EIeCiricall
& Eleetmmecanies %

.r,.‘."'

EnexTpnyHijmawmnniialanapary
m&ﬂhﬂlﬂ_}@}'f 10TeXHIKz
TeXHiKalcunbHUX(eNeKTPNYHY
ﬂkﬁ’wnmmzl 4>
EnexTpidHilcTanliigme

ENeKTPNYHNNTPAHCT, ’LU

372015 p% mypnan.mnencysrbcﬁ Y[ MIXHapofHiN P

HayKomeTpin4Hiii6asi[Weblof/Science Wi
ore Collectmn Sources




«ELECTRICAL ENGINEERING & ELECTROMECHANICS»

SCIENTIFIC & PRACTICAL JOURNAL
Journal was founded in 2002
Founders:
National Technical University «Kharkiv Polytechnic Institute» (Kharkiv, Ukraine)

State Institution «Institute of Technical Problems of Magnetism of the NAS of Ukraine» (Kharkiv, Ukraine)
INTERNATIONAL EDITORIAL BOARD

Klymenko B.V.
Sokol Ye.l.
Rozov V.Yu.

Batygin Yu.V.
Bir6 O.
Bolyukh V.F.
Colak I.
Dolezel I.
Féliachi M.
Gurevich V.1.
Ida N.
Kildishev A.V.
Kuznetsov B.I.
Kyrylenko O.V.
Nacke B.
Podoltsev A.D.
Rainin V.E.

Rezynkina M.M.

Shkolnik A.A.
Trichet D.
Yatchev I.
Yuferov V.B.
Zagirnyak M.V.
Zgraja J.

Editor-in-Chief, Professor, National Technical University "Kharkiv Polytechnic Institute" (NTU "KhPI"), Ukraine
Deputy Editor, Professor, Corresponding member of NAS of Ukraine, Rector of NTU "KhPI", Ukraine
Deputy Editor, Professor, Corresponding member of NAS of Ukraine, Director of State Institution "Institute
of Technical Problems of Magnetism of the NAS of Ukraine"(SI "ITPM NASU"), Kharkiv, Ukraine
Professor, Kharkiv National Automobile and Highway University, Ukraine

Professor, Institute for Fundamentals and Theory in Electrical Engineering, Graz, Austria

Professor, NTU "KhPI", Ukraine

Professor, Nisantasi University, Istanbul, Turkey

Professor, University of West Bohemia, Pilsen, Czech Republic

Professor, Technological Institute of Saint-Nazaire, University of Nantes, France

Ph.D., Honorable Professor, Central Electrical Laboratory of Israel Electric Corporation, Haifa, Israel
Professor, The University of Akron, Ohio, USA

Associate Research Professor, Purdue University, USA

Professor, SI "ITPM NASU", Ukraine

Professor, Member of NAS of Ukraine, Institute of Electrodynamics of NAS of Ukraine (IED of NASU), Kyiv, Ukraine

Professor, Gottfried Wilhelm Leibniz Universitat, Institute of Electrotechnology, Hannover, Germany

Professor, IED of NASU, Kyiv, Ukraine

Professor, Moscow Power Engineering Institute, Russia

Professor, NTU "KhPI", Ukraine

Ph.D., Central Electrical Laboratory of Israel Electric Corporation, member of CIGRE (SC A2 - Transformers), Haifa, Israel
Professor, Institut de Recherche en Energie Electrique de Nantes Atlantique, Nantes, France

Professor, Technical University of Sofia, Sofia, Bulgaria

Professor, National Science Center "Kharkiv Institute of Physics and Technology", Ukraine

Professor, Member of NAES of Ukraine, rector of Kremenchuk M.Ostrohradskyi National University, Ukraine
Professor, Institute of Applied Computer Science, Lodz University of Technology, Poland

ISSUE 1 /2020
TABLE OF CONTENTS
Electrical Machines and Apparatus

Baida E.I., Lytvynenko V.V., Chepeliuk A.A. Peculiarities of dynamics of a fast-driven induction-dynamic drive

with a bistable latch of contacts position of a circuit breaker based on permanent magnets

Vaskovskyi Yu.M., Geraskin O.A. Turbogenerator rotor heating in presence of rotor winding defects and excitation

current forcing

Goman V.V., Oshurbekov S.Kh., Kazakbaev V.M., Prakht VV.A., Dmitrievskii V.A. Comparison of energy
consumption of various electrical motors operating in @ PUMPING UNIE........c.eecveriereerieerieeeeeraesieseeesseeeeereseesseesseensenns
Shurub Yu.V., Tsitsyurskiy Yu.L. Harmonic analysis of the combined circuit of single-phase switching of induction
electric drive With thyTiStOr CONMIOL ..........oiiiiiiieiieiecieeee ettt ettt et e et eeaesse e seesseensesneesseenseenseenseans

Theoretical Electrical Engineering and Electrophysics

Tolmachev S.T., Bondarevskyi S.L., II'chenko A.V. Magnetic properties of multicomponent heterogeneous media
With @ dOUDLY PErIOAIC SEIUCTULE .....euiiiieiietieie ettt ettt et et et e enteeeteesaesseesseesseensesnnesseesseenseenseanseensennsensnesens

High Electric and Magnetic Field Engineering. Cable Engineering

Baranov M.I. A choice of acceptable sections of electric wires and cables in on-board circuits of aircraft electrical

equipment .........

