;

5500 Ur is the inverter diode forward voltage drop.

1 In the simulation model used in [§8], the supply
voltage of the vibrators is generated in the "Control System"

Fig. 2
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subsystem. It includes, in particular, amplitude and frequency regulators, which determine, respectively, the
amplitude and frequency of the supply voltage, and its form is determined by the "sin" block. In order for a
pulsed voltage to be generated instead of a sinusoidal voltage, we replace the "sin" block with a block for
generating rectangular pulses with a width 4 set by the amplitude regulator and a frequency ® set as a
constant (Fig. 3). The structure of this block for forming voltage pulses (Fig. 4) is formed on the basis of

equations (1) - (6).

ex h > h
Ko 52667 >
X Amplitude controller »w u
U max
@ Voltage pulse generation unit
w
Fig. 3
D - > *
h X =D
Relay
- 1 st [ 1
2) ,——ra'n—r”_,—% 2 3
5 = 5 X [l +— dufdt —{ -
Integrator Relay Integrator
Abs Dervative Relay

1

Fig. 4

To the "Electromagnetic System of Vibrator" subsystem, we add a unit for calculating of the drive
loss components and its efficiency, which includes the expressions given in [6], as well as formula (7) for

calculating losses in the inverter.

By means of the updated simulation model, the time diagrams of voltage, current, air gap and other
values, as well as the values of loss the components and the drive efficiency, for different output power
values, were calculated. In order for the results to be compared with the case of sinusoidal voltage, the
parameters of the drive considered in [6] were taken, the main ones are given in Table 1.

Table 1
Mechanical parameters of the vibration device Electromagnetic vibrator parameters
Nominal output power of the drive P,,,, W 250 | Number of the electromagnets #emagn 2
Nominal vibration amplitude X, mm 0.5 Number of the electromagnet coil turns W 800
Resonance frequency f,, Hz 44.312 | Connection of the coils parallel
Mass of the moving part m, kg 129 | The initial value of the air gap size 5, mm 1.8
Total stiffness of the vibrator springs ¢, N/m 10 Iéctol\lfle;nreswtance of the electromagnet coil 2.8
Coefficient of viscous friction in vibrator springs b, 1 Parameters of th.e clectromagnet R.c | 655
N-s/m 00 equlva!ent circuit [7], characterizing "
losses in steel, kQ Ry | 1515

Frequency converter parameters Electrical steel 3413
The average value of the inverter input voltage U, V 270 | The shape of the core and of the armature U
Total energy losses when opening and closing the
transistor and restoring the inverter diode (at a 575 | Length of the core and of the armature, mm 50
current of 10 A and a voltage of 400 V) E,,+E,; ’
TEree, W
PWM frequency fpyy, kHz 8 Core height, mm 71
Collector-to-emitter saturation voltage Ucg, V 1.75 | Armature height, mm 58
Inverter diode forward voltage drop Ujr, V 1.9 Pole width, mm 24
Rectifier diode forward voltage drop Uz, V 0.8 .
Active reactor resistance R,, (%hm ’ 0.2 Distance between poles, mm 41
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At the same time, the current frequency was set, which, according to [6], is optimal according to the
maximum efficiency criterion for the corresponding power value. The obtained oscillograms and the
corresponding efficiency values for different powers are shown in Fig. 5. Here we can see that for the power
of 0.5 and 0.75 of the nominal one, drive efficiency is 13% and 7% higher, respectively, than with a
sinusoidal power supply. But, when the power increases to the nominal one, the efficiency is reduced
significantly. This is due to the increase in peak current values due to saturation of the vibrator steel (Fig. 5).
Pow=0.5P,;n=0.819 Pog=0.75P; 1 =0.792 Py =Py:n=0672
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Modeling of processes in the vibration drive
when there is a zero voltage interval between positive
and negative pulses of the supply voltage. To avoid a
drop in efficiency due to steel saturation, it is necessary to
limit the maximum current value by increasing the width of
its pulses. To do this, it is necessary to use a zero voltage
interval with a relative width /4; between positive and
0 negative voltage pulses (Fig. 6). Mathematically, this can

s h

[l =l

s4(1)

i S— _+“T ——————— |———=— be described by adjusting expression (4):
I | 1
Lo P Lif b <s5,(0) < By
(00 H=d M=, > 8
55(1) 5,(1) {Olf(S3(1)>h)v(s3(t)<h1). ®
R D B Thus, the new voltage form is described by
equations (1) — (3), (8), (5), (6).
Fig. 6 When using a bridge transistor inverter, the zero

voltage interval /4; is implemented by forming a high-
frequency PWM signal with a fill factor of 0.5. Therefore, power losses in the inverter should be calculated
according to the formula:
U ) 1
})inv = 2Iav : [ﬁ(hlfPWM + (1 - hl )%)(Eon + Eoff + Erec) + E(UCE + UIF )j H (9)
where fppas is the PWM frequency.

After making appropriate adjustments to the simulation model, we obtain the calculation results
shown in Fig. 7 — oscillograms of processes when using supply voltage with a zero interval between positive
and negative pulses. The /; value for each power value was selected in such a way as to ensure the maximum
efficiency value.
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The obtained results show that using of a zero voltage interval made it possible to reduce the peak
values of the current and to avoid a significant decrease in efficiency when the drive power increases.

There are the dependences of the drive efficiency on the frequency for different values of the output
power in fig. 8. Comparing them with similar dependencies obtained in [6] for a sinusoidal supply voltage,
the following conclusions can be drawn:

— the value of efficiency when supplied with voltage in the form of rectangular pulses with optimal
parameters is significantly higher: the increase in efficiency is from 8% to 16%, depending on the load;

— efficiency maxima are observed at almost the same frequencies as with sinusoidal power supply.

In fig. 9 the dependence of the maximum efficiency on power are shown. For comparison, the dotted
line shows the corresponding dependence for a sinusoidal supply voltage. Graphs of dependences of optimal
frequency values (according to the criterion of maximum efficiency) and zero interval /4; on power, also
obtained for this drive, are shown below. Similar characteristics can be obtained for any electromagnetic
vibration drive and used in control to ensure maximum energy efficiency under changing load conditions.

Table 2 shows the values of the loss components and the efficiency of the electromagnetic drive for
different values of the output power at the optimal values of the frequency and zero voltage interval 4.

The obtained data indicate that the increase in efficiency is achieved mainly due to the reduction of
losses in the vibrator coil, which for the power range of 0.5P,...P, make up more than half of the total
energy losses in the drive. Their decrease is caused by the decrease in the RMS current at the same output
power. Moreover, for a lower load, we observe a much greater decrease in losses in copper, since the zero
voltage interval is almost absent, and the maximums of current and electromagnetic force practically
coincide (Fig. 7). Thus, for the nominal load, the losses in the winding are reduced by one and a half times,
and at half of the nominal load — more than twice.
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Table 2
Relative drive output power P,,/P, 0.1 0.25 0.5 0.75 1
The resulting efficiency of the drive n 0.716 0.793 0.819 0.816 0.798
Frequency converter efficiency N, 0.924 0.937 0.944 0.946 0.944
The efficiency of the vibrator n,,,, 0.775 0.846 0.868 0.863 0.845
Drive output power P,,;,, W 24.97 62.45 125 187.5 250
Losses in the inverter P;,,, W 2.378 4315 7.161 10.28 14.18
Losses in the rectifier P,o., W 0.281 0.634 1.228 1.848 2.518
Losses in the reactor P,, W 0.009 0.047 0.177 0.4 0.743
Losses in the vibrator coil P, W 2.418 6.213 13.75 25.35 40.26
Hysteresis losses P, W 0.33 0.452 0.573 0.591 0.614
Eddy current Low-frequency component P, .;r 0.67 0.909 1.127 1.158 1.203
losses, W High-frequency component P, . yr 0.028 0.014 0.028 0.126 0.224
Losses in the vibrator springs Py,., W 3.799 3.722 3.572 3.535 3.535

A significant impact on the drive efficiency is also exerted by the reduction of losses. The
reduction of losses in the inverter also has a significant impact on the drive efficiency. They decrease mainly
due to the reduction of the high-frequency PWM signal duration: it takes place only during the zero interval
h,. Since its value increases with increasing load (to avoid deep saturation of steel), we have a greater
reduction of losses in the inverter at small power values: for the nominal output power, they decrease by 1.6
times, and for half of the nominal — by 2.3 times.

A decrease in the duration of the voltage with the PWM frequency also causes a decrease by an
order of magnitude in the high-frequency component of the eddy currents. Therefore, despite some increase
in hysteresis losses at low loads, the total losses in the vibrator steel decreased by approximately 1.5 times.

Rectifier and reactor losses also decreased, but only slightly. Losses in the vibrator springs remained
practically unchanged.

Conclusions. The highest efficiency of the electromagnetic vibration drive is achieved when feeding
the vibrator coils with voltage in the form of bipolar rectangular pulses, the amplitude of which is determined
by the inverter supply voltage, and their width is determined by the required current amplitude. To prevent
deep saturation of the vibrator steel, it is necessary to limit the peak value of the current by using a zero
voltage interval between the positive and negative pulses. The results of numerical simulation of the
processes in the drive using the circuit-field method showed that the use of pulsed power supply makes it
possible to increase the drive efficiency up to 80% in the power range from 0.25 of nominal power to the
nominal one. This is on average 10% more compared to a sinusoidal voltage. The obtained dependences of
the frequency and zero voltage interval values optimal according to the maximum efficiency criterion on the
drive power can be used for control to provide maximum energy efficiency under conditions of load changes.
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Bibpayitine obnaonanns 3abesneuye pisHi mexHonio2iuHi npoyecu, maxi K mpaHcnopmy8aHHs, cenapayis, YuiibHeHHs.
cymiwe. Enexmpomacnimnuii npugod 3azeuuaii BUKOPUCIOBYEMbCSA Y BIOPAYIUHUX KOHBEEPAX, JHCUBUTLHUKAX MA
IHWUX npucmposx, 0e 30IICHIOEMbC A8MOMAMUYHe KepysanHs napamempamu eiopayii. Ilioeuwenns enepeemuunol
epexmusHOCmi MaxKux NpUCmpois € akmyaivbHoo 3adayero. B pobomi docnidsceno ennug opmu Hanpyau HcueieHHs
Ha eHepeemuyHi Xapakxmepucmuku eneKmpoMacHimHo2o 6iopayilinoeo npueooa ma BU3HAYEHO HalleeKmuHiuy
@opmy nanpyau. /[ns ybozo 6yno npogedeno ananiz gaxmopis, wo enausaroms na KKJ/[ npusoda. Buseneno, uo oonum
3 (haxmopis € 4acoguil IHMEPBANL MIdC MAKCUMYMOM CMPYMY Ma MIHIMYMOM 6EIUYUHU NOGIMPAHO20 RPOMIJCKY, d
niosuwenus KKJ[ mooicnuse 3a paxyHOK 3MeHUWIeHHA UYb020 [HMEPBANy WIIAXOM (DOpMYB8aAHHA OBONOIAPHUX
NPAMOKYMHUX IMIYIbCI8 HANPYeU 3 MAKCUMAILHOIO AMRIIIMYO0I0, SIKI CMEOPIOIOMb 8Y3bKi 20CMPI IMIYIbCU CIMPYMY
obmomxu gibpamopa. B pe3ynomami 4ucenibHo20 MOOeN08AHHs NPOYecie y npueooi GUAGILEHO, WO V pasi 30i1buleHHs
NOMYACHOCMI  IMINYIbCU CMPYMY GUKIUKAIOMb KOPOMKOUACHe 2IubOKe HACUdeHHsi cmani, sKe Npu3gooums 00
30inbuenus empam i 3menuenns KK/ Tomy, midc nosumueHum ma 6i0 €MHUM IMAYyIbCaMu Hanpyeu 0yno 000aHo
HYbOBULL NPOMINCOK, WO 00Medcye Nikogi 3HayenHs cmpymy. IIposedeno modenosanns npoyecié y lOpayitiHomy
npueoodi y pasi JCUGLEHHS HANPY20I0 3ANPONOHOBAHOL POpMU, PO3PAXOBAHO U020 eHepeemUYHI XApaKMepUCmuKu.
sanescnocmi KKJ[ 6i0 uacmomu 3a pisHUX 8eIUYUHAX HABAHMANCEHHS, 3ANEHCHICMb MakcumanbHux 3uavens KKJ/[ 6i0
nomyasicHocmi. Bcmanogneno, wo 3acmocy8ants iMnyisCHO20 dcugieHHs 0ae moxcausicms niosuwumu KKJ] npusooa
00 80% y odianaszoni nomysxcrnocmei 6i0 (.25 6i0 HOMiHaNbLHOI 00 HOMIHATBLHOL, WO 6 cepeonvomy na 10% 6Ginvuwe y
NOpi6HAHHI 3 CuHycoioanbHoto Hanpyeor. Ompumano 3anexcHocmi onmumManreHux 3a kpumepiem maxcumymy KK/
3HAYeHb Yacmomu ma HYIbOBO20 NPOMINCKY 8I0 NOMYNHCHOCMI, AKI MOXNCYMb OYMU UKOpUCMAHI V pasi
asmomamuuHo2o Kepysanus npusooom. biomn. 10, puc. 9, Tadm. 2.

Knrwowuoei cnosa: enekrpoMarHiTHUH BiOpalliiHUIi IPUBO, EHEPIeTUUHI XapaKTEPUCTHUKH, IMITYJIbCHE )KUBJICHHS.
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The functioning of local electric networks ("Micro Grid') is described, which due to the development of Smart Network
technologies, distributed generation and electricity storage systems received an incentive for development. The
structural decomposition of the market model is suggested for the 'Top-Level Market' and 'Micro Grid' local systems to
reflect the interaction of the 'Micro Grid' with the wholesale electricity market. Load regulation instruments are
described, which ensure the flexibility of the Micro Grid. A mathematical model of the 'Micro Grid' system is proposed,
which formulated as a Unit commitment problem. The computational experiment shows the adequacy of the results of
modelling of 'Micro Grid' systems. References 9, figures 4, tables 2.

Keywords: Micro Grid, power system flexibility, market decomposition, mathematical model, Unit commitment
problem.

Introduction. The emergence of efficient technologies for distributed generation, and primarily
renewable energy systems (RESs), as well as network equipment, intelligent measuring instruments, data
transmission systems and control methods, which are collectively described by the concept of Smart Grids,
has led to a change in the structure of the power system and the interaction of agents in the energy market.

The high efficiency of distributed generation sources stimulates large consumers, as well as
consumer associations, to create their own generation sources. The emergence of such balanced energy
complexes of consumers-producers forms a new kind of participants in the energy system, which, depending
on the level of own consumption and the level of market prices, can act as consumers, and as producers. The
term 'Micro Grid' is used below to describe them.

The scale of the market participant plays a decisive role in its market behavior. Large producers or
consumers may have market power, leading to imperfect competition [1]. At the same time, the structure of
Micro Grids and their binding to individual consumers or groups of consumers implies the operation of
effective pricing mechanisms in them.

Research has focused on the impact of Smart Grids on the level of competition in the energy market.
The [2] examines the methodological basis for determining the effectiveness of Smart Grids implementation
and its impact on the level of competition. The strategic behavior of players using accumulative technologies
is investigated in the work [3]. In [4] authors explore the behavior and interaction of Micro Grids operators
using game theory techniques. At the same time, a simplified view of Micro Grids is considered as a
complex of consumer and unmanaged generation.

The open question remains the modeling of the interaction of the Micro Grid’s operator, using a
modern set of distributed generation technologies, with the wholesale electricity market, operating in
conditions of imperfect competition. In [5], the decomposition of the power system is performed with the
allocation of the wholesale market as the Top-level and the set of Micro Grids as the bottom level.

Consider the work of Micro Grid, which includes:

- consumer;

- maneuverable fossil fuel generator (FFG);

- electricity storage system (ESS);

- uncontrolled RES generator.

Each of the listed members may represent a number of producers and/or consumers of a similar type.

The following instruments are used to control the Micro Grid load:
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- the FFG participation in load regulation;

- an efficient lithium-ion batteries;

- the centralized management of RES;

- involvement of consumers in regulating electricity demand.

The Micro Grid is also connected to the Top-level market.

When covering the demand for electricity, the minimum cost criterion is used. RES, which have a
minimum cost of production, are loaded first, followed by maneuverable FFG, ESS and external sources,
depending on the ratio of their production costs and demand. The possibility of offloading RES and
consumers is assumed, if the costs of offloading them are lower than the costs of increasing production.

In essence, the task of modeling such a system is similar to the task of optimal load of power
equipment [6-9]. Such models are used effectively for short-term power system forecasting and allow for
maneuverability of equipment.

The purpose of the study is to develop a mathematical model of the optimal load of the generating
capacities of the Micro-grid and the power transmission lines connecting it to the Country Grid.

1. Mathematical description of 'micro grid' model.

1.1. Model parameters:

t—
T —
T, -
Z—?RnW_

—RnW

%)
=

| 1™ ?Z al 9

[
|

the number of the time interval of the weekly forecast period
set of numbers ¢

the number of the extreme right time interval of the weekly period

potentially achievable volume of electricity production from RES
the maximum allowable amount of unloading of electricity production from RES

potentially achievable amount of electricity consumption
the maximum allowable amount of unloading of electricity consumers
the cost of starting the FFG

operating costs at minimal FFG load

the coefficient of elasticity of operating costs to the load of the FFG
the minimum load of the FFG

maximum load of the FFG

the cost of stopping the FFG

the lower allowable load limit of the FFG during its start-up

the upper permissible load limit of the FFG before stopping it

the value of the maximum increase in load on the FFG

the value of the maximum reduction of the load on the FFG

efficiency of ESS equipment, operating in charging mode
efficiency of ESS equipment, operating in discharge mode
specific operating costs for ESS operation in charging mode
specific operating costs of ESS operation in discharge mode

the maximum amount of energy that ESS can store

the minimum amount of energy that ESS can store

maximum ESS load when operating in charging mode

maximum ESS load when operating in discharge mode

specific operating costs for the production of electricity from RES

specific operating costs for unloading electricity consumers

specific operating costs for unloading installations for the production of electricity from
RES

the prices in the 'Top-Level Market'

the transmission price

maximum allowable load of transmission lines that connect the Micro Grid with the
Country Grid
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1.2. Model variables:

Cost — operating costs for electricity production by the FFG
Cost’V —  costs for starting the FFG

Cost’P —  costs to stop the FFG

Cost™" — operating costs for electricity generation from RES

CostS —  operating costs for ESS, which operates in discharge mode
Cost™ —  costs for reduction of consumption load

p- the load of the unit in discharge mode

p™" —  the load of RES

Ap™" — the volume of unloading of RES

/- the load of consumption

Al - the volume of unloading of consumers

Cost™ —  the cost of electricity purchase in the 'Top-Level Market'
Income—  the income from electricity sale to the 'Top-Level Market'

p - the load of purchase in the 'Top-Level Market'

p - the load of sale to the 'Top-Level Market'

/- the load of consumption

p- variable load of the FFG

u-— a binary function that characterizes the state of the FFG and takes a value of 1 if the FFG
is operating in load mode, and a value of 0 if the unit is not operating

x-— a binary function that characterizes the state of the FFG and takes a value of 1 if the FFG
is running in stop mode, and a value of 0 in all other cases

Y- binary function that characterizes the state of the FFG: the function takes the value 1 if the
FFG is running in startup mode, and the value 0 in all other cases

o the load of ESS, operating in charging mode

p¢ - the load of ESS, operating in discharge mode

q9- the amount of energy stored at the ESS

uf — binary function that characterizes the state of ESS: the function takes the value 1 if the
system is operating in charging mode, and the value 0 if the system is not operating in this
mode

xF = binary function that characterizes the state of ESS: the function takes a value of 1 if the
system is in a state of stop charging mode, and a value of 0 in all other cases

yP binary function that characterizes the state of ESS: the function takes the value 1 if the
system is in the start state of the charging mode, and the value 0 in all other cases

u’ - binary function that characterizes the state of ESS: the function takes the value 1 if the
system is operating in discharge mode, and the value 0 if the system is not operating in this
mode

xC - binary function that characterizes the state of ESS: the function takes the value 1 if the
system is in the state of stopping the discharge mode, and the value 0 in all other cases

y0 binary function that characterizes the state of ESS: the function takes the value 1 if the
system is in the start state of the discharge mode, and the value 0 in all other cases

nl — binary function that takes the value 1 if the Micro Grid export electricity, and the value 0

in case of its import.

1.3. The objective function of the UC optimization problem
Operating costs of electricity supply in the Micro-Grid are minimized:

Cost, + Cost,SU + Cost,SD +

Z Cost’ +Cost®" + Cost™ + | — min . 1

Vtel Ext

Cost,™ — Income,
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1.4. Balance of electricity production and consumption
Balance of electricity production and consumption is represented by equations:

RnW RnW G Ext
D, —Ap, +ptp tp =

P 2)
LL=AlL+p, +p/", Vtel.
1.5. Operating costs for FFG
Operating costs for FFG:
Cost,=Cu,+Cp,, VteT; 3)
p.<(P-P)u, vier; (4)
p=Pu+p, Vtel. (5)

1.6. The mode of FFG operation
The mode of operation of the FFG is described by the system of relations between the binary
functions of its state, which has the form:

Ve—x,=u, —u,_;, Vtel, t#], (6)
Yi—X =u —ug, (7
y+x, <1, VieTl. ®)

1.7. The cost of starting the FFG
The cost of starting the FFG is calculated by the formula:

Cost?V =c%U y,, VteT. (&)
1.8. The cost of stopping the FFG
The cost of stopping the FFG is calculated by the formula:

Cost?® =cPx,, VteT. (10)
1.9. The current maximum attainable load of the FFG

The current maximum attainable load of the FFG is limited by the maximum installed capacity or its
allowable load before stopping:

P <D+ AP U, + Py, ViteT, t#l; (11)

P Sy, +AP”puTO+PSUyt, t=1. (12)
The load of the unit is limited from the top by its current maximum achievable load:

p,<Pu, VteT. (13)

1.10. The current minimum achievable load of the FFG
The load of the FFG is limited from the bottom by its current minimum achievable load:
p;2Pu, Vtel. (14)
The current minimum achievable load of the FFG is limited by the technical capabilities to reduce its
load during the shutdown:
D2 p g —AP"y, — PPy YieT, t#1; (15)
pIZpTO—APd”W"u[—PSDxt, t=1. (16)
1.11. Description of ESS
Operating costs of ESS are determined by the formula:
Cost,s:cp(l—nP)ptP—cG(l—nG)ptG, teT, 17
Energy balances of ESS are represented by equations:

G

q,—q,_1=f7”pf—§—’G, VieT, t#1. (18)
Complemented by the conditions of weekly cyclicity of accumulated energy:

90 =41, (19)
The amount of stored energy is limited by the energy consumption of its storage systems:

g<q,<q, VteT. (20)
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The operation of ESS in the discharge mode is described by the following relations between the
binary functions of the state of the systems:

v =xC=ul —ul, Vtel, t#1, 21
Wo=x =u —u (22)
yO+xf<1, VieTl. (23)

The operation of ESS in the charging mode is described by the following relationships between
binary functions of the state of the systems:

ytp—xtP:u,P—uil, VteT, t#1, (24)
v =xl =ul —u£, (25)
yP+xl <1, vieT. (26)

The inability to operate ESS simultaneously in discharge and charging modes is reflected in the
limitations:

u’ +ul <1, Vtel. 27)
Equipment of ESS, working in the discharge mode, has limited load, i.e.:

pC<u’ p% pf=0, Viel. (28)
Load limitations of ESS are also taken into account during their operation in the charging mode:

pl<ul p, pP>0, vier. 29)

1.12. Description of RES power generation systems
Operating costs for the production of electricity from RES are calculated by the formula:

CosttR"W = CR"WptR"W + AR AR e (30)

The projected maximum volumes of electricity production from RES are determined on the basis of
retrospective models of the respective power plants.

Balancing of the Micro-Grid can be carried out by its operator by unloading power plants using RES.
The possibilities of such balancing are limited, it means, we have balances of marginal and accepted volumes
of production and volumes of unloading of power plants:

ptRnW +AptRnW — l—thnW’ teT. (31)
as well as restrictions on the volume of their unloading:
—RnW
0<Apf <Ap,", teTl. (32)

1.13. Description of costs for unloading of consumers
Costs for unloading electricity consumers are determined by the formula:

Cost™M =c™Al, teT. (33)

Possibilities of such balancing are limited, it means, we have balances of demand of consumers load
and the accepted volumes of its consumption and volumes of unloading of consumers:

L+AlL =1, teT, (35)
as well as restrictions on the volume of their unloading:
0<AL <AL, teT. (36)

1.14. Purchasing of electricity in the 'Top-Level Market' system
The cost of electricity purchase in the "Top-Level Market' system
Costf™ = (Pr,TL + Pr,TSO) pE (37
1.15. The sale of surplus electricity to the 'Top-Level Market' system
The income from electricity sale to the '"Top-Level Market' system
Income, = Pr™ p/™ . (38)

2. Peculiarities of Computer Simulation of 'Micro Grid' System and Results of Computer
Experiment

To perform computational experiments, the proposed mathematical model of the 'Micro Grid' system
as a mixed integer programming problem (1)—(38) was implemented in IBM ILOG CPLEX Optimization
Studio Version 20.1 using the OPL optimization programming language. The following computer
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experiments were performed using the obtained computer model.

Simulation is carried out for a week period of time with hourly process detail under the following
conditions.

The pattern of electricity consumption is typical for an average city varies in the range from 7.8 to
18.6 MW (Fig. 1).

Load, MW
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Fig. 1

The price of electricity in the '"Top-Level” market changes according to the formula:
P/t =751 -47.5, VteT.
The load of the RES varies depending on the weather conditions in the range from 0.6 to 27.7 MW

(Fig. 1), its cost of electricity generation is 5 $/MWh.
Characteristics of the FFG and the ESS induced in tables 1 and 2 respectively.

Table 1 Table 2
Y 34.8 $/StartUp 2" ] 085

C 30 $/h 083

; v ¢ | 40.0 $/MWh

Vg 3.5 MW .

P 12.0 MW c_G 40.0 $/MWh
P 30.0 $/ShurtDown q 7.5 MWh
pSU 3.5 MW/h q 0.0 MWh
pSP 12.0 MW/h 57| 4.0 MW
AP | 8.5 MW/h 55 [ 3.0 MW

AP | 1.5 MW/h

The simulation results of the 'Micro Grid' system are shown below in Fig. 2, Fig. 3 and Fig. 4.
Maximum allowable load of transmission lines that connect the Micro-Grid with the Country Grid:
H =4.0MW . It means that:
pEt<nF'H, vierT, (39)
pM < (1—nf’)H, vteT. (40)
In Fig. 2. the changes in the load of the FFG, the power flow from the external energy system and to
the external energy system are presented.
The value of the charge of the ESS is shown in Fig. 3.
In Fig. 4. shows the cost of electricity generation in 'Micro Grid' system and revenue from the sale of
electricity to the ‘Top-level’ system.
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Conclusions.

The development of distributed generation technologies, energy storage systems and Smart Grid
technology, as well as modern trends in the consumer community’s formation, encourage the study of
"Micro-grids", which, depending on the price situation, can act as both consumers and producers of
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electricity.

Taking into account the fact that competition in wholesale markets is often imperfect, and "Micro-
grids" have effective pricing mechanisms, the decomposition of the energy system is used, with the selection
of the wholesale market as the Top-level and the set of "Micro-grids" as the lower level.

The presented model reflects the functioning of the 'Micro Grid', including a detailed description of
traditional and renewable electricity generation technologies, as well as storage technologies. It also displays
the main modern 'Micro Grids' mode management instruments. The peculiarities of the interaction of 'Micro
Grid' with the Top-level market are taken into account.

The model is formulated as a Unit commitment problem, which allows to adequately reflect the
loading modes of traditional generators and RES, as well as the peculiarities of ESS.

The use of this model in conjunction with known models of imperfect competition can adequately
describe the functioning and development of energy systems in modern conditions.
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Onucano (hyHKyioHy8anHs NOKATbHUX eNeKmpudHux mepedic («Mixpo-mepedicy), sKi 3a605KU PO3GUMKY MEXHON02Il
Posymnux Mepeoic, cucmem posznodinenoi eenepayii ma HAKONUYEHHS eleKMpOeHepeii ompumant Ccmumyn OJis
po3zeumky. [Ipononyemocsi cmpykmypua 0eKoMno3uyis punkosoi mooeni 0as TOKATbHUX cucmem «Punox 6epxmuvozo
pisnay ma «Mikpo-mepedicay, 0nsa 8i0obpadicenHss 83aemooii « Mikpo-mepesicy 3 ONMoOUM DPUHKOM eleKmpoeHepail.
Onucano incmpymenmu pe2ynio8ants HaGaHmMadicenHs, AKi sabesneuyioms eHyukicmo Mikpo-mepedci. 3anpononosaro
mMamemamuyHy modenv «Mikpo-mepediciy, aKa copmyrbogaHa AK 3a0a4d  3A8AHMANCEHHA YCHMAMKYBAHHS.
ObuucniosanbHull eKCnepuMeHm nokasye adekeamuicms peyibmamis mooentoganus «Mikpo-mepedxcy. bion. 9, puc. 4,
Tabm. 2.
Knrwowuosi cnosa: Mikpo-mepexa, THyUYKICTh SHEPrOCHCTEMH, TEKOMIIO3HUIsI PUHKY, MaTeMaTuiHa MOJIElb, podieMa
3aBAHTA)XEHHS YCTaTKyBaHHS.
Haniitina 07.11.2022
Ocratounwmii BapianT 23.01.2023

68 ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 2



IHOOPMAILITHO-BUMIPIOBAJIbHI CUCTEMU B EJIEKTPOEHEPIETULII

YK 621.373.42(088.8) DOI: https://doi.org/10.15407/techned2023.02.069

AHAJII3 BILIUBY PEKUMIB POGOTH MEPEKI HA PIBEHD OBJIIKY
AKTHUBHOI TA PEAKTUBHOI EJIEKTPUYHOI EHEPIIi

10.®. Tecuk', TOKT.TexXH.HayK, O.JI. Kapaciﬂcbmlﬁl**, KaH/I.TeXH.HayYK,

P.M. Moposlm, kanna.texa.Hayk, C.FO. HponseneBaz****, KaHja.TexH.Hayk, M.B. 3aiikoB
"IncruryT etexrponunamixn HAH Ykpaiun,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: luckyposhta@gmail.com

HBO TOB «EJIBIH, JItx »,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

piokalolold

Poskpumo 00wy 3 npuuun empam enekmpoenepeii, 00ymosieHy HeOOcKoHaxicmio 3acodis ii obnixy. Bukonano aunaniz
noxubox 3acobie 00Ky akmueHoi ma peakmugHoi enepeii 8 ymosax pobomu mepexici y MArOKOCUHYCHUX Ma MATOCUHY-
CHUX pedcumax. 3HA0eHo 3anedCHOCME KYMOosux NnoxXubox 3acobié UMIPIOSAHHST AKMUGHOI Mda peakmueHol eHepeil.
Ilpeocmaeneno epaghix 3miHu Kymogoi noxubKu enekmpoaiduibHuKa akmueHoi enepeii 6 0lanaszoHi Kymis 3cysy gaz
MidCc Hanpy20t0 i cmpymMom 8i0 —n/2 00 n/ 2 ma epagix 3minu Kymogoi noxubku ereKmponiyuibHuUKd peakmueHol
eHepeii 8 dianaszowi Kymie 3cy8y az migxc nanpyzoto ma cmpymom 6io -0 epadycie 0o 7. I[lokasano, wo empamu axmu-
6HOI eHepeaii yepe3 HeOOCKOHANiCMb 3acobie 0bNIKY aKMUBHOI eHepeii ca2aromsv HeCKIHYeHHOCMI 3 YMO8 HAOIUINCEHHS
Kyma 3¢y8y ¢haz mide 8eKmopamu cmpymy ma Hanpyau 00 72, a 8mpamu peakmueHoi enepzii — 0o sHayenns . Pospa-
X08aHO NOXUOKU 8UMIDIOBAHHSA AKMUBHOI eHepeii, AKI c8i0uamb npo Henpuoamuicms 3acobié 00Ky elekmpoeHepeii,
BUCOMOBIEHUX 3A BUMO2AMU ICHYIOUUX CIAHOAPMIB, O 00IKY eleKmpoeHepeii 8 MANOKOCUHYCHUX PeHCUMAX pobomu
mepedci. Haoano pexomenoayii wyjo0o wiisxie 3HUNCEHHs NOXUOKU UMIPIOGAHHS ITMUTIbHUKIE AKMUSHOL Ma peakmueHol
enexmpoenepeii. bion. 14, puc. 2, Tad. 1.

Knrouosi cnosa: pexxumu poOOTH eJICKTPUIHOT MEpexki, TpudasHa Mepeka, MOXHUOKH BUMIPIOBaHb, OOJIIK €JIeKTPUIHOT
€Heprii, BTpaTH eJIeKTPOSHEePril, KyToBa MOXHNOKa.

Beryn. Han3BuyaifHO BaXKJIMBHM KUJIBKICHMM MOKAa3HUKOM TEXHIYHOTO CTaHY €JIEKTPUYHHUX MEPEK
Ta PiBHSA AKOCTI iIXHBOI eKCIUTyaTallii € BenuduHa BTpat enekTpuanHoi eneprii (EE) i remnentii i 3miH [1, 2].

3aranpHi BTpatn EE B mpommuciioBo po3BuHEHNX KpaiHax cararoTh 6-7% [3] Bix ii 3aranpHOr0 006Cs-
ry. B Ykpaini neii nokaszuuk gocsirae 30% [4]. o crpykrypu Brpat EE BXOnsaTh 1 BTpaTi, 00yMOBIIEHI He-
JIOCKOHAITICTIO 3ac00iB 11 00IiKy [5, 6]. JlomaTkoBi MOXUOKH JIIYMIBHHUKIB €JICKTPOSHEPTii BUHUKAIOTE depe3
3MiHY YMOB HaBKOJIMIIIHBOTO CEPEIOBHINA: 3MIHU TEMIIEPaTyPH, BOJOTOCTI, ITiIBUIIIEHUH PiBeHb padialliiiHo-
ro OMPOMiHEHHS 1 iHIIi. BakiuBY poiib BiAirparoTh Takok (akTOpH BILTUBY, SIKi BHHHKAIOTh B €JIEKTPHYHHX
Mepexax y Mpoleci EHepronocTayaHHs: MiABUILCHUN piBEHb FApMOHIK, KOJIMBAaHHS HANPYTH 1 CTPyMy, KO-
JIMBaHHS KYyTiB 3CYBY (a3 MiXk BEKTOpaMH HarpyT i CTpyMiB, IPOBAJIM Ta 3pOCTaHHS OOBIIHUX HANPYT, acu-
MeTpis BekTopiB TpudaszHoi Hanpyru Mepexi 1 iHmi. L{i ¢pakropu € HeBiA €MHOIO YaCTHHOIO POOOTH EJIEKT-
PUYHHUX MEpeX. SIKIIO BIJIMB HAaBKOJHMIIHBOTO CEPEAOBHUILA 3MIHIOE TOJATKOBI MOXUOKH SIK B IUTIOC TaK i B
MiHYC, TO (haKTOpH, 0OYMOBJICHI peKUMaMH POOOTH MEpEXKi, 3MIHIOIOTH 1X, IEPEBaXKHO, B MiHYC [7].

Cunxponizamis pobotn OEC Vkpainu 3 eHeproo0’e€JHaHHSAM KpaiH KOHTHHEHTaIbHOI €Bpomnu
(ENTSO-E)» [8] mpu3Beae m0 3poCTaHHS I[iHU Ha €JIEKTPOCHEPTII0 i 10 OifbII MPUCKITUIMBOTO ii OOMIKY.
BianoBinHO OyIyTh 3pOCTaTH BUMOTH IO 3ac00iB OOJIKY, MTOXHOKH SKUX BHOCATH CBiil BKJIIaJ B CTPYKTYpPY
BTpat EE.

Crangapramu [9] momaTkoBi KyTOBI HOXHOKH 3ac00iB 00Ky aKTHBHOI €Heprii HOpMYIOThCS Ha Ky-
Tax 3CyBY MDX BEKTOpaMM HalpyTH i cTpyMy MeHIIe, Hix 60°, ne 1XHi MOXHOKM 3HaXOIAThCA B MPHUITYCTHU-
MHUX MeXax. AJie BpaXxOBYIOUM Te, L0 IO PO3PAXYHKIB 3a IMEPETIKaHHA PEaKTHBHOI €Heprii 3alydaroThCs
HiAIpUEMCTBA 13 3asBiIeHO0 MoTYyKHicTIo 50 kBT 1 Bute [10], MokHa 3p0OUTH BUCHOBOK, IO MiAIPHEMCTBA
3 3asBJICHOIO MOTY>XKHICTIO HIDKYE 50 KBT, 1€ HE BCTAHOBIIOIOTHCSI KOHAEHCATOPHI yCTAaHOBKU, MOXYTb Te-
HEPYBATH B CIICKTPUYIHY MEPEXKy HEOOMEKeHI 00CsATH peakTuBHOI eHeprii. Lle, B CBOIO Wepry, MpU3BOAUTH
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JI0 MafiHHs cos ¢ 10 3Ha4deHb Bix 0,49 no 0,01 [11]. [ligTBepKEeHHAM I[LOTO € Pe3yJIbTaTH aHaJi3y KoediLi-

€HTA MOTY>KHOCT] Ha MIANPUEMCTBAX B CUIBCHKUX eJIeKTpoMepexax [12], ne cepeane 3a pik 3HAYCHHS COSQ
cranosuts 0,5. ToOTO, peanbHi 3HaueHHs cosp 50% wacy y pik MOXyTh caratu 3HadeHHs 0,9, a inmi 50%
yacy cranoBuTH 3HadeHHs 0,1. Sxpa3 mi 50 % gacy i mpusBoasTs 0 cyrreBoro HemooOmiky EE. Ile mosic-
HIOETHCS THM, 11O TIEPETIKaHHS eNEeKTPUIHOI eHeprii BIPoJOBXK 100U BiOyBaeThcs HEPIBHOMIPHO i MIPU3BO-
JIUTh JI0 CYTTEBUX 3MiH CITIBBiIHOIICHHS aKTUBHOI Ta pEaKTUBHOI eHeprii. Y mepioau no0u, KoM HaBaHTa-
JKEHHsI 3HauHe 1 BiAOMpParOThcd MaKCHMalbHI OOCATH aKTHBHOI e€Heprii, KyT 3cyBy (a3 Mik BEeKTOpaMu Ha-
MIPYT i CTPYMIB MEPEXi MOXKe OyTH ONM3BKHM JI0 HyJIsA. TOMy peakTHBHA CKJIaJ0Ba IMMOTYKHOCTI HE3HAYHA. Y
BEUipHii Yac 1 BHOYI, KOJIM HAaBAaHTAXXCHHS 3HAYHO MEHINIE 1 BiAOMPAlOTHCS MiHIMallbHI 00CATH aKTHBHOI
€Heprii, KyT 3cyBy (a3 Mi>k BEKTOPaMH HANPYT i CTPYMiB MepexKi 30LTBIITY€EThCS 1 3aIUIIIAETECSA B MEXKax BiJl
60° no 90°. B oMy BUNAAKy peaKTHBHA €HEPTis MPEBAIIIOE HAJl aKTHBHOO, OCKUTHKY 1HCTAJIAII 3 IHIYKTH-
BHUM HaBaHTKEHHSM HE BIJIKIIOUAIOTHCA. 3 i€l %K MPUUMHH ICHYE HEJOOOIIK eHeprii Ha BUCOKOBOJITHHX
nigcraniisx Ha 330, 500 i 750 kB, ne nepeTikaHHs aKTUBHOT CHEPTii CATAIOTh TUCAY MEraBar, a KOMIICHCAITis
peaKTUBHOI eHeprii abo BiICyTHS, a00 € e)eKTUBHOIO TIJILKH IIiJI YaC HOMiIHAJIHHOTO HABAHTAXKECHHS.