Bezprozvannych G.V., Kostiukov I.A. Error of control of electrical insulation structures by dielectric absorption
parameters according to the concept of uncertainty of MEASUTEMENLS ..........ccerverierierierie et ee e eeees

Power Stations, Grids and Systems

Koliushko D.G., Rudenko S.S., Asmolova L.V., Tkachova T.l. Determination of the soil sounding depth for the
earthing resistance calculation of SUDStations 35 KV ....cc.oooiiiiiiiiiieice ettt ns
Syvokobylenko V.F., Lysenko V.A. Multifrequency protecting method against earth-faults of phase in the compensated

electric networks

Dehghani M., Montazeri Z., Malik O.P., Al-Haddad K., Guerrero J. M., Dhiman G. A new methodology called
dice game optimizer for capacitor placement in diStribUtION SYSEMS .........c.cecverieriieriieriieieeieeteseeseeesie e seeseeeseeeeeeneeens

Electric Transportation

Omelianenko H.V., Overianova L.V., Maslii A.S. Geometric and electrophysical parameters of armature winding
of electromechanical converter of inertial energy storage for suburban trains.............cceecveveerircercieniereee e

Editorial office address: Dept. of Electrical Apparatus, NTU «KhPI», Kyrpychova Str., 2, Kharkiv, 61002, Ukraine
phones: +380 57 7076281, +380 67 3594696, e-mail: a.m.grechko@gmail.com (Grechko O.M.)

ISSN (print) 2074-272X
ISSN (online) 2309-3404

Printed 19 February 2020. Format 60 x 90 %. Paper — offset. Laser printing. Edition 200 copies.
Printed by Printing house «Madrid Ltd» (18, Gudanova Str., Kharkiv, 61024, Ukraine)

© National Technical University «Kharkiv Polytechnic Institute», 2020
© State Institution «Institute of Technical Problems of Magnetism of the NAS of Ukraine», 2020



Electrical Machines and Apparatus
UDC 621.3.04: 621.316 doi: 10.20998/2074-272X.2020.1.01

E.I. Baida, V.V. Lytvynenko, A.A. Chepeliuk

PECULIARITIES OF DYNAMICS OF A FAST-DRIVEN INDUCTION-DYNAMIC DRIVE
WITH A BISTABLE LATCH OF CONTACTS POSITION OF A CIRCUIT BREAKER
BASED ON PERMANENT MAGNETS

Introduction. Recently, in the literature, inductive-dynamic mechanisms (IDMs), known in foreign literature as a Thomson-drive,
as a drive for various electrical devices are often researched and developed. The simplicity and reliability of the design, high speed
make such devices indispensable in high-speed electrical devices standing in DC networks, in which emergency overcorrects are
not limited by the reactance and can reach significant values. The novelty of the proposed work consists in the development of a
mathematical model and the study of the Thompson drive, in which a bistable two-position mechanism consisting of a magnetic
system with permanent magnets, is used as the final position latches. The movement of objects is carried out by deforming the
computational mesh. The problem is a multiphysical one, in which a parallel solution of several tasks of different nature is
considered. Purpose. Analysis of the fundamental possibility of creating a switching device with an induction-dynamic drive on
the basis of a mathematical model which allows to increase the reliability of the entire mechanism operation and significantly
simplify the design. Methods. The solution of the problem was carried out by the Finite Element Method in the COMSOL
package in a cylindrical coordinate system. Results. A mathematical model of a new fast-driven induction-dynamic drive with a
bistable mechanism, based on the equations of the electromagnetic field, electric circuit, equations of motion, was developed and
partially studied. The model allows to calculate the dynamic parameters of the drive based on the initial data. Conclusions. The
principal possibility of creating a high-speed actuator of switching devices based on an induction-dynamic mechanism and a
polarized bistable mechanism based on permanent magnets is demonstrated. The research directions of the model were
determined for the subsequent implementation of the results in experimental samples. References 11, table 1, figures 13.

Key words: induction-dynamic drive, bistable latch, permanent magnets.