I3 HaOMmKeHHSM KyTa 3cyBY (a3 MiXK BEKTOpaMH HampyrH i ctpymy 1o 90° 3pocrae Bin’eMHe 3Ha-
YeHHS MOXUOKH BUMIPIOBAaHHS aKTHBHOI MOTY)KHOCTI Yepe3 HEIOCKOHAIICTh BUMIPIOBATBHUX TpaHC(opMa-
TOpiB cTpyMy. 3 HAOMIKEHHSIM KyTa 3CyBY (pa3 Mik BEKTOpaMH HAIPYTH 1 CTPYMY J0 HyJIS TPamycCiB 3 Ti€l ik
MIPUYHUHA 3POCTAE BiI’ €MHE 3HAYCHHS TOXUOKHA BUMIPIOBAaHHS PEaKTHUBHOI MTOTYKHOCTI.

Meta po6oTH — BUSBUTH JKEpEa TEXHOJIOTIYHUX BTpAT €JIEKTPOCHEPTil, 3yMOBJIEHUX HEJOCKOHA-
JICTIO ICHYIOUMX CTaHAapTiB B YaCTHHI BUMOT JIO Jiara3oHy KYTiB 3CyBY (a3 MiX BEKTOpaMH HAIPYT 1 CTPy-
MiB cepThu(iKOBaHUX 3ac00iB OOJIKY, OMHUTH BIUTHB PEKUMIB POOOTH MEpEeXki Ha IMOXHOKH BUMIPIOBAHHS
aKTHBHOT 1 pEakTHBHOI €Heprii Ta BKa3aTH Ha METOJM MOKPAIIECHHS METPOJIOTIYHUX XapaKTEPUCTHK eJeK-
TPOJIIYMIILHUKIB.

OcHoBHi MaTepianu gocaiT:keHHs. BUMiproBaHHS TOTYKHOCTiI Y BHCOKOBOJIBTHHX MEpekax Bif-
OyBa€ThCs 32 CTPYKTYPHOIO cXeMoro [13], ska MiCTUTh TpU TpaHCPOPMATOPH CTPYMY, TPH TPaHCHOPMATOPH
Hanpyru 1 TpudazHuil TYWIBHUK eJIeKTpUYHOi eHeprii. HenomikoM 1i€i cTpykTypH € HasiBHICTH TpaHC(Op-
MaTopiB CTPYMY, SIKi MatOTh KyT A@ 3CyBY (a3 BUXiTHMX CHT'HAJIB IO BiJHOUICHHIO JI0 KYTiB 3CYBY (a3 BXi-
JTHUX CUTHAJIB, IO MMPU3BOIUTE 10 3HAYHUX OXHUOO0K 001Ky EE, 0co0mMBO 32 yMOB po0OOTH MEpeX y Majo-
KOCHHYCHHUX Ta MaJIOCHHYCHHX PEKUMaXx.

AKTHBHA MOTYKHICTh P BU3HAYAETHCA 32 POPMYJIIO0

P=Ulcoso, (1)
ne U — nampyra Mepexi; [ — CTpyM Mepexi; ¢ — KyT 3¢yBY (a3 Mi’K BEKTOpaMH HalpyTrH Ta CTpyMy Mepexi.

OCKiJIbKH MiX IEpBUHHUMH T4 BTOPHHHUMH BEKTOPaMH BUMIPIOBATBHUX TPaHCPOPMATOPIB CTPYMIB
1 HaIIpyT iCHYIOTb [IE€BHI KyTH 3cyBY (a3, popmymy (1) ciig npeacTaBuTH HACTYITHUM YHHOM:

P =Ul cos(p — Ap) =Ul (cospcos A@ + sin Apsin @) , 2)
ne A —KyT 3cyBy (a3 Mk BEKTOpaMu BTOPUHHHUX BUMipIOBaJIbHUX TPaHC(HOPMATOPIB HAIPYTH W CTPYMY.

OCKIUTBKH 3HaUCHHS KyTa A¢ ONW3bKE NI0 HYJISI, IpUAMEMO 3Ha4eHHS (QYHKIII COSAQ pIBHHUM OOH-
auti. Toxi Bupas (3) HaOyne HACTYITHOTO BUTIISIY:

P=Ulcosp+UlsinApsing . 3)

[lepma ckmagoBa Bupasy (3) € He MmO iHOIE $K ICTHHHE 3HAYEHHS AaKTHBHOI MOTY>KHOCTI
P.=Ulcos@, Toai K Apyra cKjajfoBa sBIsi€ CO000 aOCOMIOTHY MOXUOKY BUMIPIOBAHHS aKTHBHOI HOTYX-
HOCTI, BUKJINKaHy HasBHICTIO KyTa 3CyBY (pa3 Mik BTOpHHHUMH BEKTOpaMH BHUMIpIOBaJbHUX TpaHcdopMma-
TOpiB cTpyMmiB 1 Hampyr AP =Ulsin@sin A@. BiqHOCHY kX TTOXHOKY BHUMIPIOBAHHS aKTHBHOI IMOTYKHOCTI,
BUKJIMKaHY KyTOM AQ, MOJKHA MPEACTaBUTH HACTYITHUM YHHOM:

_ sin@sin Ag

AP .
dp(@)=—+ =tgesinAg, 4)

P, cos @

ne d,(¢p) — BiTHOCHA KyTOBa MOXWOKa BUMIPIOBaHHSI [TOTY>KHOCTI.

3 Bupasy (4) BUIUIHBaE, U0 BiTHOCHA KyTOBa MOXUOKA BUMIpIOBaHHS MOTY>KHOCTI TIPOIOPIIiiHA TaH-
TeHCY KyTa 3CyBY (a3 MK BEKTOpaMH HAIlpyTH Ta CTPYMy MEpeki Ta CHHYCY KyTa 3CyBY (a3, sSIKHi BHO-
CUTBLCS BUMIPIOBATBHUMHE TpaHC(hOopMaTOpaMu CTPyMy i HaIlpyTH.
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3anexHiCTh MOXUOKHM BUMIpPIOBaHHS aKTUBHOI ITOTYKHOCTI Bil KyTa 3CyBY (ha3 MiX BEKTOpaMmH Ha-
MIPYTH 1 CTpyMy Mepexi npeactaBieHo Ha puc. 1. Ockinbku QyHKIlS Sin AQ € MOCTIHHOK BETUYNHOI0, Xa-

pakTep IIi€l 3aIeKHOCTI TTOBHICTIO BU3HAYAETHCS (DYHKITIEIO tg @ .

3 puc. 1 BumHO, MO Ha KyTaX, OMM3bKuX 1m0 90°, BiTHOCHA KyTOBa MOXHOKA coat
BUMIpIOBaHHSI aKTUBHOT TIOTYKHOCTI HaOIMKA€ThCS 10 HECKIHYEHHOCTI, B TOH 4ac, 5K
32 YMOBH 3Ha4€Hb KyTa ¢, Om3bkux 10 0°, 1151 moxuOKa HabIHMKAETHCS 10 HyJIS. i

Tomy ocobnuBa yBara J0 TOYHOCTI BHMIipIOBaHb 3ac00iB OOJIIKY aKTHBHOI
eHeprii NPUAIIIETECS B yMOBaX MaJJOKOCHHYCHUX PEXUMIB pOOOTH MEPEXK. !

JlotpuMytounchk Bupaszy (4), po3paxyeMo MOXUOKH HAHOUTBI TIOMTUPEHOTO B
eKcrutyaraii 3aco0y o0uiky kimacy TouHocTi 2.0 y pobodomy Jiama3oHi KyTiB 3CyBY |
(a3 Mk BEKTOpaMH CTPYMIB 1 HalpyT peaibHOI eNeKTpUUHOI Mepexi. s miunib-
HUKIB TaKOT'O KJIACY TOYHOCTI MaKCMMaJIbHa KyTOBa MOXHOKA y BiAMTOBIHOCTI 10 BU-
MOT CTaHJAPTy 3a YMOBH, 1m0 ¢ = 60°, ctanoBuTh 3 %. ToOTO, IpUTTyCcTUMUIT Tapa3u-
THHUH KyT 3cyBYy (a3 A@ MK BEKTOpaMHU CTPyMY i HaIllpyTd, BUKJIMKAaHUN HEIOCKOHAJICTIO 3aco0y OOIiKY,
carae 1°. BimnosinHo, sinA¢@ cranoButb 0,0175. PesynbTatu po3paxyHKiB AJsl BCHOTO Jiala3oHy HpeAcTaB-
JIeHO y Tabymii. Sk BUIHO 3 TaOJHIN, y TOYII Jiama3oHy, KOJIH KyT 3CyBY MiK BEKTOpaMHU CTPYMY 1 HAIIpyTH
Mepe:xi fopiBHIOE 60°, moxubka o, CTaHOBHUTH 3 %, a 3a yMOBHU KyTiB MeHIe 60° maemo 6,< 3 %. Takum 4u-
HOM, PiBHI KyTOBHUX IOXMOOK Y MeXax Jiana3oHy KyTiB 3cyBy (a3 MiX BEKTOpamH CTPyMiB 1 Hampyr Bif 0
o 60° BiOIOBIAAIOTH PiBHAM, BKa3aHUM y cTaHmapTax. Il{o jk CTOCY€eThCS KyTOBHX MOXHOOK T03a JTiaraso-
HoM Bix 0 10 60°, To &, > 3 %.

L 4

b |5

dp {Q’I)

Puc. 1

- 0,0 10 20 30 40 50 60 70 80 85 89
rpaj.

tgo 0,0 0,175 | 0,364 | 0,577 | 0,839 1,19 1,73 2,75 5,67 11,43 57,3
3, ,% 0,0 0,03 0,64 1,01 1,47 2,08 3 4.8 9,9 20,0 100,0

I3 Tabnwmi BUIHO, IO MICHA KyTa 3CYBY MK BEKTOpaMHU HAIPYTH ¥ CTPyMy, KA CTaHOBUTH 60°,
NOXHOKa BUMIpPIOBaHHS aKTHBHOI MOTY>KHOCTI CTPIMKO 3pOCTa€, 10 MPU3BOAUTH IO CYTTEBOTO HEI000IIKY
eHeprii, AK1il piBHOLIHHUH 11 BTpaTam.

PeakTuBHA TOTYXHICTH () BU3HAYAETHCS 32 (HOPMYIIOI0

O=Ulsing. (5)

3 ypaxyBaHHSIM KyTa 3CyBY ()a3 MK BTOPMHHMMH BEKTOpaMH BHMipIOBAJILHUX TpaHCHOPMATOPIB
HaIPYTH 1 CTpyMy BHpa3 (5) MOXHA TIPEICTABUTH HACTYITHUM YHHOM:

O =UI'sin(¢ — Ap)=UI sin pcos Ap + Ul cos psin A, (6)

OCKIUTBKY 3HAYCHHS KyTa A@ Onm3bKe 0 HyIs, MPUHMEMO 3HAYeHHs (PYHKIIT COSAQ, 5K 1 B TIep-
IIIOMY BHUTIAIKY, piBHUM oquHUIl. Tozi Bupa3 (6) Habyae HACTYITHOTO BUTIIALY:

QO =Ulsinp+Ulsin Apcoso. @)

[lepma cxmagoBa Bupa3y (7) € He 1O iHIIE, IK iICTHHHE 3HAUYE€HHS PEaKTUBHOI ITOTYKHOCTI
Q, =UIsing, Toxi sk Apyra cKjiajoBa siBjse co00l0 abCOMIOTHY MOXUOKY BuMi- 4 |
PIOBaHHS pPEaKTHBHOI MOTYXXHOCTI, BHUKIHKAHY HAasSBHICTIO KyTa 3CYBY (a3 Mix

BTOPHHHUMH BEKTOpaMH BUMIPIOBAILHUX TPaHC(POPMATOPIB CTPYMIB 1 HampyT
AQ = Ul cos@sin A . BinHOCHY X TOXHOKY BUMIipPIOBaHHSI PEAKTUBHOI MTOTYKHOC-

L J

Ti, BUKJIIMKaHy KyTOM A, MO’KHA TIPEJICTAaBUTH HACTYITHUM YHHOM:
AQ cos@sin Ag

Oo(0) = o, sin @

3anekHICTh MOXUOKKM BUMipIOBaHHS PEAKTUBHOI MOTYXHOCTI BiJl KyTa 3Cy-
By (ha3 Mixk BEKTOpaMH HAIIPYTH 1 CTPyMy Mepexi mpeacraBieHo Ha puc. 2. Ocki-
JbKU QYHKLIS SinAQ € MOCTIHHOI0 BETMYMHOIO, XapaKTep L€l 3aJeKHOCTI IOBHi-

=ctgpsSin A . ®)

CTIO BU3HAYA€ThCSA (PYHKIIEO ctg o .

OCKiJbKY TOXMOKH BUMIPIOBaHHS PEAKTHBHOI IIOTYKHOCTI 32 YMOB MaJIOCHHYCHHX PEXHUMIB pOOOTH
Mepexi OyAyTh aHaJOTIYHHUMHU THM, IO TIPUBENEH] y TaOJMIIi Al MOXUOOK aKTHBHOI MOTYXHOCTI 32 YMOB
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MaJIOKOCHHYCHUX PEXHMIB pOOOTH Mepexi, pe3yJbTaTh PO3PaxyHKIiB MOXHOOK BHUMIPIOBAHHS PEaKTHBHOI
MOTYKHOCTI HE TPHBOASTHCS.

[MoxuOku, HaBeAeHi B TaONUII B Aiama3oHi KyTiB 3CyBY (a3 MiK BEKTOpaMH CTPYMiB i Hampyr BifJ
60° mo 89°, He BIANOBIMAIOTH PALY KJIACIB TOYHOCTI 3ac00iB BUMIPIOBaHHS, AKi MiAJIATAIOTh CepTHdIKaIIi.
ToOTo0, 32 YMOBH MaJIOKOCHHYCHHX 1 MaJOCHHYCHHX PEKHUMIB pOOOTH Mepeki 3aco0u 00Ky, CTBOPEHI 3a
MDKHApOJHUMH CTaHAapTaMH, HE IMiUIAraloTh cepTUdiKallii, a IXHE BUKOPUCTaHHS NMPU3BOIUTH 10 3HAYHUX
BTpaT €JIEKTPOEHEPTii.

Takwmif piBeHb BTPAT €IEKTPOCHEPTIi CYTTEBO YCKIIAIHIOE 3BEICHHS OalaHCy MK €HEPTrOCHUCTEMaMH
HEK «Yxkpenepro», mixk HEK «Ykpenepro» ta 001eHepro, a B moAajIbIIOMy i Ha MKIEpKaBHOMY PiBH.

Bucnosku. TakuMm yuHOM, 3ac00H 00Ky, BUTOTOBJICHI 32 iICHYIOUMMH MIXKHAPOJAHUMH CTaHIapTa-
MH, He 3a0e3e4UyI0Th IIOBHOTO 00JIIKYy aKTUBHOI €JICKTPUYHOI €HEPTii y MaJIOKOCHHYCHHX PEXUMax poOoTH
MepEeXi 1 TOBHOTO OOJIIKY peaKTHBHOI €HEpTil y MaJJOCHHYCHUX peXUMaxX poOOTH MEpPEexKi.

VYCcyHeHHsI IBOTO HEIOJIKY MOXJIMBE HUISIXOM YAOCKOHAJICHHS CTAaHIAPTIB, Y SKUX MPOHOPMOBAHO
MOXUOKHM BUMIpPIOBaHHS B YChOMY Jiara3oHi KyTiB 3cyBY ¢a3 Big 0,0° mo 89°, abo miissxoM cTBOpEHHS HOBOTO
CTaHAAPTY AJIs1 JIUMWIBHUKIB, SIKi MalOTh IPALIOBATH Y MaJOKOCHHYCHUX Ta MAJIOCHHYCHUX PEXHMax poOOTH
Mepexi.

3abe3neueHHs METPOJIOTIUHUX XapaKTePUCTUK 3ac00iB 00MIKY y BIAMOBIAHOCTI JO BUMOT IIUX CTaH-
JAPTIB TOCATAETHCS CTBOPEHHSAM KOMIpPOK OOJIIKY Ha OCHOBI TpaHC(OPMATOPIB CTPyMy 3 KyTOBOIO MOXHUO-
koro Ha piHI 0,001° a00 CTBOpPEHHSM €IEKTPONIYMIBHUKIB 3 MOXKIIMBICTIO PErYJIIOBaHHS 3MIIIEHHS y 4aci
BUOipoK curHainy [14] y kaHani HalpyTu MO BiZHOLICHHIO 10 BUOIPOK CUTHAILY Y KaHaNi CTPYMY.
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ANALYSIS OF THE IMPACT OF NETWORK OPERATION REGIMES

ON THE LEVEL OF ACCOUNTING ACTIVE AND REACTIVE ELECTRICITY
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One of the reasons of losses of the electric power caused by imperfection of means of its account is revealed. The analysis of
errors of means of the account of active and reactive energy in the conditions of work of a network in low-sine and low-sine
modes is executed. The dependences of the angular errors of the means of measuring active and reactive energy are found.
The graph of the change of the angular error of the active energy meter in the range of phase shift angles between voltage and
current from -2 to w2 and the graph of the angular error of the reactive energy meter in the range of phase shift angles be-
tween voltage and current from -0 degrees tor are presented. The loss of active energy due to imperfection of active energy
meters reaches infinity under the conditions of approaching the phase shift angle between current and voltage vectors to 72,
and the loss of reactive energy reaches infinity under the conditions of approaching the phase shift between current and volt-
age vectors to & are shown. The errors of active energy measurement are calculated, which indicate the unsuitability of elec-
tricity meters manufactured in accordance with existing standards for metering of electricity in low-cosine modes of network
operation. References 14, figures 2, tables 1.

Key words: modes of operation of the electrical network, three-phase network, measurement errors, electricity metering, elec-
tricity consumption, angular error.
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SMEHIIEHHS BIVIMBY OIIOPIB IEPEHOCY 3APAAY Y BIOCEHCOPHHUX
KOHAYKTOMETPUYHUX BUMIPIOBAJIBHUX ITIEPETBOPIOBAYAX
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Y cmammi 3anpononosano nodanvuiuii po3gumox cnocody 3meHueHHs NOXUOKU GUMIDIOBAHHS JOKANbHUX 3MIH
eeKmponpoGiOHOCMI PO3UUHIE eNeKmpOimie, 00YMOGIeHOI 3MIHOI0 QOHOBOI eneKkmponpoSIOHOCIE BUMIDIOBAIbLHO20
cepedosuwia. Taxa noxubka sunuxac 6 OupepeHyiHuUx KOHOYKMoMempuyHux biocencopax 3 pobouum i pegpepeHcHum
nepemeopsauamu, AKWo iXHi ereKmpuyHi napamempu cymmeeo giopiznsaiomocs. Ha iominy 6i0 pauiwe 6i0omozo, 6
ONUCAHOMY CNOCODI BPAXOBYEMbCA GNIUE NPUEIEKMPOOHUX ONOPI6 NepeHocy 3apsadie, AKUll CMae 0cooaU80 NOMIMHUM
yepes Cymmesy pi3HUYIO 3HAYeHb YUX napamempis nepemeopiogauie. Mema noaseac 6 momy, wob 3abesneuumu
2nuboKe NPUOYUIEHHs BRAUBY (DOHOBUX 3MIH eNeKMPONPOBIOHOCMI PO3UUHIE Yepe3 ICIMOMHI BIOMIHHOCMI PeaKmueHux i
AKMUBHUX CKIAO0BUX IMNeOaHCi8 nap nepemseoprosayie ceHcopd, 8 momy Yucii il NPueleKmpoOHUX ONOpieé NepeHocy
3apsois. Posenanymo mamemamuuni supasu, wo Xapaxmepusyroms npoyec npugedeHHs MOCHO8020 GUMIPIOBANbHO20
KOIA y cneyu@iunull cman K8asipieHo6au, 8 SKOMY 6HIUE 3MIH (POHOBOL eleKmPONPOGIOHOCHT PO3UUHIE eNeKMPONImie
€ MiniManvHum. Ompumano Gopmynu Onsi pO3PAXYHKY RApAMempis Hanpyeu Ha pedhepeHCcHOMY nepemeoproeai, ujo
Haoarms 3M02y 6CMAHOBNIEHHA BKA3AHO20 PEXCUMY BUMIDIOBANLHO20 KOAA. 3anponoHO8AHO MemOOUKY BUSHAYEHHS
onopis neperocy 3apsaoié 3 GUKOPUCMAHHAM pPe3yIbmamie O000amKosux 6GUMIPIOGAHb NAPAMEMPIE IMNeOaHcie
nepemeopiogayié Ha uacmomi, wo euwe pobouoi. Hasedeno pesynomamu 00CuiodceHb NpuOyuleHHs: 6NIUBY 3MIH
@PoHo6OI  enekmponposioHocmi  po3uuny 6 OudepeHyiinomy KOHOYKMOMEMPUUHOMY KAHATL 3 GUKOPUCTNAHHAM
Komn romepHoi MoOeni, SKi NOKA3aIU MOJNCIUBICIb CYMMEBO20 3HUNCEHHSL GNIUBY 3MIH (DOHOBOT eleKmponpoeioHoCmi
PO3UUHY NOPIGHAHO 3 gi0omMum cnocobom. bioim. 9, puc. 2, Tadm. 1.