Y cmammi oocnidiceno opuzinanvny mamemamuyny mooeny wieuOKodilou020 iHOYKYiliHO-OUHAMIUHO20 NPUBODY BUMUKAYA 3
bicmadinohum ikcamopom 3 0éoma Komywkamu na 6a3i nocmiitnux mazuimie. InOyKyitino-Ounamiuni mexanizmu, 6ioomi 6
inozemnini nimepamypi ak Thomson-drive, euxopucmogylomsca 6 AKOCmMi NPUBOOY BUMUKAYIE NOCHMILHO20 CHMPYMY 3A60AKU
BUCOKII WeUOKOOIi, npocmomi i nadilinocmi koncmpykuyii. Memoro cmammi € ananiz NPUHYUNOBOT MOHCIUBOCHI CHIEOPEHHA
Komymauyiiinozo anapamy 3 iHOYKUIHO-OUHAMINHUM RPUEOOOM HA Oa3i mamemamuunoi mooeni, w0 003601A€ nidGuUWUMU
Haodiitnicme podomu 6cb020 Mexamnizmy i icmomno cnpocmumu Koucmpykyiro. Pozensdaemovea moowcnugicms cmeopeHHs
nPoOnoH0B8aANn020 KOMOIHOBANO20 NPUGOOHO20 MEXAHIZMY | GU3HAYEHHA OCHOGHUX HANPAMKIE ROOAILUMUX OOCTIIONCEHL 3 MEMOI0
OMpuUManna 00caionux 3paskie. Koncmpykuyisa 00cnioincysanozo iHOYKUillHo-OUHAMIYHO20 npueody paniuie 6 nimepamypi ne
posenaoanace. Bupiwysana 3adaua € mynvmugizuunolo, w0 6KII0YAEC POPAXYHOK: CHAMUYHO20 MAZHIMHO20 NOAA;
eNIeKMPUYHOZ0 KONIA 3 YPAXYGAHHAM 3MIHU HANPy2U HA KondeHcamopi i nasedenoi ¢ komywkax npomu-EPC; ounamiku pyxy
AKopie bicmabinbnozo ikcamopa i npueoda 3 ypaxy8aHHAM 3MIHU MAcU; HECMAUIOHAPHOZO0 eeKMPOMAZHIMHO20 NONA 6
HEOOHOPIOHOMY HENIHIIHOMY cepedosuii 3 YPAXYBAHHAM HOCHMINIHUX MAZHImMie i pyxy CcmpymMonpoeionux min 6
enekmpomazuimnomy noni. Hanpamku nodansuiux 00cnioxncenv npeoCmasiarwmovca y 6uenadi onmumizayii zeomempii,
napamempie Komyuwiok npueoda i KoHOeHcamopis, zeomempii dicmabinbnozo ¢ikcamopa, 00’°emy i 3anumkoeoi iHOyKuii
nocmiitnux maznimie 0nsa 3ade3neuennn HeoOXiOHUX 3HAYEHb WEUOKOOIl, KOHMAKMHOZ0 HAMUCKAKNKA | 2abapumie anapama.
Bi6u. 11, Tabmn. 1, puc. 13.

Knrouosi cnosa: inpykuiiitHo-quHaMivHMi npuBoj, 6icTadinbHuii gikcarop, mocriiini maruirm.