Knrouosi cnoea: mudpepeHIitHNN KOHTYKTOMETPUIHAN 010CEHCOp, MOCTOBE BUMIiPIOBAJIbHE KOJIO, KBa3ipiBHOBAra.

BuxopucranHs 0i0CEHCOPHUX KOHAYKTOMETPHUYHHUX BHUMIPIOBAIILHUX IIEPETBOPIOBAUIB MA€ BEIIHKIi
NEePCIeKTUBU Il OTPUMaHHs iHQOpMAIii 100 CTaHy OTOYYHOUOrO CEPelOBHINA, SIKOCTI MarepiaiiB Ta
Xap4oBHX NPOAYKTiB. BOHM TakoX MOXYTb 3aCTOCOBYBATHCS B OIO0TEXHOJIOTISIX, B MEIMYHIN Ta TEXHI4HIN
miarHocthmi [1-5]. Ilupoko Bimomi JBOXENEKTPOMHI KOHAYKTOMETPHUYHI IIEPETBOPIOBAYI HA OCHOBI
IUIAHAPHUX 3YCTPIYHO-TpeOIHYACTHX €IEeKTPOMIB, Ha SIKi HAHECEHO CEJICKTHBHY OioXiMiuHy MemOpaHny [6-
10]. IndopmartuBHa ¢i3MyHa BenWYMHA 3a TAaKUX BHUMIPIOBaHb — JIOKaJbHAa 3MiHA MHUTOMOI E€IEKTPO-
MIPOBITHOCTI PO3YHHY, III0 OOYMOBIIEHO 3MIHOIO KOHIIEHTpAIIil 3apsPKEHIX YaCTOK B Pe3yJbTaTi OioXiMiuHOT
peaxirii B MeMOpaHi.

Anapartypa Ta MeTo/l BUMipIOBaHHSI.

Jus  ycyHeHHs BIUTMBY HeiHGOpPMATHBHHX 3MiH (OHOBOI THTOMOI eIeKTPOIPOBiTHOCTI,
00YMOBJICHUX 3MiHAMH TEMIIEpaTypH, KOHIIEHTPAIIil pO3YNHY Ta IHITUMH (HaKTOPaMH BIUIHBY, 3aCTOCOBYIOTh
IudepeHLialbHi CeHCOPH, 10 MICTATh poOOYMA MEepeTBOPIOBaY, Ha SIKU HAHECEHO aKTHBHY MeMOpaHy, i
pedepeHcHUl 3 MacMBHOIO MEMOpaHOIO, SKUH BHUKOPUCTOBYEThCS AJISl BU3HAUYEHHS (DOHOBOI EJEKTpO-
MPOBITHOCTI po3uuHy. [y BUMipIOBaHb IIi TIEPETBOPIOBAUi IMiJKIIOYa0Th Y MOCTOBE BUMIipIOBAIBHE KOJIO
[11]. CTpykTypHY cXeMy BHMipIOBAJILHOTO MPHUCTPOIO HaBeneHO Ha puc. 1. [loznauenns Omokis: JATTH —
Jokepeno moctiiiHoi omoproi Hampyru; L', 2 — mudpoBi reHepatopu CTymiHYaCTUX KBa3iCHHY-
coimanbHUX HATIPYT; Sy, Sr — pOOOUMiL 1 pedepeHcHMIT epeTBoproBayi ceHcopa; LIAIl — nudpo-ananorosuit
nepetBoptoBad; [ICH — mepeTBoproBau «ctpym-Hanpyra»; CJ1 — cuaxponnuit gerexrop; ALl — anamoro-
mudpoeuii nepersoproBad; MBK — mikponpouecopuuii 610k kepyBanus; BK®3 — 610k kepyBaHHs hazoBuM
3cyBoM. llo3nauenns curHamiB: U, Uy — mocriitHi onopHi Hanpyru mudposux reneparopis; Uy, Ur —
BHXIJHI KBa3iCHHYCOiNaabHI HAIIPYTH T€HEpaTOpiB; 14, [r — 3MIHHI CTpyMH 4epe3 IEepeTBOPIOBadi CEHCOPa;
Al — cTpyM HepiBHOBarm MOCTOBOI'O BHMiprOBalbHOTO Kona; Uy — Hampyra, NpoOmnopiiiHa CTpyMy
HepiBHOBary; Us, Uy — ONOpHI Halpyru CHUHXPOHHOTO AETEKTOpa (BIAMOBINHO cHH(a3HA 1 KBaJpaTypHa
BigHOCHO Hanpyru Uy); TI,, Tl, — TakTOBI iMIyJIbCH KepyBaHHS reHepaTopamu; Np — kox kepyBaHHs L[AIL;
N, — xoq kepyBaHHs (a3oBuM 3¢yBoM Hanpyru U BitHOCHO Hanpyru Uy.
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MocToBe KOJIO Ma€ [Bi TiIKHM, KOKHA 3 SIKUX MICTHTh wuu¢poBuii rexeparop (DGl, DG2)
KBa3iCHHYCOUaIbHOT HATIPYTH Ta MEPETBOPIOBAY CEHCOpa (aKTUBHUM 1 pedepeHcHMit). MicT )KUBUTBCS Bij
nocTiitHoi crabinpHoi Hanpyry 3 Buxoxy JAITH. lo rinku pobouoro nepeTBoproBaya sl HaIpyra miaKiIodeHa
OesnocepenHbo, a0 Tinku pedepencHoro — ueped LIAIL. Ludposi renepatopu QopMmyroTs KBa3i-
cunycoinanpHi Hanpyru Uy 1 Uk T KepyBaHHSIM TaKTOBUX iMITynbCiB 11y, T1,.

Pisanng a3z mix Hanpyramm Uy i Up BctanoBmoeTbess Onokom BK®3 muisxom BignmoBigHOT
3aTPUMKH y 4Yaci TakTOBUX iMmmyineciB T/, BimHOCHO immynbciB 77,. Takum umHOM, A0 pobOouoro mepe-
TBOpIOBada IMiIKIIOYEHO HAMPYTy 3 (DiKCOBAHOIO aMILTITYAOI0 Ta (pa3oro, 10 pedepeHCHOTO — HAMpyTy 3
peryibOBaHUMH TapaMeTpamMu. MOCTOBE KOJIO BPIBHOB@KYEThCS IMUIIXOM PETYJIIOBaHHS aMIUTITYAH Ta
¢azoBoro 3cyBy Hanpyrd Uy BimHocHO Hampyru U,. Ilpomecom BpiBHOBaxXyBaHHs Kepye Oioxk MBK, mio
BUPOOIIsie Koau kepyBaHHA N, 1 Np 3a pesynbratamu BuMiproBaHHs ALIII piBHs cuHba3HOi Ta KBaapaTypHOI

U, U, CKIIAJIOBUX CHUTHATy HepiBHoBarm mocta. Lli

I,]nu 1ri I—-o—l S, I—o— CKJIQJIOBI BHIIISAIOTECS CHHXPOHHHM JICTEK-

lL topom C/l, Ha omopHuii BXif sikoro 610k MBK

MiTKITI0Yae cHH(a3Hy W KBaJpaTypHY OIOPHI
Harpyru Us i Up.

SKmo mapameTpu IEepPETBOPIOBAYIB
OJTHAKOBI 1 MOCTOBE KOJIO BPiBHOBaXKEHE, TO
3MIHU CTPYMiB, OOYMOBIICHI 3MiHaMU (OHOBOT
€JIEKTPONPOBITHOCTI PO3UMHY, B3AEMHO KOM-
NCHCYIOThCSA Ta HE BIUIMBAIOTh Ha iH(opMa-
TUBHUHA CHUIHaJd Ha Buxoal kona. OnxHak Ha
NPakTUIl  JOBOIAWTHCS MaTh  COpaBy 3
CeHCOpaMH, y SKHX IIapaMeTpu IEepPeTBOPIO-
BadiB CyTTEBO pi3HATBCS [11], B 1hOMY
BUTNIAJIKy BIUIMB 3MiH ()OHOBOI  E€JEKTPO-
NPOBIIHOCTI PO3YMHY Ha PE3yJIbTaT BUMIPIOBaHHS 3aJIMIIAETHCS HEOYCTHMO BEIUKUM.

VY [12] onucano cnoci0é 3HMKEHHS BKa3aHOTO BIUIMBY LUISXOM BCTaHOBJICHHS OCOOJIMBOIO CTaHy
KBa3ipiBHOBAarn MOCTOBOTO BHMIPIOBAJILHOTO KoJia, SIKMH 3a0e3ledye B3a€MHY KOMIICHCAII0 3MiH CTPYMiB
yepe3 TMepeTBOploBadi ceHcopa y pasi 3MiHM (oHOBOi enekrponpoBimHocTi. Ilapamerpu Hampyru
PEryJIbOBAaHOTO T'eHepaTopa OOUYHMCIIOIOTHCS 3 BUKOPHCTAHHAM CIPOIICHOT ABOXEIEMEHTHOI €KBiBaJIEHTHOI
CJICKTPUYHOI CXEMH TIEPETBOPIOBAYA, SKa IMPEICTaBIIsIE COOO0 TOCTIAOBHE 3’ €HAHHS CIICKTPOIPOBIIHOCTI
PO34MHY Ta EIEKTPUYHOI EMHOCTI MPHUEIEKTPOAHOrO Imapy. HaseneHi y [12] pe3ynbraTH MaTreMaTHUHOTO i
(i3MYHOTrO0 MOJENIOBaHHS MOKA3yIOTh MOJIMBICTh 3MEHIICHHS BIUTUBY 3MiH (POHOBOI €JIEKTPONPOBiTHOCTI
po3unHy. OmHaK NPUAHATE V Iid poOOTI TPEACTaBICHHS CEHCOPIB € HEITOBHUM, BOHO HE BPaXxOBY€ BILIUB
NPUENIEKTPOIHOTO OTOpy TNepeHocy 3apsaiB. OTpuMaHi aBTOpaMH JaHi EKCIEPUMEHTY BKa3ylOTh Ha
HEOOXiZHICTh BBEICHHS TPETHOTO EJIEMEHTY y IBOXEJICMEHTHY EKBIBaJICHTHY EJIEKTPUYHY CXeMy IMepe-
TBOpIOBada OioceHcopa. byno mocnmigkeHo peanbHi 3pa3Kkyu CEHCOPIB 3 30J0THMHU €JIEKTPOAAMH, 10 MalOTh
mapamMeTpu 3yCTPidHO-TPeOiHKOBOI CcTpykTypH 20x20 MM 3a po3mipiB 1,5%1.5 mm. Ha enextpomu Oyio
HAHECEHO IMACHBHI MEMOpaHH, CEHCOp 3aHyproBaiu B ¢ochaTHUl OydepHHil po3uMH 3 KOHIEHTpaliewo 7
MM, pH 7,0 B kinbKoCTi 2 MJI, IKHI TIEpEMIITyBaBCS MarHITHUM MiKCepoM. 30KpeMma, IIiJl 4aCc BUMIpIOBaHHS
mapaMeTpiB OJHOTO 3 TEPETBOPIOBAUIB 3a TOIMOMOTOI0 MOCTa 3MiHHOTO cTpymy P5083 Oymo orpumano
HACTYIIHI PE3yJIbTATH 32 MOCIIIOBHOIO CXEMOIO 3aMill[eHHSI:

—nHa yactoTi 70 k['1iy akTrBHWMIA omip 581,5 Om, emHicts 11,4 HOD;

—na yactoTi 100 x['1 aktuBHUH omip 562,8 Owm, emHicTh 10,4 HO.

BkazaHa 3aJeKHICTh aKTUBHOTO OTIOPY BiJl YaCTOTH HE MOXke OyTH OOIpyHTOBaHA 3 BUKOPHCTAHHSM

JIBOXEJIEMEHTHOI TOCTIIOBHOI EKBIBAJICHTHOI EIEKTPUYHOI CXEMH.

fr

Puc. 1.

¢ HeoOxinmHO BpaxyBaTh TpeTill €JIeMEHT CXeMH, a caMe, OIip MepeHoCy

G 3apsmy, M0 'ninKn}oquHﬁ napajgeabHO €MHOCTI IPUENICKTPOITHOTO
mrapy.  ExBiBaJieHTHy — eJIeKTpUYHY  CXEMy IIepeTBOpIOBada 3

R ypaxyBaHHSM BKa3aHOTO NapaMeTpa IoKa3aHo Ha puc. 2, ge G —

€JICKTPOIIPOBIAHICTE po3unHy; C — EMHICTD MIPUEIEKTPOTHOTO mapy; R,
— aKTHBHUI OIip MepeHocy 3apsiB y MpUeNeKTpoaHoMy mapi. [Hmekc
«4» o3Havyae mapameTp poOOYOT0 NEepeTBOpIOBava; iHIEKC «R» —

Puc. 2. . .
pedepencHoro. Brumme onopy nepeHocy 3aps/iiB BUSBISETHCS TOMITHUM

ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 2 75



Yyepe3 CyTTEBY PI3HUITIO OTOPIiB MIEPEHOCY 3apsiiiB y pobodoMy Ta peepeHCHOMY ITePEeTBOPIOBAYI.

Hanpuknaz, sxmo nmapameTpu pobodoro ceHcopa MaioTh 3HaueHHI G, = 1 MCwm, C, = 5,44 HO, a
pedepercroro — Gg = 1 MCwM, Cr = 4,352 O, To 32 BiZHOCHOI 3MiHU (POHOBOI eneKkTponposinHocTi Ha 1 %
KoedillieHT IpUAyIIeHHs ii BIUIMBY ckianae omm3bko 60 (mepmmit psagok tadm. 1 B poboti [8]). Sxmo mpu
oMY iH(QOPMATHUBHUH MPUPICT €IESKTPOIPOBITHOCTI POZUHHY Y POOOUOMY MEPETBOPIOBAYI TAKOXK CKIIAIA€e
1%, To aguTHBHA TOXMOKA BUMIPIOBaHHS, OOyMOBJeHa UM (akTopoM, ckiaae Omausbko 1,5 %, 1o
3aJ0BOJIbHSE TMOTPEOM NpaKTHYHUX BUMipoBaHb. OJHAK, SKIIO NpPU [BOMY OMIp MEPEHOCY 3apsliB y
pobodoMy TepeTBOproBadi ckiamae, Hampukiam, 3 kKOm, a y pedepencHomy — 10 kOM, TO KoedillieHT
NPUAYLICHHS ITi]] 4ac 3aCTOCYBaHHs aJrTOPUTMY, OIHCAaHOro Y [12], 3HMXKy€eThes 10 16, pH ILOMY TOYHICTb
BUMIpIOBaHb BJKE HE MOXKHA BBKATH 33JJ0BITHHOIO.

Merta po6oTn.

Meroro maHoi poboTH € po3poOka crmocoOy BH3HAYCHHS TapaMeTpiB CTaHy KBa3ipiBHOBAru
MOCTOBOTO BHMIPIOBAJFHOTO KoOJia, SKHH 3a0e3MeYnTh 3MEHIIEHHS BIUIMBY OIOPIB IEPEHOCY 3apsiiB Ha
CTYIiHb TPUAYHICHHS 3MiH (DOHOBOI EJIEKTPONPOBITHOCTI PO3UYMHY Y TU(EPEHIiANbHAX 010CEHCOPHUX
KOHJyKTOMETPUYHUX [IEPETBOPIOBAYAX.

Po3pobka y10CKOHAJIEHOT0 MeTOAy BUMIPIOBAHHS.

[IponoHy€TbCS yOOCKOHAIUTH BIIOMHUH CMOCIO 3MEHLICHHS BIUTUBY 3MiH (POHOBOI €JEKTPO-
OPOBiIHOCTI pPoO3uMHYy, omucaHuid y [l12], mUIAXOM 3acTOCYBaHHS HOBOI'O BHpPa3y /Il BHU3HAUYCHHS
Koe(ilieHTy KOpeKUil aMIUTITYAHn Ha peepeHCHOMY IIepeTBOpIOBadvi, SKHI BpaxOBY€ BIUIUB OIOPIB
MIEPEHOCY 3apsiliiB y MEePeTBOPIOBavax quepeHIliaibHIX 010CEHCOPIB.

PosrastHeMo mporec npuBeIeHHSI MOCTOBOTO BUMiPIOBAJIBHOTO KoJa 3 AudepeHiiinumM 6ioceHcopoM
y CTaHW PiBHOBar" Ta KBa3ipiBHOBaru 3 ypaxyBaHHSM OIOPiB IepeHoCy 3apsaiB. CKOPHUCTAEMOCS METOIOM
KOMITJICKCHUX aMIUTTY/ sl PO3PaxyHKiB €JIeKTPUYHUX KiJl, IO MPALIOIOTh i Ai€l0 3MIHHAX Hampyr
CHHYCOiaJIbHOT OPMU 3 KPYTOBOIO YACTOTOIO (.

IMmIeancH IpHUeNeKTPOTHUX IIapiB epeTBOpIoBadiB (mapaiensHe 3’ eqaanisa C i R.) BU3HAYAIOTHCS
3 TAKMX BHPa3iB:

: 1
2= (M

Act

. 1
S I @

Res
—+j-0-Cp,
Ret
JI€ j — ysIBHA OJIMHULIS.
Jliia ciipoltieHHs aHalizy npuiiMaeMo yMOBY, 1110 Hanpyra U, Mae HyJIbOBY IOYaTKOBY (hazy

UA = UA . (3)
Hamnpyra Ha pedepeHCHOMY IIepeTBOprOBayi
Uy = ‘UB‘ -exp(J - ¢3) , (4)

ne |Us| — Moayb peryas0oBaHOi HAIPYTH; ¢z — KyT (ha30BOTO 3CyBY wi€i HANPYrH BigHOCHO U
Kommnekcuuii ctpym uepe3 poOounii nepeTBoproBay
. 1
l1,=U0,———.
7. ©)
A
[icns nmigcranoBku (1) i mpoBeAeHHs EPETBOPEHB BUpa3 (5) Mae BUTIISL
G, (+j @R, C)
GA-RAL,t+1+j-a)-RAL,t-CA' (©)

Aes

iAl =U,

[IpencraBumo (6) y nmoka3HukoBiit popmi
. l1+(w-R,, -C,)
IAI :UA X GA X \/ ( Act A)
\/(1 +G, 'RAcz)2 +(@-R,, CA)2
R Cy ).

a)-
A8 @y =Py~ Parzs Py =arctg(@-R,, -Cy), ¢, = arctg(1+ G, R,,

exp(j-@4) > (7
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AHaJNOTriYHO BH3HAYMMO Yy TIOKAa3HUKOBIH Qopmi CTpyMm, IO TpOTikae dYepe3 pedepeHcHui
IepETBOPIOBAY

JI+ (@ Ry, - Cy)?
JA+Gy Ry, ) +(- RRC,C )

I =Uy-exp(j-@;) Gy exp(J - @r1) » )

R Ret R )
G RRct

[IpuBeaeHHs BUMIPIOBAIBHOTO KOJIa Y CTaH PiBHOBArd IOJISITA€ Y AOCSATHEHHI PIBHOCTI CTPYMIB, IIO
BU3HaA4aloThest Bupasamu (7) 1 (8), TOOTO piBHUMH CTarOTh ixHI Moaysi Ta (a3oBi KyTH. 3HaXOAUMO
napaMeTpH HalpyTu Ha peepeHCHOMY MIEPETBOPIOBAYl Y CTaHi piBHOBArd BUMIPIOBAIEHOTO KOJIa

A€ Pri = Priy — Prizs Priy = arctg(@- Ry, - Cr), @piy = arctg(

81 = Pat — Pri > )
N, - [Us] _ G, N1+ (@ Ry CP JU+Gy Ry ) + (@ Ry, - ) .
Uy Gy 4@ Ry, Co) JA+G, R +(@ Ry, C) (19)

ne Np; — xon xkepyBauHs L{AIl quis ctany piBHOBary.

Temep BU3HAYMMO IMapaMeTpH CTaHy KBa3ipiBHOBArWM BHMIipPIOBAIBHOTO KOJIA, Y SKOMY BIUTHB 3MiH
(hOHOBOI €TEKTPOIPOBIAHOCTI PO3UMHY HA Pe3yJIbTaT BUMIPIOBaHHS JIOKAIBHUX 3MiH €JIEKTPONPOBITHOCTI
OyJie MiHIMATbHUM.

[Tlicas BBemEeHHS y PO3YMH aHATNITHYHOI PEYOBHMHH 3MIHIOETHCS MUTOMA EJIEKTPOIPOBIIHICTH PO3-
yrHy. Lle ekBiBaJCHTHO MHOKEHHIO €IeKTPOIPOBITHOCTEH IEPETBOPIOBAYIB HA OJHAKOBHH KoedimieHT K¢

G,=K; -G, =G, +AG,,G, =K -G, =G, + AG,.
KomrmiekcHmiA cTpyM depe3 poOoUmii IepeTBOPIOBaY MiCisA 3MIHH €JIEKTPOIIPOBIAHOCTI PO3UHHY
. (G, +AG,)-A+j-@w-R,, -C))
A .
(G, +AG)-R,,+1+j-w-R,, -C,
3MiHa cTpyMy 4yepe3 poOouHii epeTBOProBaY
(G, +AG,)-(1+ j-@-R,, -C,)

=U,( -
(G,+AG,))-R,,+1+j-@o-R,, -C,

i = (11)

. (12)
G, l+j-o-R,, -C) )
G, Ry +1+j-0-R,, -C,
[Ticns npuBeneHHs A0 CHiIBHOTO 3HAMEHHHUKA 1 IepeTBOpeHb BUpa3 (12) HaOyBae BUTTISLY
: AG,-(I+j-@-R,, -C,)
Al =U, ; (4]0 Ry C) ; . (13)
(G, R, +1+j-®o-R,, -C)[G,+AG,)-R,,+1+j-w-R,, -C,]
®dazoBuii KyT 3MiHH CTpyMY BiTHOCHO Hanpyru Uy
Para =2 Pait ¥ Paiy + Pais » (14)
o-R,, -C,
ne @5 =arcig( Ad )

1+(G,+AG,)-R,,
BigrocHa pi3HUIIS TAHTEHCIB KYTIB Q412 1 Q412
18Py —18Pus _ AG,-R,,
18P 41 1+G, R, +AG, R,
BpaxoByroum, 110 y pealbHUX CEHCOPaxX €JICKTPONPOBIIHICTh PO3urHY G CYTTEBO OlIbIIIA 32 aKTHBHY
€JIEKTPOIPOBIAHICTh NPUETIEKTPOIHOr0 mapy, 10010 G4 'Ry >> 1, KpiM TOTO, G4 >> AG,4, MOKHA BBOXKATU
18P a2 ~ 18P i3 ~ AG, (15)
18P 412 G,
Takum 9uHOM, BiTHOCHA PI3HMIII TAHTEHCIB BKa3aHWX KYyTiB MPUOJM3HO JOPIBHIOE BIAHOCHINA 3MiHi
€JICKTPOIPOBIIHOCTI PO3YMHY CEHCOPA, sIKa HE MEPEBHIIY€E OIMHMIL BiJCOTKIB. Hampukiaj, 3a BiIHOCHOT
3MIHH eJIeKTpPOnpoBigHOCTI Ha 1 % MakcumallbHa pI3HUIS BKa3aHWX KyTiB He mnepepumuth 0,3°. s

JIOCSTHEHHSI JJOCTaTHBROTO MPUIYIICHHS 3MiH ()OHOBOI €JIEKTPOIPOBITHOCTI MOKHA BBKATH, IO (413 ~ Q412
1, BIAMOBIAHO

Para B2 Py - (16)
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Moynb 3MiHU CTpyMY depe3 poOounii mepeTBoproBad oTpuMyemo 3 (13)
l1+(w-R,, -C,)’

|Al|=U, -AG,- : _
VG Ry 4+ +(@- Ry, -C) a7
1
%
JI(G,+AG )R, +1} +(@-R,,-C,)’
3a anasoriero 3 (13) BU3HAYMMO 3MiHY CTPyMY depe3 pedepeHCHUH epeTBOpoBay
: , AG,-(1+j- @Ry, -C,)
Aly =Upg -exp(j - @3,)- £ S )
(G Ry +1+j-@- Ry, - C) (18)

1
%
(Gr +AGR) Ry, +1+j-0w- Ry, -Cp
®da3oBuil KyT Li€l 3MiHU CTPYMY BU3HAYAETHCS aHANOTIYHO (14)
P = Pz + 2Py - (19)
Amnayorigao (14) oTpuMyeMO MOIYIh 3MIHH CTPYMY depe3 pedepeHCHHH MepeTBOPIOBAY
1+ (a) RRct ) CR)2
(G- Ry +1) +(@0- Ry, -Cp )’
1

%

JI(Gy+AG,) - Ry, +1F + (- Ry, - Cp )

3amis1 3a0e3edeHHs PiBHOCTI BEKTOPIB 3MiH CTPYMIB uepe3 MepeTBOpIoBadi, 00yMOBICHUX 3MIHOIO
HHUTOMOI €JIEKTPOIIPOBIHOCTI PO3UMHY, IEPEBOIMMO MOCTOBE BUMIiPIOBAJIBbHE KOJIO Y CTaH KBa3ipiBHOBAru.
Jl1s boro HEOOXiTHO BUKOHATH 1Bl YMOBU:

— piBHICTB (a30BUX KYTiB BEKTOPiB 3MiH CTPYMiB;

— PIBHICTb MOAYJIB IUX BEKTOPIB.

[lepima ymoBa Bumarae piHocti Bupasis (16) 1 (19). 3 uporo Burikae

Py =2, —Pp) - (21)

3 ymoBu piBHOCTI MoaymiB (17) i (20) 3HaX0IMMO BiJHOIICHHS aMILIITY HAOpPyT Ha pedepeHCHOMY

Ta poO0YOMY IEepEeTBOPIOBAaYAX

_AG, .1+(a)'RAct 'CA)Z . \/(GR Ry +1)2 +(@- Ry, 'CR)2 NN
AGy 1+(@ Ry C (G -Ryy +17 + (@R, C)

_)

PARARTE
(20)

D2

(22)

N \/[(GR +AGy) Ry, + 1]2 +(®- Ry, - Cy )2
JI(G,+AG )-R,, +1} +(o-R,, -C,)

Bupazu (9) i (10) omucyioTh mapaMeTpu Hampyrn Ha pedepeHCHOMY IIepeTBOPIOBaYi, IO
BIJIITOBINAIOTh CTaHy PIBHOBAard BHUMIPIOBAJLHOTO KOJIA IO BBEACHHS Yy PO3YMH JOCIIIHKYBaHOI pPEUYOBHHHU.
Bupazu (21) i (22) Bu3HauaroTh NapamMeTpu HaIpyru Ha pe)epeHCHOMY IepEeTBOPIOBaYi, IO BiAMOBIAAIOTH
CTaHy KBa3ipiBHOBaru BUMIpIOBAIBLHOTO KOJIa, Y SKOMY BIUTUB 3MiH ()OHOBOI €JIEKTPONPOBITHOCTI PO3UHHY
Ha Pe3yJbTaT BUMIPIOBAHHS JIOKAJIHHHUX 3MiH €JIEKTPOIPOBIIHOCTI € MiHIMadbHUM. JlJIs TIepeBOAY BHUMi-
PIOBAJIEHOTO KOJIa 31 CTaHy piBHOBArd y CTaH KBa3ipiBHOBAaru HEOOXiTHO, MO-TIEpIIe, SMIHUTH ¢a3y HalpyTH
Ha pedepeHCHOMY NepEeTBOPIOBadYl Ha BEIMYUHY, IO JOPIBHIOE pPIi3HHUII (a30BUX KYTiB iIMIEIAHCIB
pobouoro i pedepeHCHOro TepeTBOPIOBaUiB, SK IMOKasye Bupas (21); mo-mpyre, ans BUKOHaHHS (22)
MOTPiOHO 3MIHUTH aMILIITY Iy HAIIPyTH Ha peepeHCHOMY mepeTBoproBadi. 3 mopiBHsHHA Bupasis (10) 1 (22)
BUILTMBAE, 1110 aMILTITYAy HE0OXiTHO TOMHOXKUTH Ha KOE(IIIEHT KOpeKii

Ny, =Np K, (23)

ac

P V4@ R, -C) l(+(Gy +AGy) Ry, T +(@+ Ry, - Cp)’
JI+(@ Ry, -C,P* \[(1+(G,+AG,)-R,, P +(w-R,,-C,)
A6o, 3 BpaxyBaHHsIM TOTO, O G4 >> AG,, Gr >> AGy, 3 nopiBasHHSA (24) i (10) BummBae

24
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G
KNyt (25)

A

st Bu3HAUYeHHS KOe(iIlieHTY KOPEKIlii HeoOXiTHO OTpHUMAaTH IOJAaTKOBY BHUMIpIOBAIBHY iHGOp-
Mallifo PO 3HAYEHHS apaMeTpiB iIMIIEIaHCIB IEPETBOPIOBAYIB, ISl YOTO AOIIFHO MPOBECTH BUMIPIOBAHHS
Ha YacToTi, IO BiApi3HAETbCA Bif po6o4oi. OnTHMaiIbHI 3HAUeHHs 4yacToTu cTaHoBIATH 50 — 70 x['1, mpu
IbOMY €KBIBaJICHTHa CXeMa IEpeTBOPIOBada HalOnbll OJM3bKa A0 IOCHIZOBHOI JBOXENEMEHTHOI, a
nmoxuOka Bin BIUMBY R, craHoBuTh Oinst 10 %. 3 BupasziB (1) i (2) BUAHO, IO 3 POCTOM YAacTOTH BILINB
OMOpiB TIEpeHOCy 3apsAy Ha IMIeJaHC IepeTBOproBaya 3HWXKYETbcs. OOHAK MpU LbOMY 3HAYHO
HiABULIYETbCS MOXUOKAa BHUMIPIOBaHHS, OOYMOBJIEHA YaCTOTHHUMHU 3aJCKHOCTSIMH  XapaKTE€PUCTHK
ananoropux OnokiB (III°, CJI, IICH), a Takox BIUIMBOM Ka0Oelto, 3a TOIMOMOTOIO SKOTO 3IIHCHIOETHCS
HiIKITI0YeHHs ceHcopiB. ToMy mpocTe 30iblIeHHsT poOoUoi YacToTH, HaNpUKiIa, y 1,5 pa3u, He mpuBee 10
3MEHIIECHHsS] TOXUOKM BUMipIOBaHHS iH(OPMAaTUBHOIO Mapamerpa. B Toi ke yac 1iisi BU3HAUCHHS OMOPiB
TIEPEHOCY 3aps/iB HE IMOTPiOHA BHCOKAa TOYHICTh BUMIipIOBaHHA. Hampuwkmam, /uis 3HIDKEHHS TOXHOKH,
00yMOBJICHOI BIUIMBOM IIMX mapamMeTpiB, y 10 pasiB, 4oro MUIKOM JOCTaTHBO JUIS MPAKTHYHUX IIJICH,
JIOITyCTUMa IOXMOKa BUMIipIOBaHHS Moxke gocsirat 10% , mo 3a0e3ne4nTy HecKia Ho.

Y [13] 3ampomoHOoBaHO cmoci® Ta BH3HAYEHO I Cepii peaNlbHUX IEepPEeTBOPIOBAYIB
KOHIYKTOMETPUIHUX OI0CEHCOPIB NpHOIM3HI 3HAYEHHS OTOPIB TEPEHOCY 3apsimiB 3 BUKOPHCTAHHIM
BUMIpIOBaHHs aKkTUBHUX Re(Zy;) 1 Re(Zgp;) 1 peaktuBHUX Im(Z4) 1 Im(Zg;) CKIamoBHX KOMILICKCHUX
iMIeIalciB pobodoro Ta pedepeHCHOro MEepeTBOPIOBAaYiB Ha poOOUid YaCTOTI M, a TaKOXK TaKHX IKe
CKIanoBuX Re(Z4>), Re(Zgy), Im(Zy;), Im(Zg;) Ha 9acTOTI ), 3HAYEHHS SKOI OUTBINE 3a 4acToTy ® (sIK
MiHiMyM y 1,5 pa3u). 3 pe3ynbTariB [UX BUMipIOBaHb CIIOYATKY BU3HAIOTHCS MPUOJN3HI 3HAYSHHSI EMHOCTEH

1

r— 26
! Im(Z,,)- o, 20
1
N 27
N Im(Zy,)- o, .
[Totim mpubNHM3HI 3HAUYEHHS OMOPIiB TIEPEHOCY 3aps/IiB
1
R, = - - s 28
o [Re(Z,) —Re(Z,))]-C; - & 29
1
R, = - - . 29
e [Re(Zp,) —Re(Zy,)]- Cr - o )
Jlam moTpiOHO OOYMCIIUTH 3HAYCHHS EJIEKTPOIIPOBITHOCTEH PO3UHNHIB CEHCOPIB
1
G, = , (30)
7 RA t
Re(Z,,)— > 5
I+(o,-R,,-C,)
Gy = ! R . (€2))]
Re(Zy,) - =

1+ (@, - Ry, 'CR)Z
[Ticns migcranoBku BupasiB (30) 1 (31) y (25) 3Haxogmmo 3HadeHHS Komy kepyBaHHs LIAIT ms
CTaHy KBa3ipiBHOBaru BUMipIOBAIBLHOTO KOJIa
G
Np, =N, 1231 G_R .
A
TakuM 4YuHOM, A7l 3MEHILEHHS BIUIMBY OIIOPIB INEPEHOCY 3apsAliB IepeTBOpIoBayiB AudepeH-
IiaJTpHOTO 610CEHCOpa MPOTIOHYETHCS BCTAHOBIIOBATH CTAaH KBa3ipiBHOBATH BUMIPIOBAIHHOTO KOJIA, y TKOMY
kox kepyBanHsi LIAIl, mo Bu3HAauae piBeHb HANpyru Ha pedepeHCHOMY MEpeTBOPIOBAYi, HA BIAMIHY BiA
BiJIOMOTO CTIOCO0Y, BU3HAYAETHCS 3 BUpasy (32).
JLtst omiHKK €eKTUBHOCTI pO3POOIICHOTO CIIOCO0y BH3HAYUCHHS IMMapaMeTpiB CTaHy KBa3ipiBHOBAru
OyJIo TIpOBEJIEHO MaTeMaTU4YHE MOJICIIOBAHHS MMOBEIIHKA MOCTOBOTO BHMIpIOBAaJIBHOTO KOJa. 3aCTOCOBAHO
HACTYMHI MapaMeTpu MaTeMaTH4HOi Mozeni: poboua udactota 62,5 kl'n, momomixkna wacrora 100 kI'm,
KoedilieHT 301IbIIeHAs TUTOMOI (POHOBOI eneKTporpoBigHocTi po3unHy Kg = 1,01. Ilapamerpu peryito-
BaHHA KyTa (a30BOTO 3CYBY pEryJhOBAaHOTO TEHepaTopa: Iiama3oH perymioBaHHA Big -90° mo +90°,
PO3psAHICTD § OIT, OMMHML AUCKPETHOCTI peryitoBaHHs ckiafgae npubdiamsno 0,703°. AMrutiTya Hanpyru

(32)
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PEryJIbOBaHOTO reHeparopa (GpopMyeThCs 3 HANpyru HOCTIHHOI aMIUTITYOH 3a JOIOMOroi 12-po3psaHoro
LIAII, 1o BiAmoBigae BiAHOCHIN TUCKPETHOCTI peryiitoBanHs amiutityau 1/4096.

Po3paxyHku mapameTpiB cTaHy KBa3ipiBHOBAard Kojla MpOBOAMJIMCS IBoMa criocobamu. [lepmmii —
3armporoHoBaHuH y [12] s JBOXEIeMEHTHOI eKBIBAIGHTHOI €JIEKTPUYHOI CXEMH MePeTBOPIOBaya, APyruil —
OTHMCaHWK y AaHii poOoTi. PerymoBanusa KyTa $a30BOT0 3CYBY Y IUX CIIOCO0axX HE BIAPIZHAETHCS — TEPEXin
BiJl CTaHy pIBHOBarMm y CTaH KBa3ipiBHOBaru 3AIMCHIOETHCS MUIIXOM 3MiHHM (pa30BOTO KyTa HampyrH
pEryibOBaHOIO TeHepaTopa Ha BEJIMYUHY, IO JOPiBHIOE Pi3HULI (a30BUX KyTiB iMIleAaHCiB poOoyoro i
pedepeHCHOTO TepeTBOPIOBAYiB. Pi3HWMII TMonsIrae y METOAI peryJiOBaHHS AaMIUTITYOH HANpyTd
PeryibOBaHOTO TeHepaTropa. 3riJIHO MEpIIOro Crnoco0y mepexiy Bij piBHOBarM 10 KBa3ipiBHOBAru
BUKOHY€ETHCS IUIIXOM MHOXCHHS aMIUTITyIM HallpyTH PEeryJb0BaHOI'O TeHepaTopa Ha KoedilieHT

oo J1+1g, '

\/1+tg2(PA

Hpyruii croci0, sk Moka3aHo BUIIIE, Iepen0dadae BU3HAYeHHS [bOT0 KoedilieHTy 3 Bupasy (32), s
90r0 HeOOX1THO BUKOHATH BUMIpPIOBaHHS Ha ITiIBUINCHIM YaCTOTI Ta PO3paxyHKH 3a Bupazamu (26) — (31).

B Tabnuui HaBeAEHO MapaMeTpu CEHCOPIB 3 PiI3HUMH MapaMeTpaMu eKBiBaJeHTHOI RC-CXeMH, IO
Oynu panile BimiOpaHi 1y €KCIEPUMEHTIB, Pe3yIbTaTH PO3paxyHKiB KoedilieHTiB K KOpEKLil aMIUTiTy 11
Ta OTPUMaHI 3HAYEHHS KOE(ILIEHTIB MPUAYILEHHS BIUIMBY 3MiH (DOHOBOI €JIEKTPONPOBIAHOCTI PO3UUHy K,y
i1 yac BUKOpUCTaHHS 000X croco6iB. KoedinienT npunymenHs Oy po3paxoBaHHW SIK BiJJHOIIECHHS 3MiHH
MOJIyJsl Hampyrd HepiBHoBaru mocta Uy, 00yMOBII€HOi 3MiHOIO (DOHOBOI €IEeKTPONpPOBIZHOCTI uepes
BIJKJIFOYEHHSI BiJi MOCTa TiUIKM IIACHBHOTO TIEPETBOPIOBaYa, 10 3MiHM HANpyrw HEpiBHOBaru y pasi
HiAKII0YEHHs 000X T1I0K MOCTA.