B cmampve uccnedosana opucunanbHas MamemMamuueckas Moo0enb OblCmpoOeiicmeyouez0 UHOYKUUOHHO-OUHAMUYECKO20
npueooa evIKIOUAmMENA ¢ OUCMAOUILHBIM PUKCAMOPOM C 08YMA KAMYUIKAMU HA Oa3e NOCMOAHHBIX MazHUmMos. Hnoykyuonno-
OUHAMUYECKUE MEXAHUIMbL, U3BECHIHbIE 6 UHOCMPanHOll Tumepamype kak Thomson-drive, npumenaiomea 6 Kauecmee npueooa
GvIKIOUameneii NOCMOAHHO20 MOKA 01az00apa 6bICOKOMY OblcmPOOeiiCmeuio, RPOCHOme U HAOEHCHOCMU KOHCMPYKUUU.
Llenvto cmamvu A61aemca aHANU3 RPUHYURUATILHOL 603MOHCHOCIU CO30AHUA KOMMYMAUYUOHHO20 Annapama ¢ UHOYKUYUOHHO-
OUHAMUYECKUM RPUBOOOM HA 0A3e MAMEMAMUYECKOU MOOeIU, YMO N0360JA€m NOGLICUMb HAOEHCHOCHb pAdOmblL 6cezo
MeXaHu3Ma U Cyu{eCmeeHHo ynpocmums Koucmpykyuto. Paccmampueaemca eo03moxncnocmsy cozoanus npeonazaemozo
KOMOUHUPOBANNO020 RPUBOOHOZ0 MEXAHU3MA U OnpedeneHue OCHOGHBIX HANPAGIEHUN OANbHEUWUX UCCe008ANUIL C Ueblo
nonyyeHus onvimuvIX 00pazyos. Koncmpyxkyusn ucciedyemozo undyKyuoHHO-OUHAMUYECKO20 NPUBOOA PaHee 8 Tumepamype He
paccmampueanace. Pewaeman 3adaua asensemcsa myabmughuzuueckoil, GKaI0YAIOWell pacuem: CMamuieckKo20 MazHUmHoz20
nONA; INEKMPUUECKOll Yenu ¢ yuemom UsMeHeHuA HANPANCEHUA HA KOHOeHCamope U Hageoennoll ¢ Kkamywkax npomueo-3/1C;
OUHAMUKU O8UMCEHUA AKOpell OducmadunbHozo Qukcamopa u npueodd ¢ y4emom U3MEHEHUA MAcCCbl; HeCMAuUOHAPHO20
INNEKMPOMAZHUMHO20 NONA 8 HEOOHOPOOHOIl HEIUHEIHOIL Cpede ¢ YUemoM NOCIMOAHHBIX MACHUMOG U OBUICEHUA NPOBOOAUUX
men 6 nekmpomazuumnom none. Hanpaenenus oanvuenmux uccied08anuil npeoCmMagnalomca 6 6uoe OnRMuMu3ayuu
2eomempuu, RApaAmMempos KamywieK npueooa u KOHOEHCAMOpPOos, 2eoMempuu OucmadunbHo20 MexaHuma, odvema u
ocCmamo4Hol UHOYKYUU NOCMOAHHBIX MAZHUMOE 014 0Oecneuenus mpedyemvlx 3HaueHuil 0blCmpooeicmeus, KOHMAKMHO20
Haxcamus u 2abapumoe annapama. bu6n. 11, tabn. 1, puc. 13.

Kniouesvle cnosa: AHIYKIIMOHHO-THHAMUYECKUI MPUBOA, OHCTAGUILHBII PUKCATOP, MOCTOSTHHbIE MATHUTHI.

Introduction. Recently, in the literature quite often  drive, used as a drive for various electrical devices [1-4].
induction-dynamic mechanisms (IDMs) are investigated The simplicity and reliability of the design, high speed
and developed, known in foreign literature as a Thomson-
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make such devices indispensable in electrical devices
installed in DC networks, in which emergency
overcurrents are not limited by reactance and can reach
tens of kiloamperes.

Despite the obvious advantages, such devices have a
number of significant disadvantages: significant shock
load on the structural elements; the need to fix the
position of the mechanism at the start and end points of
the movement trajectory with the possibility of returning
to the starting position. The solution to the first problem is
either to use damping devices at the final stage of
movement, or using optimal control of the movement by
connecting a braking coil. The second problem is solved
through the use of bistable mechanical latches, known for
a long time [3-5]. A mathematical model of the drive with
optimal control of the IDM armature speed and
mechanical bistable latch was considered in [4] and
investigated in [6], where the main disadvantages of such
a model are shown. In [7], a Thompson-drive was
considered, and an electromagnetic latch is used as a
position latch. But, according to the authors, the most
promising drive designs for high-speed circuit breakers
are drives that combine the speed of induction-dynamic
systems and the reliability of magnetic systems with
permanent magnets [8, 9]. For example, in [8] the
calculation of such a drive consists of two parts: static
calculation of the flux and electromagnetic force;
dynamics calculation based on the ordinary differential
equations of the motion and the electrical circuit. This
approach is not new [10] and has a number of significant
drawbacks associated with the determination of the
braking effect of eddy currents in the system, especially in
high-speed systems. In addition, the system is quite
complex: two IDM coils are located inside two magnetic
cores; the actuator also has two coils and consists of two
magnetic cores with permanent magnets.

The IDM design flaws identified during the review
significantly affect the reliability of the switching device.
One way to solve the problem is the possibility of creating
a drive mechanism with a bistable position latch based on
permanent magnets.

The goal of the paper is analysis of the
fundamental possibility of creating a switching device
with an induction-dynamic drive on the basis of a
mathematical model which allows to increase the
reliability of the entire mechanism operation and
significantly simplify the design.

Subject of investigations. This paper carries out a
comprehensive study of the Thompson-drive with optimal
control of the closing speed of electrical contacts, which
uses a magnetic device consisting of a magnetic system,
an armature with a non-magnetic rod and permanent
magnets as the bistable latch of the movable system of the
apparatus in the initial and final positions.