GA, RActa CA, tg(PYA GR, RRCt, CR, tg(PYR CHOCi6 1 CHOCi6 2
MCM Om HO MCM Om HO K K K K

Supp Supp

1,613 | 3000 | 3,82 | 0,8346 | 1,333 4000 4,0 0,7315 | 0,9512 11,6 0,8784 1654

1,613 | 4000 | 3,82 | 0,8908 1,6 10000 4,8 0,8101 | 0,9609 8,0 0,8565 189,7

1 | 9000 | 50 | 04935 | 1,01 | 4000 | 51 | 04679 | 0,99 31,8 1,022 151,2

1 3000 4,9 0,464 | 0,833 | 10000 5,0 0,414 | 09819 15,1 0,9232 99,1

1 4000 6,2 0,3901 1,01 9000 7,3 0,3471 | 0,986l 35,4 0,9598 354,6

1,754 | 3817 | 6,36 | 0,6476 | 1,597 | 2665 9,16 | 0,4201 | 0,9104 32,8 0,8877 77,4

Sk BUAHO 3 NaHWX TaOJHINi, 3aCTOCYBAaHHS 3aIPOTIOHOBAHOTO B JAaHii poOOTi crioco0y MPUBOIUTH 10
CYTTEBOTO 3pOCTAaHHS KOe(iIlieHTy IpHUIyIIeHHS 3MiH (OHOBOT €IEKTPOIPOBITHOCTI PO3UUHY Y TIOPIBHIHHI
3 paHillie BiIOMUM. Y BCIX PO3IJISIHYTUX BUMAAKaX KOSQIIIEHT MPUIYIICHHS CKJIaB HE MEHIIE 75, 110 UJIKOM
3aJJ0BOJIbHSIE TPAKTUYHI BUMOTH JI0 MPOBEACHHS BUMIpIOBaHb. /|y ceHcopiB, mapaMeTpH SIKUX HaBEACHO Y
paakax 1, 2 1 5, xkoedimieHT mpuUIyIIeHAS TiABHIY€eThCs Oinpine, HiX y 10 pasis. Haiimenmny edextuBHiCTh
crnoci6 mokasaB JUIsl CeHCopa, apaMeTpH SIKOTO HAaBEACHO y PSIKY 6. IMOBIpHO, 1€ MOSICHIOETHCST BETUKOIO
Pi3HUIIEIO TAHT'€HCIB (pa30BUX KYTIB IEPETBOPIOBAYIB.

BucHosku.

3acTocyBaHHS BIJJOMOTO CHOCOOY HaJaMITYBaHHSI MOCTOBOTO BHMIPIOBAJLHOTO KOJla B CTaH
KBa3ipiBHOBaru, ommcaHoro B [12], 3 MeTOr 3MEHIIEHHsS BIUIMBY 3MiH (POHOBOI €JIEKTPONPOBITHOCTI
OydepHoro po3umHy OioceHCOpa, Mae OOMEXKEHHS 4depe3 CYTTEBY PI3HHIIO OIOpIiB TMEPEHOCY 3apsliB y
MPUENIEKTPOIHUX IIapax MepeTBOPIOBAYIB.

Po3pobneno HoBHIi cIOCIO HANAIITYBaHHS MOCTOBOTO BUMIPIOBAIEHOTO KOJIA B CTaH KBa3ipiBHOBAru
3 ypaxyBaHHAM 3Hau€Hb OIOpPIB MepeHocy 3apsaiB. s BHU3HAYEHHS LHMX OIOPIB 3alpOIIOHOBAHO
BUKOPUCTATH JiaHI JIOJATKOBUX BHMMIPIOBaHb CKJIAQJOBHX IMIIEJJAHCIB IEPETBOPIOBAUYIB CEHCOpa Ha
MiIBUIIEHIH gacToTi. OTpIMaHO MaTeMaTHYHI BUPA3H IS BU3HAUCHHS ITapaMeTPiB HAPYTH PEryILOBAHOTO
re’eparopa.

Pe3ynbTaT MaTeMaTHYHOTO MOJICITIOBAHHS MOKA3aJId MOXKJIMBICTh 3HM)KCHHSI BIUTUBY 3MiH ()OHOBOT
€JICKTPOIIPOBIAHOCTI po3unHy y 2-20 pa3iB MOPIBHIHO 3 BiIOMUM CITIOCOOOM.

Po3pobnenuii cnocid Moxe OyTH BUKOPUCTAHHN JJIsi IOKPAIICHHS METPOJIOTTYHUX XapaKTEPHCTHK
NPUCTPOIB AJIs1 BUMIPIOBaHHS XapaKTEPUCTHK PEUOBHUH 13 3aCTOCYBaHHSAM KOHAYKTOMETPUYHUX O10CEHCOPIB.
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REDUCTION OF INFLUENCE OF NEAR-ELECTRODE CHARGE TRANSFER RESISTANCE
IN BIOSENSOR CONDUCTOMETRIC MEASURING TRANSDUCERS
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The article proposes the further development of a method of reducing the error of measuring local changes in the
electrical conductivity of electrolyte solutions caused by a change in the background electrical conductivity of the
measuring medium. Such an error occurs in differential conductometric biosensors with working and reference
transducers, if their electrical parameters differ significantly. In contrast to the previously known, the described method
takes into account the influence of near-electrode charge transfer resistances, which becomes especially noticeable when
there is a significant difference in the values of these parameters of the converters. The goal is to ensure deep
suppression of the influence of background changes in electrical conductivity of solutions under significant differences in
the reactive and active component impedances of pairs of sensor transducers, including near-electrode charge transfer
resistances. Mathematical expressions characterizing the process of bringing the bridge measuring circuit to a specific
state of quasi-balance, in which the influence of changes in the background electrical conductivity of electrolyte solutions
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is minimal, are considered. Formulas for calculating the voltage parameters on the reference converter have been
obtained, which make it possible to establish the indicated mode of the measuring circuit. A technique for determining the
values of charge transfer resistances using the results of additional measurements of the impedance parameters of the
converters at a frequency higher than the operating frequency is proposed. The results of research on suppressing the
effect of changes in the background electrical conductivity of the solution in the differential conductometric channel using
a computer model are presented, which showed the possibility of significantly reducing the effect of changes in the
background electrical conductivity of the solution compared to the known method. References 9, figures 2, table 1.
Keywords: differential conductometric biosensor, bridge-measuring circuit, quasi-balance.
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YJIOCKOHAJIEHHSI AJITOPUTMY PO3PAXYHKY TEMIIEPATYPH KBA3LJITHIHHOTI' O
PE3UCTUBHOI'O CEHCOPA PT100
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Y pobomi oocrioacyromucs imepayiiini aneopummu po3e ’a3aHus pigHAHHA 3a opmynoio Kanendapa-Ban [{ycuna, wo
ONUCYE 3ANEINCHICMb eeKmPUiIH020 onopy cencopa cimeticmea Pt100 6i0 memnepamypu. Lle cimeticmgo niamunosux
CEHCOpI8 88aMCAEMbCA  KBALMIHIUHUM, ale Ol BUCOKOMOYHUX BUMIDIOBAHb HENIHIUHICIIO OAMYUKA HEMONCHA
3Hexmyeamu, momy HeoOXiOHo poss'szyeamu HeniniuHe pisHanns Pt100. 3a minycosux memnepamyp pieHAHHS 3d
gopmynoro Kanendapa-Ban [[ycuna caeae uemeepmozo CmyneHs ma He MA€ pO36'a3aHHS 8IOHOCHO MeMnepamypu y
aHanimuyHomMy 6uensioi. AHaniz 6i00M020 ImMepayiiHo2o aieopummy HAOIUNCEHO20 DO3'653aHHS PIGHSIHHS BUSGIIAE
HeOOMKU Ybo2o aneopummy. 3anumKosa NOXUOKA po36'a3anHA He € MOHOMOHHOIO (DYHKYICIO apeymeHmy, aoddice
Micmumb eKCmpeMymu, 00 MO20 HC 3HAK NOXUOKU 3MIHIOEMbCA HA NPOMUNEHCHUU NICHS KOHCHO2O eKCmpemyMd.
Memor Oanno20 O0CHiOdCeHHs OYI0 OMPUMAHHS AN2OPUMMY, KU 3a0e3neuye 3amuuikosy noxubky y euenioi
MOHOMOHHOT 0emepMIHO8aHOl YHKYIT apeymenmy 3 MIHIMI3AYI€l0 MAKCUMATbHO20 3Hauenusi noxubxu. [loxazano
MOdAHCIUBICIB MOOUDIKYS8AmMU IMepayiiHull aneopumm-npomomun eiemMeHmapHumM cnocooom, 3agikcy8aguiu KiibKicms
imepayiu. 3anuwkosa noxubxa po3e'azaHHs PIGHAHHA 34 MOOUPDIKOBAHUM ANCOPUMMOM MAE BUSTAO0 MOHOMOHHOL
Odemepminoganoi Qyuxyii apeymenmy. Illpunyckaemocs, wjo Maxkum CHOCOOOM MOJNCHA YOOCKOHAIUMU O0yOb-Kull
iHepayiunull anrzopumm po3paxyuxy. Illpu yvomy Minimizayis 3HaueHb NOXUOKU MOOUPDIKOBAHO20 AN2OPUNMY
00C52a€EMbCS 34 PAXYHOK 8CMAHOBICHHS MAKCUMAIbHOL KIIbKOCMI Imepayill NOPIGHAHO 3 A2OPUMMOM-NPOMOMUNOM.
s nodonanns ybo2o HeOONKYy MOOUPIKOBAHO2O ANZOPUMMY 3ANPONOHOBAHO HOGUIL ANOPUMM, Y SIKOMY OKDIM
@ixcosanoi Kinbkocmi imepayiu 6UKOPUCIOBYEMbC GIACMUGICIb MALIOCMI CKIA008Ux uwux cmynenis. Iloxazano
BUCOKY epeKmuUHiCb HOB020 ANCOPUMMY, WO YCbO20 3d YOMuUpuy imepayii 3600UMbs 3aIUUKOBY NOXUOKY pO36'a3aHHS
00 mizepno manoi eenuuunu. Cmeeporcyemucs, wo 8UCOKA eqheKmuHiCmy HO8020 AN2OPUMMY POOUMb HENOMPIOHUMU
no0anbli 00CHIONCEHHS Y HANPAMKY 1020 YOOCKOHANEHHA. Y cmammi Hagooumscs OI0K-cxemMa HO8020 AN2OpUmMy ma
8ionosiona npoepama ua naamepopmi VBA ons Excel, wo npuoamua 0ons 6e3nocepedHb020 GUKOPUCHAHHA Y
nPOSPamMHOMy 3abe3neyenti gumiplosadie memnepamypu Ha 6asi pesucmuenux mepmooamyuxie Pt100. bion. 5, puc. 4,
Tabm. 3.

Knrouoei cnosa: xBa3iniHiiHUNA, aITOPUTM, IpOrpaMa, piBHAHHS, iTepallis, CeHCOp, TeMIIeparypa, IToXHOKa.

Beryn.  CporosHi  IUTATHHOBI  TEpMOIEPETBOPIOBAaYl  OMOPY €,  HANEBHO,  HAWOUIBIN
PO3MOBCIOUKEHUMH CEHCOpaMu Temneparypu. LlboMy crpusifoTh Taki IXHi IepeBaru sik HeBEJIMKa BapTiCTh,
MPOCTOTa OTPUMAHHS 3HAUCHHS TEMIIEPATYPH Y €INEKTPOHHOMY BUTJISIII, BUCOKA CTAOIIBHICTh MapaMeTpiB Ta
KBa3UIIHIHHICTE. 30KpeMa, BIIXWICHHS Bil JIHIHHOCTI TepMoliepeTBOpoBaviB ciMmeiictBa Pt100 craHOBUTH
muie 0,38% y mianazoi Big -200°C go 800°C [1]. Llboro moctaTHkO, 100K BUKOPUCTOBYBATH iX Y 0araThbox
BUTAJKaX SK JiHIMHI mepeTrBoproBadi. 3 iHIIOro OOKy, Taki cdepu SK eHepreThkKa, MeETeOpOJorisd,
BHPOOHHMIITBO Ta EKCIUTyaTaIlisl OXOJIO[KYBaJbHUX arperaTiB MOTPEOYIOTh BEIHMKOI KUIBKOCTI OIOKETHHX
CCHCOpIB Ui BUMIPIOBaHHS TeMIepaTypd 3 MaKCUMaJbHOIO TOYHICTIO, SIKY 3laTHI 3a0e3MeuuTH
TepMoIepeTBOpIoBadi omnopy. st Takux cdep 3acTOCyBaHHsS TEPMOINEPETBOPIOBAUIB OMOPY AKTYaJIbHOIO €
3aja4ya CTBOPCHHS PI3HUX MPOrPAMHUX Ta amapaTHUX 3aco0iB JJIi TOYHOTO BH3HAYCHHS TEMIIEpPAaTypH 3a
OTOPOM CEHCOPIB 3 ypaxyBaHHS HENIHIHHOCTI XapaKTEPUCTUK CEHCOPIB. Y daHil poOOTI pO3IisAar0ThCs
3aco0M BpaxyBaHHS HemiHIHHOCTI ceHcopiB Pt100 sk HaHNOMMPEHIIOro ciMeicTBa TepMOINEPETBOPIOBAYiB
onopy. XapakTepUCTHUKH IHIIMX IUIATHHOBUX Ta MIJHUX TEPMOIECPETBOPIOBAYIB SKICHO Mall0 UMM Bij-
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pi3HsIOTECs Bif xapakrepuctuk Pt100, ToMy pe3ynbTaTd JOCHIIHKEHHS MOXYTh OyTH 3acCTOCOBaHi i JO
IHIIIUX TUIIIB CEHCOPIB.

Xoya MMMUPOKOMY IMOIIMPEHHIO IUIATHHOBUX CEHCOPIB CHpHsla MPOCTOTa OTPUMAHHS 3HAuCHb
TEMIEpaTypu caMe y MUPPOBOMY BHIIISAI, y MyOMIKaIlisSX pO3TISAAOThCA 37e01IbIIOr0 CXeMHI (aHAIOTOBI)
3aco0M JTiHeapw3aIlii XxapakTepUCTHK CeHCOopiB. Taki 3aco0W € 3HAYHO CKIAMHIMIAMU 3a aJTOPUTMIYHI JIs
npakTU4HOi peanizamii. Jlo TOro X aHAJOTOBI CXEMH JIiHeapu3allii CYTTEBO MOCTYMAIOTHCS CYy4acHHM
aHaJoro-uu(poBUM MEPETBOPIOBAYaM 3a TOYHICTIO peaii3amii Ta cTaOiNnbHICTIO MapaMeTpiB, TOMY HE Jar0Th
3MOTH 3a0€3IIeYUTH BUCOKY TOYHICTh BUMIPIOBAILHOTO TIepeTBOpeHHs [1-3].

VY neskux myOJikaiisx po3risAaroThCss KOMOIHOBaHI CXEMHO-aJITOPUTMIYHI 3aCO0M BpaxyBaHHS
HENHIHOCTI XapaKTepUCTHK TePMOIEpETBOPIOBaYiB omopy. Tak, y [4] aBTOpH NPOMOHYIOTh OPUTiHATBHHAN
KOMOIHOBaHMIM MeTOJ JiHeapi3alii XapakTePUCTUKH IUIATHHOBOTO CEHCOpPA, MOZETIOIYH CXEMHHMH
3acobaMu  TpH XapakTepHI TOYKH XapaKTEpPHCTUKH CeHcopa. PesynbTatm  aHaIOTO-IMGPOBOTO
BUMIpIOBAJIBHOTO TEPETBOPETBOPEHHSI Y TPHOX TOUYKAX MAIOTh 3MOTY CHPOCTUTH aHAIITHYHI (opMynn
PO3paxyHKy TeMIlepaTypH, MOpiBHIHO 3 piBHsAHHAM Kanennapa-Ban Jlycuna. [{ns uporo aBropam mosenocs
3aCTOCYBAaTH 2-X APOTOBY CXEMY IIIKJIIOYCHHS CEHCOPA, SIKa HE J03BOJISIE KOMIICHCYBAaTH HETAaTUBHUM BIUIKB
Omopy Mia €AHYBAIbHUX JPOTIB HA TOYHICTh BHUMIpIOBaHHS. JIOCHTh BeNHMKa KUIBKICTh aHAJIOIOBUX
€JIEMEHTIB TaKOX 3MEHIIyEe IMOTEHLifHy TOYHICTh BUMIPIOBAIBHOTO IEPETBOPEHHS MOPIBHAHO 3 4-X
JPOTOBHMHM CXEMaMH HiIKIIIOUEHHs OO aHajoro-uugposoro nepersopropaya [1]. TounicTs KOMOIHOBaHOTO
MIEPETBOPEHHS aBTOPH MOPIBHIOIOTH 3 TOYHICTIO ITEpaiflHOrO alTOPUTMY YMCIIOBOTO PO3B’SI3aHHS PIBHIHHS
Kanennapa-Ban [Iycena 3a 2 irepauii, ToAi K i3 30UIbIIEHHAM KiNBKOCTI iTepamili TOUHICTH PO3PaxyHKY
30UTBIIYEThCA HA TOPsinKkH. HaTtomicTh, anroputM mnepeadadae TOAATKOBI MPOLEAYPH aHAIOTO-IIU(GPOBOTO
MIEPETBOPEHHS, SKiI MOTPEeOyIOTh 3HAYHO OLIBIIE MAITHHHOTO Yacy, Ta JOJATKOBI pecypcH MIKpoIpoIliecopa
MOPIBHSHO 13  30LIBLICHHSM  KUIBKOCTI  iTepamiid  4YHCIOBOTO  pO3paxyHKy. Bkazani  Hemoniku
3aMpOIIOHOBAHOTO PIllIEHHS HIBENIOIOTh IMO3UTHUBHUA e(eKT BiJ CIPOMIEHHS aHATITHYHUX (OPMYI
PO3paxyHKy.

VY crarti [5] aBTOpHM 3ampornoHyBaIM NPOCTUH iTEpalliifHUI aNTOPUTM PO3paxyHKY TEMIIepaTypH 3a
3HAUYEHHSM OTIOpYy PE3UCTUBHOTO CeHCOpa, BUXoas14u 3 popmynu Kanennapa-Ban lycena. Hemonikom mporo
NTOPUTMY € HEMOHOTOHHA (DYHKITiSl TTOXUOKH, SIKa MiCTUTh €KCTPEMalIbHI BUKH[IH, 10 3MEHIIYE€ TOYHICTh
BUMIPIOBaJIBHUX NIEPETBOPEHD Y pEATbHAX YMOBaX i/l BIUIMBOM 3aBaJl.

MeTo10 fOCTiIKEHHS € po3po0Ka TAKOTO AITOPUTMY PO3PaxyHKy TEMIIepaTypu CEHCOPIB CiMeHCTBa
Pt100 Ta BimmoBimHOI mporpamu, MmO 3a0e3MeYyI0Th MOHOTOHHY [ETEpMIHOBaHY (YHKIII0 TOXHUOKH
pO3paxyHKy Ta MiHIMI3YIOTh 3HAUCHHS ITOXHOKH.

1. ITocTaHoBKa 3amauvi. HeniHiliHa 3a1€KHICTh €ICKTPUYHOTO OMOPY IUIATHHOBOTO ceHcopa Pt100
BiJl TeMIiepatypu Bu3Ha4daeTbes opmynoro Kanennapa-Ban [ycena y surmszi [1]

R =R, (1+4-t+B-2+C-(t=100°) 1), (1)
ne t — temmeparypa, °C; Ry = 100 Om; 4 = 3,9083-107/°C; B = -5,775-107°C* C =0 mst £ > 0 Ta
C= —4,183-10'12/"(33 it ¢t <0. 3HavueHHs Koe(iIi€eHTIB HaBEeIEHO I CEHCOpiB 3 HOMIHAIBHUM
BITHOIIIEHHAM o1IopiB Wigp = 1,3850.

3anponoHOBaHUH y [5] KOHKpETHHUH anropuTM (ani — NPOTOTHII) BU3HAUEHHS TEMIEpaTypu CEH-
copa Pt100 rpyHTyeThes Ha hopmyii Kanennapa-Ban Jlycena, sxa TpaHC(HOPMYETHCS A0 BUTIIALY PiBHSIHHS
[4, 5]

te=(R=R,-(1+B-22+C-(t,-100°)-£, ) /(4-R,), )
I tp — pO3paxoBaHe 3HAYCHHS TeMIepaTypH sIK QyHKIII BiJl IPHCBOEHOTO 3HAUCHHS TEMIIEPATYPH 4.

TouHOMY pO3B’sI3aHHIO PiBHSIHHS BiJIIIOBi/Ia€ 3HAYEHHS PIBHUX TEMIIEparTyp /r = t,, a TOXHUOKa rpyoo

OLIIHIOETHCS 32 a0COIOTHOIO BEIMYUHOIO Pi3HHUII
Aty =ty —t,. 3)

[lepie 3HaueHHsT TeMIepaTypd BUOHMPAEThCS AOBUIBHUM 4YHWHOM, Hampukmaxn, t; = -1°C. 3a
¢dopmynoro (2) po3paxoBYEThCS HOBE 3HAYCHHSA TEMIEpaTypH fp. SIKmo pi3Huus Afp He MeHIIa 3a
BCTaHOBJICHE IIOPOrOBE 3HAYCHHS Afy, TOA1 HIOHHO pO3paxOBaHE 3HAUCHHS /r IPUCBOIOETHCS apryMEHTY 4
Ta PO3PaXOBYETHCS HOBE 3HAYCHHS TEMIIEPATypH #r. [Tepaii mpogoBKyIOThCsI, IOKU OIiHKa MOXHOKH (3) He
CTaHE MEHILIOIO 3a IOPOTroBE 3HAYCHHS Af), , 38 PE3yNIbTaT NPUHMAETHCS OCTAHHE PO3PAaXOBaHE 3HAUCHHS /.

IToxubka po3paxyHKy BU3HAYAETHCS BUPA30M

At =t, —t, “)

84 ISSN 1607-7970. Texn. enekmpoounamixa. 2023. Ne 2



Iie ¢ — NilicHe 3HaYeHHS TeMIIepaTypy Ha BiIMIiHY Bix ¢4 y Bupasi (3) st rpy0o0i OLIHKH ITi€] TOXUOKH.

Tadmuns 1 Pesynpratu po3paxyHkKy
t R tr Aty J tr Aty J | 3a iTepaliiHUM aJITOPUTMOM-
1 2 3 4 5 6 7 8 | mpororuriom I MiHYCOBHX

-200 | 18.5201 | -200.0011 | -0.0011 | 6 | -199.9895 | 0.0105 | 5 | Temmeparyp HaBeneHo y Tabu. 1.

-190 | 22.8255 | -189.9930 | 0.0070 | 5| -189.9930 | 0.0070 | 5 | Y croBmumky 1 HaBeaeHo

-180 | 27.0964 | -179.9953 | 0.0047 | 5| -179.9953 | 0.0047 | 5 | niiicHe 3HaueHHS Temmepatypw,

-170 | 31.3350 | -169.9970 | 0.0030 | 5 | -169.9970 | 0.0030 | 5 | y 2-My — BiANOBigHE 3HA4YEHHS

160 | 35.5433 | -159.9980 | 0.0020 | 5 | -159.9980 | 0.0020 | 5 | omopy ceHcopa 3a QopmyIiOIO

-150 | 39.7232 | -149.9988 | 0.0012 | 5| -149.9988 | 0.0012 | 5 | Kanennapa-Bau [lycena. ¥ 3...5

-140 | 43.8764 | -139.9992 0.0008 | 5| -139.9992 | 0.0008 | 5 | HaBe#EHO pPO3paxOBaHI 3HAYCH-

-130 | 48.0048 | -130.0088 | -0.0088 | 4 | -129.9995 | 0.0005 | 5 | HA Temmeparypu, MOXuOKa Ta

-120 | 52.1098 | -120.0058 | -0.0058 | 4 | -119.9997 | 0.0003 | 5 | KimbKicTh  iTepamii J  3a

-110 | 56.1930 | -110.0037 | -0.0037 | 4 | -109.9998 | 0.0002 | 5 | IOPOroBOIro 3HAYCHHA

-100 | 60.2558 | -100.0024 | -0.0024 | 4 | -99.9999 0.0001 5 | Aty =0,01 °C. CroBmuuku 6...8

-90 | 64.2996 -90.0014 | -0.0014 | 4 | -90.0000 0.0000 | 5 | BimBenmeHi ISt 3HaYEHb

-80 | 68.3254 | -80.0008 | -0.0008 | 4 | -80.0000 | 0.0000 | 5 | BIANOBIXHMX  BENMYHH,  SIKI

270 | 72.3345 | -70.0004 | -0.0004 | 4 | -70.0000 | 0.0000 | 5 | OyayTh po3paxoBaHi 3a HOBUM

560 | 763278 | -60.0002 | -0.0002 | 4 | -60.0000 | 0.0000 | 5 | amroputmom (3  (dikcoBaHOO

-50 | 803063 | -49.9937 [ 0.0063 | 3| -50.0000 | 0.0000 | 5 | KUIBKiCTIO iTepaniii) y
40 | 842707 | -39.9969 | 0.0031 | 3| -40.0000 | 0.0000 | 5 | HACTYmHOMY PO3ALI.

30 | 882217 | -29.9987 | 0.0013 | 3| -30.0000 | 0.0000 | 5 Ha puc. 1 HasegeHo

20 | 921599 | -19.9996 | 0.0004 | 3 | -20.0000 | 0.0000 | 5 | Tpadik 3anexHOCTI MOXHOKH

10 | 96.0859 | -10.0000 | 0.0000 | 3 | -10.0000 | 0.0000 | 5 | Po3paxyHKy (4) Bix Temire-

patypu (psn 1), mo BixmoBigae

cToBunky 4 tabn. 1. [ns HarmsmHOCTI

okpeMi Touku rpadiky 3 eaHaHi

IUTABHOIO  KpUBOW  JiHiero. Skmo

0.0150 po3rIsAaTh TMOXHOKY SK  (YHKIIIO

TEMIIepaTypH, TO BOHA HEMOHOTOHHA,

0.0100 IPUYOMY EKCTPEMYMH CIHIBIAJAIOTh 13

3MiHaMH KiIBKOCTI iTepalliii, K BHIHO

0.0050 - A\ 3 TabnuyHux ~ gaHMx. Y pasi

At o HAOJIMKEHHS JIBOPYY 3a TpadikoMm 10

0.0000 v } e TOYOK 301IBLICHHS KiJTBKOCTI iTepawii

/ aMIDTITYIN eKCTpEMaJbHUX 3HAYCHB

00050 y MMOXHOKHU ACHMITTOTHYHO HaOJH-

\/ JKAIOThCSI JI0 TOPOTOBOTO 3HAYCHHS

0.0100 +— ‘ ‘ ‘ ‘ ‘ ‘ ‘ (£ Atyy). Ticist mpoXomKeHHS KOXHOTO

200 180 -160 -140 120 -100 -80 4020 eKCTpeMyMa MoxXuOKa MiHs€ 3HaK Ta

t 3MEHILY€EThCSI CTPHOKOM. MakcuMalbHi

Puc. 1 3HAaYeHHs EeKCTpeMyMiB He BimoOpa-

CHIBMAJAlOTh 3 PIBHOMIPHOIO CITKOIO TaHHX.

KaroThCsl Ha rpadiky depes Te, U0 HE

HasBHicT eKkcTpeMyMiB NMOXHMOKHM 3MEHIIYE TOYHICTH BHUMIPIOBAaHHS TEMIIEPAaTYypH Yy PpeaJbHHX

YMOBax, 0COOJIMBO y BHITAKaX CIIOCTEPEIKEHb 3a 3MIHOIO TEMIIEpaTypH 3a HAsBHOCTI 3aBajl. 3MCHIIUTH
aMIUTITYAX €KCTPEMYMiB MOXMOKH MOXIIMBO LUISXOM 3HIDKCHHS MMOPOTOBOTO 3HAYCHHS MOXHOKH, ajie MpH
BOMY 3POCT€ KiJIbKiCTh iTepamniid. [IoBHICTIO MO30yTHCS €KCTPEeMyMiB MOXUOKHU Ied iTeparlifHuil alropuTM
HE J[a€ 3MOTH 4epe3 NpUTaMaHHUK HOMY MOPOTOBUIT IPUHIUIT IPUIIMHEHHS PO3PaxXyHKiB.

2. Moaudikanist itepauniiinoro aaroputmy. OyHKIiS MoxuOKkW Ha puc. | Ha iHTepBanmax Mix
eKCTpeMyMaMu NpsMy€ OO HyJs i3 3MEHIICHHSAM TEMIIepaTypH 3a yMOBH, IO KIUIbKICTH iTepamiii He
3MIHIOETECA. ToMy MOIu(DIKyeEMO alTOpPUTM TaKUM YWHOM, aOW KUTBKICTh iTepalliii Oyna (ikcoBaHOIO, a
OIliHKa MMOXUOKH 3a BUpa3oM (3) He BpaxoByBajacs.
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Sk 1 y anropuTMi-poTOTHIl, Y MOIU(IKOBAHOMY AalTOPUTMI CHOYATKy 3aJa€ThCS IMOYATKOBE
JIOBiJIbHE 3HAUCHHS TeMIlepaTypH, Hanpukian, ¢,=-1°C. Jla’ni po3paxoBy€eThCS HOBE 3HAUYEHHS TEMIIEPaTypH
tr 3a Qopmynon (2) — Tak caMo, K y aITOPUTMI-IPOTOTHMI. Po3paxoBaHe 3HA4YCHHS TeMIepaTrypu
MIPUCBOIOETHCS apIrYMEHTY (hopMyiu

ty=tp.

[Ticns 1HOTO PO3pPaxXxOBYETHCS HOBE 3HAYCHHS 3MiHHOI fr 3a dopmynoro (2). Taki omeparrii
MIPUCBOIOBAHHSl 3HAYCHb apryMEHTy Ta pO3paXxyHKy HOBOTO 3HAYCHHS IOBTOPIOIOTHCS KiJIbKa pa3iB
(irepauiit). OcTaHHE po3paxoBaHE 3HAUCHHA TEMIIEPAaTYpPH fr NPUIMAETbCA 3a PE3yJIbTAaT PO3PAXyHKY
TEeMIIEPaTypPH.

Pesynbrati po3paxyHKy s (ikcoBaHOI KiBKOCTI iTepauiil (J = 5) HaBeIeHO y cTOBMYHKaX O...8
Tabxa. 1, rpadik moxubku HaBeneHwii Ha puc. 1 (psazg 2). 3ayBaxumo, mo Ha iHTepBami Bix -190°C mo -140°C,
Ha SKOMY KIJBKICTh ITepalliii aJropuTMIB CIiBmamawoTh (5 irepariii), rpadikum (QyHKIIH MTOXHOKH
MOJU(IKOBAHOTO ANTOPUTMY Ta IPOTOTUITY OYIKYBaHO CITIBIIAJIaf0Th.

MogaudikoBaHuil anropuTM 3abe3nedye MOHOTOHHY, 0Oe3 CTpHOKiB, 3aJeKHICTh MOXWMOKH Bix
TemnepaTypu. MOXXHO TPHUITyCTHTH, IO (iKcalis KiTBKOCTI iTepariii gae 3Mory 3poOWTH MOHOTOHHOIO
(byHKIIO MOXUOKU I OyAb-SIKOTO ITEpaIlifHOTO aNTOpUTMY, TOOTO € YHiBepcadbHUM mpuiiomom. s
3MEHIIEHHS. MaKCHMalbHOI MOXHOKM PO3paxyHKy OO PiBHS MOXHMOKH allrOPUTMY-TIPOTOTHIY TMOTPiOHO
BHOMpATH MaKCHUMallbHY KIUIBKICTh iTepaliii MOpiBHAHO 3 TPOTOTUNOM. HeoOXigHICTh BCTaHOBIIOBATH
MaKCHUMAaJIbHY KUTBKICTB iTepalliii € HeJoJMIKOM MOAM(IKOBAHOTO aJTOPUTMY Uepe3 3aiiBHH MalTUHHUN dac
PO3paxyHKiB.

Hani Oyne 3anporOHOBAaHO HOBMH aJrOPUTM, LIO JAcTh 3MOTY 3MEHIIUTH MakKCHMANbHY HOXHOKY
po3paxyHKy 0e3 301IbIICHHS KiTbKOCTI iTepaltii.

3. OOrpyHTyYBaHHSl HOBOIO AQJTOPUTMY pPO3PAaXyHKy TeMmepaTypHu. 3ayBaXuMoO, IO I
TUTIOCOBHX Temmneparyp ¢opmyna Kanennapa-Ban Jlycena (1) mepeTBoproeThesl Ha KBagpaTHE PiBHSHHS BUIY

Ry=R,-(1+4-14B.¢), (5)

sIKe Ma€ 0e3MoCcepeTHE PO3B’ I3aHHA Y BUTIIAII

B R
—A+A4- |[1-4-—- _2
A R, ©)
t, = .
© 2-B
Brenemo mo3HaueHHS 71 CyMH CKIAJ0BHX BHUINUX CTyIeHiB ¢hopmynn Kanennapa-Baun Jlycena, ska
BiJPI3HAETHCS BiA HYJIS TUIBKH 32 MIHYCOBUX TEMIIEPaTyp

R.=R,-C-(t=100°)-1. (7)
Toni hopmyna Kanennapa-Ban [{yceHa a1t MiHyCOBUX TeMIIepaTyp 3alUIIETCS Y BUTIISI
R=R,+Rc. (®)

Po3paxoBaHi 4KCIOBI 3HAYCHHS BEJIMYWH IS Jiala3oHy TeMIepaTyp OyIeMo 3aHOCHTH 110 Talj. 2.
VY croBmumkax 2 Ta 3 MICTATHCS 3HAYEHHS CKJIAaI0BOI BHIIMX CTYIIEHIB Ta CyMapHe 3Ha4yeHHs omopy (8)
BinoBimHO. BMicT cToBmumkiB 5 + 8 Oyzae po3risHyTO HIK4e. [lopiBHIOIOYH YHCIIOBI 3HAYCHHS CKJIaI0BOL
BHIIIUX CTYIIEHIB R Ta OMOPY ceHcopa R MOJXKHA BIEBHUTHUCS, 110 HAHOUTBINE 3a aOCONMIOTHOIO BEITMYNHOIO
3HAYeHHs CKJIaJ0Boi BUMKX cryneHiB — 1,05 Om (mpu - 200°C) ckinagae npubnuzHo 18-y yacTHHY 3HaYCHHS
omopy cencopa R = 18,52, T00TO MiHIMaTBbHO BIUIMBAE€ HAa KIHIEBUH pe3yNbTaT PO3PaxyHKIB. 3Biicu
BUTUTMBAIOTH [[BA TBEPKEHHS:

1) ams HAOIMKEHOTO PO3pPaxyHKY TEMIIepaTypH 3a OMOpPOM CEHCOpa CyMOIO CKJIAOBHUX BHIIHUX
CTYIICHIB MOYKHA 3HEXTYBaTH;

2) 3 IOCTAaTHHOKO I PO3PaxXyHKIB TOYHICTIO, YMCIIOBI 3HAYEHHS CYMH CKIIAJIOBUX BHIUX CTYIEHIB
MOYKHAa BB@KaTH HE3MIHHOIO JUIsS JISSIKOTO HEBEJIMKOTO Jiana3oHy TeMIepaTypd IOPIBHSIHO 3 IOBHHM
niana3oHoM MiHycoBux Temmeparyp (200 °C).

CkopuctaeMocss IMMU TBEPKEHHSIMH I TOOYIOBH HOBOTO aJITOPUTMY PO3B’SI3aHHS DPiBHIHHA
Kanennapa-Baun Jlycena.

3a BXijJiHE 3HAYEHHS il Yac MPOBEACHHS PO3PaxyHKiB MPUHMAETHCS 3HAUCHHS OMOpY ceHcopa R.
Sxmo, y rpyOoMy HaONWKEeHHi, 3HEXTYBaTH CYMOIO CKIIQJOBUX BHUIIMX CTymeHiB (Rc ~ (), piBHSHHS
CeHCcopa MEePETBOPIOETLCS Ha KBaIpaTHE PiBHAHHS 32 opmyoro (5), ToOTO
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R,~R. 9)

Kopiup 1poro KBaj-

Taéamus 2 paTHOTO  PIBHSAHHA ~ PO3paxo
R R R R At !
i 2C : t‘o‘o SCO 601 131 81 ByeTbca 3a  (Qopmysorw  (6),

OTpUMaHe 3HAYCHHS TEMIIe-
paTypu IO3HAYUMO Yepe3 foo.
Cyma CKJIaJOBUX
BUIIMX CTYIEHIB y TO4YMI fgp Y
BinoBigHOCTI 710 (7) HOpiBHIOE

Re =Ry -C-(tgy—100°)-1},.

-200 | -1.00 18.52 | -202.42 -1.05 19.57 -199.89 | 0.1096
-180 | -0.68 27.10 | -181.66 -0.71 27.80 -179.94 | 0.0564
-160 | -0.45 35.54 | -161.09 -0.46 36.00 -159.97 | 0.0270
-140 | -0.28 43.88 | -140.68 -0.28 44.16 -139.99 | 0.0118
-120 | -0.16 52.11 | -120.39 -0.16 52.27 -120.00 | 0.0046
-100 | -0.08 60.26 | -100.21 -0.08 60.34 -100.00 | 0.0015

80 | -0.04 | 6833 | -80.10| -0.04| 6836 -80.00 | 0.0004 _ (10)
-60 | -0.01 | 7633 | -60.04| -001| 7634 | -60.00 | 0.0001 3rigHo Apyroro
-40 | 0.00 | 8427 | -40.01 0.00 | 8427 -40.00 | 0.0000 | TBCPUKCHHA,  SHATYCHHA  LlIEL
20| 000] 9216 | -20.00 0.00 | 92.16 20.00 | 0.0000 | CYMH Y HCBCIMKOMY JIalia3oHl
0| 0.00] 100.00 0.00 |  0.00] 100.00 0.00 | 0.0000 | TEMICPATYp HABKOIO  TeMIC-

patypu tgy Oyzae TNpaKTHYHO
OJIHAKOBHM, IO J]a€ 3MOTY YTOUYHUTHU CyMy KBaJpPaTHOTO TPHUICHA Y OKOJIMLSAX TOUKH oo , BIIOKPEMITIOIOUH
CyMy BHIIIHUX CTYIICHIB BiJl 3HAUEHHS OIIOPY CEHCOpa

Ry =R-Ry-C-(ty)—100°)-1},. (11)

Kopinb kBaspaTHOro piBHAHHA (6) 13 pO3paxOBaHUM 3HAUYEHHSM CyMM KBAaJpaTHOTO TpUWIeHa Ry,

K apryMeHTa, Oyzae Oimbln ToO4HMM pimieHHsM piBHsAHHS Kanennmapa-Ban [lycena (1). ¥V mpomy pasi
HOXNOKY pO3paxyHKy TeMIIepaTypy MOXHA BU3HAUUTH SIK

Aty =tg, -t, (12)

ne iHaexc J — Homep itepartii. Taka mOCIiMOBHICTE OTepartiii € OJHOO iTepalli€lo HOBOTO aTOPUTMY.

Po3paxoBaHi 4MCIIOBI 3HAYCHHS BEJIMYUH JJIs OJIHIET iTepallii HaBEJACHO y CTOBMUMKax 4 +~ 8 Tadi. 2.
Ha puc. 2 mpencraBieHi 3HaueHHS MOXHOKH Af; 13 cToBMUMKa 8 Tabi. 2 1 Jdiama3oHy MiHYCOBHX
Temnepatryp. 3 rpadiky MokHa MO0auuTH, IO (YHKINsS MOXUOKM MOHOTOHHA Ta KPyTO CIagae a0 HYyJ,
NpUYOMY KpYyTH3HA CIIaJaHHs BHIIA TOPIBHIHO 3 mporoTunoMm. [Ipu 1poMy MakcuManbHE 3HAYCHHS
NOXHOKK Ha Kparo JAiana3oHy Ha KilbKa MOPSAAKiB
TIEPEBHIILY € MTOXUOKY MOI(hiKOBaHOTO
agroput™my Ticisa S5-tu itepamii. OTxke, s
3MEHIIEHHS TMOXMOOK MOTpPiOHO  3OULIBIIUTH
KIUJIBKICTP iTepaliii HOBOTO aJIFOPUTMY, a BHCOKa
KpyTH3HA CITaqy TMOXUOKH Ja€ 3MOTY OUIKYBATH
0.0400 | Kpaioro pe3yibTary, HiXK Y IPOTOTHIIA.