The mathematical model of the mechanism under
study is solved by deformation of the computational
mesh. The deformation of the mesh depends on the travel
and speed of the armatures, which, in turn, determine the
parameters of the system (electromagnetic forces, air
gaps, etc.). This problem is multiphysical, i.e. the task of
sequentially-parallel solution of several different in nature

problems: calculation of static magnetic field; calculation
of the electric circuit, taking into account the change in
voltage on the capacitor and taking into account the
counter-EMF induced in the coils; calculation of the
dynamics of movement of the armatures of a bistable
latch and drive taking into account the change in mass;
calculation of transient electromagnetic field in an
inhomogeneous nonlinear medium taking into account
permanent magnets and the motion of conductive bodies
in the electromagnetic field. The algorithm for solving the
defined problem lies in the fact that at the initial stage, the
stationary field of permanent magnets is calculated and
the results obtained are used as initial conditions for the
remaining parallel problems.

This paper can be classified as debatable, since it
explores the very possibility of creating a new type of
drive.

Basic calculation relationships and assumptions.
Figure 1 shows a diagram of an apparatus with a drive
system (in a cylindrical coordinate system) and overall
dimensions in mm are indicated. The coils of the
induction-dynamic drive 1, 2 perform the function of
switching on and off the device on and off, as well as the
function of optimally controlling the movement of the
drive armature and bistable latch (reducing the speed of
the contacts before closing).

7777774
=
= S — WA
\V |—v
| [
3
]
A 4 A
N
5 6 |7 |
& A 60 A S

Fig. 1. Diagram of a switching device with an
induction-dynamic drive and a bistable magnetic latch:
1, 2 — drive coils; 3— drive armature (conductive disk);

4 — non-magnetic rod; 5 — armature of the latch connected by a
non-magnetic rod to the drive armature; 5 — permanent magnets
located around the perimeter of the armature of the latch;

7 — fixed magnetic system; 8 — contact system of the switching
device

The armature of the induction-dynamic drive 3,
made in the shape of a disk, is connected to the armature
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of the bistable latch 5 by a non-magnetic rod 4. The
armatures 3 and 5 are fixed in the extreme positions
(lower and upper) due to the action of permanent magnets
6 fixed in the housing. Such a drive mechanism consumes
energy only during operation. To reduce the speed of
contact closure when switched on, a reverse polarity
(relative to coil 1) voltage is applied to the coil of winding
2, which slows down the speed of the system before
touching the rod with contacts 8.

In the calculation, the following assumptions were
made: a uniform distribution of the current density over
the area of the coil winding space (the coil is wound with
a wire whose cross-sectional area is much smaller than
the coil winding space); the absence of hysteresis in
ferromagnetic.

The main calculation relation is the equation of
transient electromagnetic field written in the term of the
magnetic vector potential [11] under the condition that
there is no field at the outer boundary of the calculation
domain

ak-%+-V>{l-(vXAk—Br)J:§k, (1)
dt H
where oy, is the electrical conductance of the material; 4,
is the magnetic vector potential; 4 is the absolute
magnetic permeability; B, is the residual magnetic flux
density of the permanent magnet; & = (i -N/S) -1, is the
current density of the external source; 1, is the azimuthal
unit vector — a unit vector directed perpendicular to the
plane in which the calculation area is located; i is the
current in the coil winding; N is the number of turns of the
winding; S is the area of the winding space of the coil.

The form of the system of equations (1) is
determined by the computational domain (air, coils,
conductive disk, magnetic circuit, permanent magnet). In
(1), the total time derivative is indicated in the case of
calculation of the field in the moving domain (drive
armature and bistable latch).

Electrical circuit equations

dj 1
Li-—+R -ii+E =| Epqgr——- | i -dt |-1y;
1 P 14 1 o1 C Jt-l m
di, .
L2 '—dt +(R2 +Rd '772)'12 +E2 = (2)

1
=|=Ecop———|ip-dt |-m,
o

where L, L, are the external circuit leakage inductances;
Ry, R, are the resistances of windings of drive coils; £ »
are the counter-EMF of windings:

N GA(p
Ey=—|—dV, 3
12 = Jat 3)

where V is the volume of the coil winding (1 or 2); Ec is
the initial voltage on the capacitance; i, i, are the currents
in the windings of the coils; Ry is the additional
resistance; 7y, 7, are the unit functions simulating the
aperiodic discharge of the capacitor and the beginning of

the discharge of the second capacitance to the winding of
the braking coil.

LU.>0 L z(¢) > z
m=

0U, <0 7 N0,z(0<z

The equations of motion are equations of the
dynamics of a body with a variable mass, because after
the contacts are closed, the mass reduced to the IDM
armature changes

000 (0) = [Fem — Fo s + Pl

&) _
e v

4)

., (5

where m(z(¢))is the changing mass of the system; v(¢)is
the speed of the movable system;
Fon—Fy ny+F (y(t)) is the total force; 7; is the function
that prohibits movement beyond permissible limits
(stops); 74 is the function that determines the beginning of
the collision of contacts and the beginning of the action of
the force of contact pressing; F' (z(t)) is the force acting
on the bistable latch’s armature reduced to the drive
armature.

The system of equations (1)-(5) is a mathematical
model of a high-speed induction-dynamic drive with a
bistable latch with permanent magnets.

Initial conditions and input data. As the input
data, the masses moving along with the drive armature
and the mass of contacts were specified. The moment of
impact is extended by 0.3 ms in time, and the derivative
of the mass along the coordinate was selected based on
the law of conservation of moment of momentum.

Based on the geometry of the coils (Fig. 1) and the
cross section of the winding wire, the resistances of the
windings and the number of turns were determined
taking into account the fill factor. Since each of the coils
can be either accelerating or braking, the initial voltage
and capacitance of the capacitors were chosen the same:
600 V, 400 pF.

Graphs of changes in mass and its derivative are
shown in Fig. 2.

mkg o mikes
09" 0r-
08 200
07 | ~400)

[ | -600!
0,6 | |

i | -800
(),5 - |

0123456zmm 012345 6zmm
a b
Fig. 2. Graphs of change in mass (@) and its derivative (b)

The software allows optimization calculations with a
change in the cross section of the winding wire. One of
the main parameters to be set is the full stroke of the
system’s armatures equal to 7 mm [6] and the stroke to
the contact touch of 5 mm. The force of contact pressing

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.1 5



was assumed to be constant and equal to 200 N, the initial
mass is 0.9 kg (see Fig. 2).

Results. Static calculations. These calculations are
necessary for the following reasons: 1) the results
obtained are the initial values for -calculating the
dynamics; 2) they make it possible to obtain a static
power characteristic of a bistable latch as a function of the
magnetic flux density of a permanent magnet. Figure 3
shows a picture of the magnetic field in the extreme
positions of the bistable latch’s armature.

Obviously, the redistribution of the magnetic field
(Fig. 3) leads to a change in the sign of the
electromagnetic force (Fig. 4). Changing the sign of the
electromagnetic force of the latch provides bistable
operation of the drive.

The static traction characteristic of the bistable latch
as a function of the armature stroke is given for the value
of the permanent magnet residual magnetic flux density
B. = 0.5 T. The values of the initial force depending on
the value of the residual magnetic flux density of the
permanent magnet are given in Table 1. Moreover, when
the value of the residual magnetic flux density changes,
the form of the characteristic does not change, but only
the force values change.

Fig. 3. Picture of the magnetic field of the bistable latch in the
extreme positions of the armature (in static)

F,N
300 }
0

-300

-500

0 2 4

Fig. 4. Static traction characteristic of the bistable latch as a
function of the armature stroke

6 z,mm

Table 1

Values of initial force as a function of B;
B, T 05106 |07]081]09]| 1.0
F(0),N | 429 | 571 | 689 | 776 | 844 | 899

The calculation of the dynamics. Switching on.
Calculations show that the fields of the drive coils are
closed through the magnetic circuit of the bistable latch
which significantly affects the processes in it. Figure 5
shows the dependencies of the stroke of the bistable
clatch’s armature as a function of time for various types
of magnetic circuit — solid and burnt ones. In the case of a
solid magnetic circuit of a bistable clatch due to the
demagnetizing effect of eddy currents that coincide in
direction with the currents of the braking coil, there is a
significant decrease in speed and the reverse movement of
the armatures of the drive and bistable latch and no
operation (curve 1). An increase in the resistance to eddy
currents, for example, due to the use of steel with high
specific resistance, lamination of the magnetic circuit or
making radial cuts in it, ensures a clear operation of the
switching device (curve 2).

/

L1
~—

/ T

0 2 4 6 8

t, ms

Fig. 5. Armature stroke for various types of magnetic circuit:
1 — solid; 2 — laminated

Figure 6 shows the field lines at the instant of
maximum current in the «braking» coil of the induction-
dynamic drive. As can be seen from Fig. 6, with the solid
magnetic circuit, the field of the permanent magnet
practically does not penetrate into the upper part of the
latch’s magnetic circuit (there is no redistribution of the
flux and a change in the sign of force), in contrast to the
laminated magnetic circuit, where the redistribution of the
flux of the permanent magnet is clearly visible. This is
confirmed by the calculated values of forces. At time of
~1 ms (the field picture is shown in Fig. 6), the force
acting on the bistable latch’s armature in the case of the
solid magnetic circuit is minus 130 N, for the laminated
one is is plus 10 N (the force changed its sign).