T 4. bJjok-cxema  ajaroputrmy = Ta
00200 1 K nporpamMa HOBOI0 AJIrOPUTMY PO3PaXyHKY.
0.0000 +————————— ‘ AITOpUTM PO3paxyHKy TEMIIEpaTypH CeHcopa

-200 -150 -100 -50 0 Pt100 Oyme moOymoBaHo Juisi  Jiama3oHa

t TEeMIEepaTyp BiJl MiHyCOBHUX IO TUTFOCOBUX Ha 0a3i

OOTPYHTOBAHOTO AJITOPUTMY pO3paxyHKy. Jlis

3pYYHOCTI TOJANBIIO MPOTpPaMHOi  peanizalii

anroputMmy nepenumemo gopmynu (6) ta (11) y Burmsini ¢yHKUil y mo3HadeHHsIX cepepoBuma VBA s
Excel BiamoBiaHO:

0.0800 -
At 0.0600 -

Puc. 2

qur=(—A+A-Sqr(1—4-B-(l—RQ/RO)/AZ))/(ZB), (13)

Rquadr =R, —R,-C-(T, -100)-T,*, (14)
ne Rop=Rgp, Ry=Ro, Ry=R, T, =1ty — HOBI NO3HAYEHHA THUX CAMHUX BEJIMYUH [JIs NPOTPAMHOTO
CEepeIOBHIIA.

CxeMy HOBOTO anTOpUTMy HaBeneHo Ha puc. 3. @opmymu (13) Tta (14) peamizoBaHO y BHTIISAII
¢byHKUiA (Onoku &, 9), sKi BUKIMKAIOTHCS 3 OCHOBHOrO ajiroputMy. PoboTa anropuTMmy MOYMHAETHCS 13
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34NTYBaHHS 3HAYeHb KOEIIIEHTIB Ta OMOPY CEHCOpa 3 BiAMOBIAHMX KOMIPOK Ta CKHJAHHS B HYJb 3MiHHOI
KUTbKOCTI iTepartiii J (010K 7).

START

READING DATA
A B.C.RO, R, J=0

= Y=

7 3
RX=R; J=J+1 RX=R
T=Tsqr(RX) I'=Tsqr(RX)
4
No 1>
END Yes |«
8 5
o o I 17 AN/ RX=R; T2=T
Tsqr =(-A+A*Sqr(1-4*B*(1-RX/R0)/{A"2)))/(2*B) RO=Rquadr(T2,RX)
9 6
. . A J=J+1; RX=RO
Rquadr=RX-RO*C*T2-100)%(T2)"3 T=Tisqr(RX) =
L
Puc. 3

YMOBHUIT 050K 2 PO3ALISE alrOpuTM Ha TUTKK U1 MiHYCOBHX a00 HEMiHYCOBHX TEMIIEpaTyp 3a
3HAa4YCHHSIM OIOpY CeHcopa. SKmmo omip ceHcopa R He MeHIMH 3a R0, TOA1 aITOPUTM MEPeXOanTh Ha TIIKY
HEMIHYCOBHUX TeMIIepaTyp, TOOTO — HYJIHOBOI a00 IITIOCOBUX.

3a He MIHYCOBHX TEMIIepaTyp 3HAYEHHsI TEMIIEPaTypH pO3papaxOBYETHCS 3a TOUYHOK (HopMyIoro
KkBagpaTHOTO KopeHs (13) y Gmoui 7. 3minHa J 30inbLIyeThbest A0 1 — L€ 3aIMIIAETHCS 03HAKOIO HE MiHYCOBOT
TeMriepatypu. Ha oMy poOoTa i€l TUIKH allrOpuTMY 3aKiHIYETHCS.

VY rinmi MiHYycOBHX TemIiepaTyp 3MiHHIH RX TIPUCBOIOETBCS 3HAYEHHS OIMOPY CeHcopa Ta
BUKOHYETHCS MEPIIHiA TPYOHid po3paxyHOK TEMIIEpaTypH SIK KOPEHs KBaApaTHOro piBHAHHS (010K 3).

OCKIiJBKM KUTBKICTB iTEpalliil 1€ 3aIMIIA€THCS HYJIbOBOIO, YMOBa y OJIOII 4 BUKOHYETHCSI, aJTOPUTM
MIePEXOIUTH 10 OJIOKY J.

VY Onoui 5 3MiHHIA 72 MPHCBOIOETHCS paHilie po3paxoBaHe (y Omomi 3) 3HAUEeHHS TeMIeparypH, a
3MiHHIN RX — 3HaueHHs omopy ceHcopa. Po3paxoByeTbcsi yTOUHEHa CyMa KBaJpaTHOrO TpuwieHa RO 3a
dbopmyoro (14).

VY Onoui 6 yrouyHeHe 3HaY€HHS CyMH KBaJpaTHOro TpuwieHa R() NMPHUCBOIOEThCS 3MiHHIA RX Ta
PO3paxoBY€ETHCSl HOBE 3HAYCHHS! KOpPEHs KBaapaTHoro piBHAHHS 1 3a dopmyroro (13). 3miHHA KilnbKOCTI
iTepaniii J 30ibiryeTbess Ha 1. Ha mpomy 3akiH4yeThCs Imepla iTepaiis po3paxyHKy, IO po3risiianacs y
MOMEePeTHHOMY PO3ii 3.

Po3paxyHku y Giokax 5 Ta 6 MOBTOPIOIOTHCS, OKU KiNBKICTh iTEpaliii He JOCSATHE BCTAaHOBJIEHOTO
3HAa4YeHHS. Y HaIIOMYy IpPHKJali BCTAHOBJIEHA KUIbKIiCTh iTepauiii 4. OcTraHHe 3Ha4eHHS KOpeHs 1, sKe
PO3paxoByeThCs y 010111 6, IPUHMAETHCS 3a PE3yJIbTaT PO3PAXYHKY TEMIIEPATYPH.

JlictuHr TIporpamMu, IO peaidye 3ampolOHOBAHUI alrOpUTM B CEpeloBHILI IporpamyBaHHs VBA
s Excel, HaBegeno Ha puc. 4. PsiikaM nporpamu pucBO€EHI HOMEPH AJIS 3pyYHOCTI MOCHIIaHb.

IIporpama TOYHMHAETHCSA 3 BH3HAYCHHS THITB 3MIHHHX y psaakax 20...40. Omepariii 39nTyBaHHS
3Ha4YeHb KOeQIIieHTIB Ta onopy ceHcopa (070K / CXeMH alropuTMy) Y JIICTHHTY TIPOITYIIECHI SIK HECYTTEBI.

OyHKLil po3paxyHKy KBaapaTHoro kopens (13) Ta BuAiIeHHS cyMH KBaigpaTHOTO TpuwieHa (14)
po3mimeHi B kiHii nporpamu (paaku 240 ta 270).

Ilicns oOHyNeHHsS KuTbKocTi iTepamiit (J = 0) y psanky 50 mepeBipseTscst ymMoBa 60, o po3miisie
nporpaMy Ha TUTKM AJIs1 MiHYCOBOI Ta HEMiHycOBOi TemmeparypH. ['ika A MiHyCOBUX TeMIeparyp 3aiimae
psaku Bix 70 o160, ans Heminycosux — Big 170 go 200.
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10 Sub Maxpocl ()

20 Dim RX As Double, T2 As Double

30 Dim A As Single, B As Single, c As Single, R0 As Double

40 Dim RQ As Double, R As Double, T As Double, J As Single, T1 As Double

50 J =20

60 If R < RO Then

70 RX = R

80 T = Tsqr (T2, RX, A, B, C, RO)
90 Whille 0 < 4

100 RX = R

110 T2 =T

120 RQ = Rquadr (T2, RX, A, B, C, RO)
130 RX = RQ

140 T = Tsqr (T2, RX, A, B, C, RO)
150 J=J+ 1

160 Wend

170 Else

180 J=J+ 1

190 RX = R

200 T = Tsqr (T2, RX, A, B, C, RO)
210 End IFf

220 End Sub

230 Function Tsqr (T3 As Double, RQ As Double, A As Single, B As Single, C As Single,
RO As Double) As Double

240 Tsqr = (-A + A * Sgr(l - 4 * B * (1 - RQ / RO) / (A " 2))) / (2 * B)

250 End Function

260 Function Rquadr (T2 As Double, RX As Double, A As Single, B As Single, C As
Single, RO As Double) As Double
270 Rquadr = RX - RO * C * (T2 - 100) * (T2) ~ 3
280 End Function
Puc. 4.

3a MiHyCOBOI TeMIiepaTypH y psaaky 80 rpy0o po3paxoBYeEThCS TeMITepaTypa K KOPiHb KBaJIpaTHOTO
piBHsHHSA. Y psaaky 120 yTOUHIOETHCS CyMa KBaJpaTHOIO TpUWIEHa, 100 y psaaky 140 pospaxyBaTu
yTouHeHe 3HaudeHHs1 kopeHs. [lapa onepanniB y psakax 90 ta 160 3a06e3neuytoTs 4-uil MK MOBTOPEHHS
PO3paxyHKiB.

3auii BU3HAYEHHS HEMiHycoBoi TemriepaTypu y psaaky 200 ozapa3y po3paxoBYeEThCS 3HAYCHHS
KBaJpaTHOTO KOPEHS PiBHSIHHS.

PesynpTati po3paxyHKiB 3a JOIOMOTOI0 HOBOI IporpamMH HaBeleHO y Tabi. 3 Ui IBOX 3HA4YEeHb
KUTBKOCTI iTepartiii J 3a MiHycoBHUX Temmeparyp — 1 Ta 4.

5. O6roBopeHnsi. 3amnpONOHOBAHUN AJITOPUTM PO3PAaxXyHKY 3abe3ledye MOHOTOHHY, 03
EKCTPEMYMIB, JleTepMiHOBaHY (YHKIIIFO ITOXUOKH Bijl TEMIIEPATypH Ta MiHIMI3allit0 TOXUOKH PO3PaXyHKY.

Sk MoxHa OaumTH 3 TaOI. 3, 3a 4 iTepallii HOBHI allrOpuUTM 3abe3medye po3paxyHOK TEMIIEPATYPH 3
noxuokoro, MeHiiorw 3a 0,0001°C B mianazoni Temnepatyp Big -200°C qo 800°C. [TopiBHSHO 3 UM MOXUOKA
ITOPUTMY-TIPOTOTUIY Ta Horo moaudikamii 3a KinbKocTi itepauiii 5 mepeBuinyBana Bennumny 0,01°C.
TakuM 4MHOM, HOBUI alNrOpUTM 3a0e3leuye PO3paxyHOK TEeMIEpaTypH TOUHIIIE Ha KiJibKa MOPSAIKIB 3a
MEHIITY KiJTBKICTh iTepartiii.

st 06’ €eKTHBHOI OLIHKK JOCATHYTOI TOYHOCTI PO3PaxyHKiB BapTO CHIBCTABUTH 3HAYCHHS MOXUOKH
PO3paxyHKy 3 IOXMOKOIO caMHX CEHCOpiB. Tak MakcHManbHa JomycTMMa moxubka ceHcopa Pt100,
HaWBHIIOTO 32 KIacu(iKaIliero Kiacy TOYHOCTI AA, BU3HadaeThes hopmyoro [1]

At,, =£(0,1+0,0017-]¢]). (15)

UucnoBi 3Ha4YeHHS MOXWOKM Y Jiama3oHi TeMIepaTyp HaBeICHO y CTOBHUMKY 9 Tabm. 3. 3a
MIHYCOBHX TeMIIepaTyp MaKCUMaJIbHe 3HaYeHHs JoImycTuMol moxuokwu csrae 0,44°C Ha Kparo J1iana3oHy.

dopmyia (15) Ta po3paxoBaHi 3HaUCHHS MOXUOKU BIIOOPaXKarOTh, TOJIOBHUM YMHOM, TEXHOJIOTIUHI
MOJKJIMBOCTI BiATBOPEHHS HOMiHaJbHHX 3HaueHb KoedilieHTiB (opmynn Kanenmapa-Ban [lycena 3a
MacoBOT'O BHPOOHHIITBA CEHCOpiB. Brcoka noBrorpuBana cTabimbHICTH IIATHHOBUX ceHcopiB Pt100 mae
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3MOTY 3MEHIINTH iXHIO MOXHOKY mpnomu3Ho 10 0,01°C 3a paxyHOK iHIUBIAYaIbHOTO KadiOpyBaHHS 3HAYEHb
koeditieHTis [5].

Tab6auus 3 MaxkcumainbHa A0y CTH-
Mpu <0 J=1 Mpu 1<0 J=4 Pt100 | M@ TOXMOKa BHMIPHOBAIBHOTO

p Rt o AL 7 o It J | e, [IEPETBOPIOBAYA, B SAKOMY
BI/IKOpI/ICTOByeTBCH aHFOpI/ITM,

1 2 3 4 S 6 7 8 ? Mae Oyt me y 3 — 5 pasiB
-200 | 18.5201 | -199.8904 | 0.1096 | 1 | -200.0000 | 0.0000 | 4 | 044 | wemmowo, ToGTO He mepe-
-150 | 39.7232 | -149.9819 | 0.0181 | 1 | -150.0000 | 0.0000 | 4 | 0.36 | Bumysaru 0,003°C. Bixmo-
-100 | 60.2558 | -99.9985 | 0.0015 | 1 | -100.0000 | 0.0000 | 4 | 0.27 | BiAHO, MOXMOKAa IPOTPAMHOTO
-50 | 803063 | -50.0000 | 0.0000 | 1 | -50.0000 | 0.0000 | 4 | 0.19 | 3a0€3MCHYCHHS BUMIpIOBATBHOTO
0 | 100.0000 | 0.0000 | 0.0000 | 1 0.0000 | 0.0000 | 1 | 0.10 | TCPCTBOpIOBAtA, K OIHIEL 13

CKIIaJOBUX CYMApPHO1 HOXI/I6KI/I,

100 | 1385055 | 100.0000 | 0.0000 | I | 100.0000 | 0.0000 | I | 027 | po'\iac peerimmymari 0,001°C.
200 | 175.8560 | 200.0000 | 0.0000 | 1 | 200.0000 | 0.0000 | 1 | 0.44 TakuM UHHOM, BeH-
300 | 212.0515 | 300.0000 | 0.0000 | 1 300.0000 | 0.0000 | 1 0.61 YUHY MaKCHUMaJIbHOI MOXUOKH
400 | 247.0920 | 400.0000 | 0.0000 | 1 | 400.0000 | 0.0000 | 1 | 0.78 | At =0,001°C moxHa BBaxa-
500 | 280.9775 | 500.0000 | 0.0000 | 1 | 500.0000 | 0.0000 | 1 095 | TH aJeKBaTHOIO OLIHKOI i
600 | 313.7080 | 600.0000 | 0.0000 | 1 | 600.0000 | 0.0000 | 1 | 1.12 | MaKCHMaTbHOi MOXMOKH airo-
700 | 3452835 | 700.0000 | 0.0000 | 1 | 700.0000 | 0.0000 | 1| 1.29 | puT™My abo immmx  okpemmx
800 | 375.7040 | 800.0000 | 0.0000 | 1 | 800.0000 | 0.0000 | 1 | 1.4¢ | C</TAAOBHX — BHMIDIOBAJILHOTO

NEPETBOPIOBAHHS JAJsl CEHCOopa
Pt100 3 inmuBigya pHO KaIiOpOBAaHUMH KOE(iIli€eHTaMH.

TouHicTh pO3paxyHKIB 3a HOBUM anroputMoM (moxwbka meHma 3a 0,0001°C) Ha mopsiiok
MEPEBUILY€ HaBITh TaKi }KOPCTKI BUMOTH A0 TOYHOCTI aJTOPUTMY.

BucnoBku. Hemonikom BijoMoro irepauifHOro airopuTMy-HpOTOTHILY PO3PaxyHKY TeMIepaTypu
ceHcopa Pt100 € He MOHOTOHHa, 3 EKCTpEeMaJbHHMH MaKCUMyMamH, (QYHKI[s MOXHOKM Yy diana3oHi
MiHYCOBHX TEMIIEPATyp.

Sxmio 3adikcyBaTH KUTBKICTh iTEpaliid y alrOpUTMIi-IPOTOTHUII, PYHKIIIS TOXUOKU MOU(IKOBAHOTO
TAaKUM €JIEMEHTApHUM YHMHOM aJrOPUTMY CTa€ MOHOTOHHOIO, 0€3 eKCTpeMalbHUX MakKCUMyMiB. MoxHa
NPUIYCTHTH, IO 1el npuitoM (ikcamii KiTbKOCTI iTepamiil 1a€ 3MOry 3a0e3meYnuTH MOHOTOHHICTh (PYHKIIIT
MOXUOKH OyAb-KOTO iTepaliitHoro aaroputmy. [IpoTe, 3a11s 3MeHIIEHHST MAKCUMAIBHOT TOXUOKH JT0 PiBHS
aJTOPUTMA-TIPOTOTHUITY HEOOXiTHO BUOMPATH MaKCUMAJIbHY KIJTBKICTh iTepartii.

3ampornoHOBaHO HOBUH QJITOPUTM PO3PaxyHKy TemrepaTtypu ceHcopa Pt100 3a piBHSHHSIM
Kanennapa-Ban /[lycena, sixumii 3abe3mnedye MOHOTOHHICTh (YHKHii MOXMOKM Ta 3MEHIICHHS MOXHOKH
po3paxyHKy 0e3 30inbIieHHs (ikcoBaHOI KiMbKOCTI iTepamniid. [Toxubka po3paxyHKy 3MEHITYETHCS HUXKUIE 32
0,0001°C nume 3a 4 itepamii, 10 3 Jy)KE BEJIMKHM 3allacoOM 3aJ0BOJIbHSE HAWKOPCTKIIIN BHMOTH J0
TOYHOCTI PO3paxyHKY Ul CEHCOPIB 3 iHAMBITyaJbHUM KaliOpyBaHHIM KOe(]illi€HTIB.

Hosuii anroputm 3abe3nedye Taky BUCOKY, HAaBiTh HaJUIMIIKOBY, TOYHICTh PO3PAaXyHKIB, 110 POOUTH
HEMOTPiOHUMH TTOAJIBIII TOCITIKEHHS y HAPSMKY YAOCKOHAJICHHS aJlTOPUTMY .
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IMPROVING THE ALGORITHM FOR CALCULATING THE TEMPERATURE
OF THE QUASILINEAR RESISTANCE SENSOR PT100

LI.V. Herasymenko ', Ie.O. Zaitsev?, V.I. Latenko ', R.D. Myronov ', I.A. Ornatsky ', S.0. Fil'
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The paper investigates iterative algorithms for solving the equation according to the Kalendar-Van Dusyn formula,
which describes the dependence of the electrical resistance of the Pt100 family sensor on temperature. This family of
platinum sensors is considered quasi-linear, but for high-precision measurements the nonlinearity of the sensor cannot
be neglected, so it is necessary to solve the nonlinear equation of Pt100. At minus temperatures, the equation according
to the Kalendar-Van Dusyn formula reaches the fourth power and has no solution with respect to temperature in an
analytical form. The analysis of the previously published iterative algorithm for the approximate solution of the
equation reveals a desadvantage of this algorithm. The residual error of the solution is not a monotonic function of the
argument, because it contains extrema, moreover, the sign of the error changes to the opposite after each extremum.
The purpose of this study was to obtain an algorithm that provides the residual error in the form of a monotonic
deterministic function of the argument with the minimization of the maximum error value. The possibility to modify the
iterative algorithm-prototype in an elementary way by fixing the number of iterations is shown. The residual error of
solving the equation according to the modified algorithm has the form of a monotonic deterministic function of the
argument. It is assumed that any iterative calculation algorithm can be improved in this way. At the same time, the
minimization of the error values of the modified algorithm is achieved by setting the maximum number of iterations
compared to the prototype algorithm. To overcome this desadvantage of the modified algorithm, a new algorithm is
proposed, in which, in addition to a fixed number of iterations, the property of the smallness of the components of
higher degrees is used. The high efficiency of the new algorithm is shown, which reduces the residual error of the
solution to a negligible value in just four iterations. It is claimed that the high efficiency of the new algorithm makes
further research in the direction of its improvement unnecessary. The article presents a scheme of the new algorithm
and a corresponding program on the VBA platform for Excel, which is suitable for direct use in the software of
temperature meters based on Pt100 resistance temperature sensors. References 5, figures 4, tables 3.

Keywords: quasilinear, algorithm, program, equation, iteration, sensor, temperature, error.
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