The diameter of the winding wire (for fixed coil
sizes) affects the nature of the movement and in the case
of the solid magnetic circuit, the reverse movement of the
bistable latch’s armature may not be present. However,
due to the action of eddy currents, the magnetic force of
the bistable latch with the solid magnetic circuit in the
final position of the armature is much less (about two
times) than that of the bistable latch with the laminated
magnetic circuit.
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Fig. 6. Picture of the field at the moment of maximum current in
the «braking» coil: a — the solid magnetic circuit;
b — the laminated magnetic circuit

The influence of the cross section of the winding
wire of the coils on the contact closure speed is shown in
Fig. 7. The speed graph consists of several sections:
acceleration; braking before touching the contacts (the
moment of touching is marked with a bold dot on the
graphs); an increase in speed at a dip due to a decrease in
the total moving mass (by the value of the mass of
contacts); stop. In the examples considered, the time
before touching the contacts differs by approximately
30 % (from 2.3 to 3 ms).
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Fig. 7. Dependence of the contact closure speed on
wire section: 1 — 0.66 mm® (N = 550);
2 — 1 mm?* (N = 240); 3 — 1.5 mm* (N = 106)

As a result of the calculations, it was found that the
stroke at which the discharge of the capacitor to the
braking coil begins with the path taken and the contact
failure affects the response time of the drive (Fig. 8).

Characteristic 1 corresponds to the beginning of the
discharge of the capacitor to the braking coil when the
armature stroke of the induction-dynamic drive is 0.5 mm
(earlier braking). Characteristic 2 is later braking of the
armature (2.5 mm stroke).

It can be seen from the graph (Fig. 8) that the
operations time differs by about 25 %, which indicates a

small effect of the braking coil on the movement of the
drive armature (effect is significant with small gaps
between the drive armature and the coil).

s, mm
8

s 2 =
y

4 Z

0 1 2 3 4 5 t,ms

Fig. 8. Changing the value of the armature stroke in the function
of the beginning of the signal supply to the braking coil (the
beginning of the capacitor discharge): 1 — when the armature
reaches the stroke value of 0.5 mm; 2 — when the armature
reaches the stroke value of 2.5 mm; other values are
intermediate

Further, all calculations of physical processes are
carried out for the following values: the beginning of the
braking process of the drive armature corresponds to the
stroke of 0.5 mm with the coil wire cross section of
1.5 mm? (N = 106).

Figure 9 is a graph of the acting forces. As follows
from Fig. 9, the force acting on the drive armature and the
magnetic force of the bistable latch change their sign
depending on the stroke. Characteristic 1 changes its sign
due to the discharge of the capacitor to the braking coil,
characteristic 2 — due to the redistribution of fluxes in the
magnet.

F,N

3000 |

2000

1000

-1000
2 4 6 8

Fig. 9. Graphs of acting forces: 1 — force acting on the
drive armature; 2 — magnetic force of the bistable
latch; 3 — contact pressure force

t, ms

Figure 10 shows the current values in the coils of
the high-speed drive. As calculations show, coil currents
have virtually no effect on each other. The aperiodic
shape of the discharge (as the most optimal for using the
energy of a capacitive storage and the safest for an
electrolytic capacitor) is provided by diodes connected
in parallel with the coils. Despite the identical
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parameters of the coils and capacitive storage, the
currents are different in maximum values and the decay
rate (Fig. 10), which is associated with the position of
the drive armature in the intercoil space (the equivalent
inductance of the electrical circuits of the first and
second coils is different).
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Fig. 10. Currents of the coils: 1 — switching on; 2 — braking
Figure 11 shows the dependencies of the stroke and
speed of the drive armature and the bistable latch
armature as a function of time during contact closure.

s, mm
v, m/s

2 4 6 8
Fig. 11. Drive dynamics during contact closure:
1 —stroke; 2 — speed

t, ms

The dynamics of the switching off. For high-speed
switching devices, an important parameter is the time
interval from the moment the signal is sent to the
switching off to the moment the beginning of the contacts
opening. Since the drive coils are identical, the changes in
the model will relate to equations describing the
mechanics of movement: — the force of contact pressure
on the value of the contact failure will be not opposing,
but driving; — the mass change graph will be mirrored
with respect to the graph in Fig. 2,a, and the derivative of
the mass with respect to the displacement (Fig. 2,b) will
be positive.

Figure 12 shows the drive’s switching off
dynamics. As follows from Fig. 12, the opening of the

contacts occurs in a time of the order of 1 ms, which
confirms its speed.

s, mm
v, m/s

0 2 4 6 8
Fig. 12. Switching off dynamics: 1 — stroke; 2 — speed

f, ms

Figure 13 shows the current in the armature of the
induction-dynamic drive during the «switching off»
operation.

Despite the current value of 45 kA, the temperature
of the armature of the induction-dynamic drive during the
movement increases slightly (by 0.8 °C) due to the short
duration of its thermal effect.

I, KA
10 =

0 2 4 6 8
Fig. 13. Drive armature current as a function of time

f, ms

Conclusions.

1. A mathematical model of a new high-speed
induction-dynamic drive with a bistable latch based on
permanent magnets based on the equations of the
electromagnetic field, the electric circuit and the
equations of motion has been developed and partially
investigated. The model allows to calculate the dynamic
parameters of the drive based on the source data.

2. The fundamental possibility of creating a high-speed
drive of this type is shown.

3. Directions for further research may be the following:
optimization of the geometry, parameters of the drive
coils and capacitors, the geometry of the bistable latch,
the volume and residual magnetic flux density of
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permanent magnets to ensure the required values of
speed, contact pressure and dimensions of the apparatus.
A further area of research may also be the study of
processes at the contacts of the circuit breaker depending
on the parameters of the drive and the calculation of the
mechanical forces arising in the drive during starting,
movement and braking.
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TURBOGENERATOR ROTOR HEATING IN PRESENCE OF ROTOR WINDING
DEFECTS AND EXCITATION CURRENT FORCING

Purpose. Research of the TGV-200 turbogenerator rotor heating in case of rotor winding damages, which occur as a result of
prolonged operation of the turbogenerator, namely - clogging of the ventilation channels of the rotor winding and the occurrence
of short circuits of the rotor windings. Particular attention is paid to heating during short-term increasing of the excitation
current, which is performed to keep the generator in synchronous mode of operation. Methods. Field mathematical models are
used. Results. It is determined that the clogging of the rotor winding ducts has a greater effect on the rotor heating compared to
the short circuits of the individual windings of the rotor winding. It was defined that increasing of the excitation current within
the limits regulated by the current standards of the turbogenerators operation becomes impossible with clogging of a small
number of ventilation channels of the rotor winding, which impairs the efficiency of the turbogenerator and requires its output to
repair. Scientific novelty. A mathematical model of rotor heating is developed in case of typical damages of the rotor winding.
Practical value. The areas in the rotor where the temperatures and temperature gradients reach the highest values was
determined, which allows to recommend the locations of the optimal temperature sensors placements. References 10, figures 11.
Key words: turbogenerator, rotor winding, temperature, temperature gradient, short circuit, clogging of cooling channels,
excitation forcing.

Mema. /locnioxcennn nazpigy pomopa mypoozenepamopa muny TI'B-200 3a nasenocmi ywkooxsceHb 00MomKu pomopa, aKi
GUHUKAIOMb 6HACTIOOK MPUEAnol ekcnayamauii mypoozenepamopa, a came — 3acmiuenHa (3aKynopKa) 6eHMUNAYIUHUX KAHATIE
00MOmMKU pomopa i GUHUKHEHHA KOPOMKUX 3AMUKAHb 6umKie oomomku pomopa. Ocodnusa yeaza npudinaemoca nazpiey npu
KOpOMKoOuacHomy hopcyeanni cmpymy 30y0iceHHA, AKe BUKOHYEMbCA 014 YMPUMAHHA 2€HEPAmopa 6 CUHXPOHHOMY pexcumi
pobomu. Memoouxa. Bukopucmogyromuvca nonvoei mamemamuyni mooeni. Pezynomamu. Busznaueno, w0 3acmiuenns
GEHMUNAYTHHUX KAHATIE 0OMOMKU POMOPa 6 Oinbwiii MIpi 6nIUEAE HA HAZPI6 POMOPA Y NOPIGHANHHI 3 KOPOMKUM 3AMUKAHHAM
OKpemux eumkie o00momku pomopa. Bcmanoeneno, wio gpopcysanna cmpymy 30y0dicenna 6 medxcax, AKL peziameHmosamni
Jilouumu cmamoapmamu exchayamayii mypoozenepamopie, cmac HEMOMNCAUGUM RPU 3ACMiUeHHI HeseqUKol KinbKocmi
BCHMUNAYTHHUX KAHAII6 0OMOMKU POMOPA, W0 NOZIPUWLYE eheKmugHicmes podomu mypoozenepamopa i nOmpedye 1ozo 6ueooy 6
pemonm. Hayxoea noeusna. Po3pooneno mamemamuuny mooenv Hazpigy pomopa npu HAAGHOCHI MUNOBUX YUIKOOIHCEHD
oomomku pomopa. Ilpakmuune 3nauennsa. Buznaueno oinanxku ¢ pomopi, de memnepamypu i memnepamyphi zpadicnmu
docazaroms  HAUOINLWMUX 3HAYUEHb, WO 003601A€ PEKOMEHOY8AMU MICUA ORMUMAILHO20 POZMAULYBAHHA OAMUUKIE
memnepamypu. bion. 10, puc. 11.

Kniouosi crosa: Typooreneparop, o00MOTKa poTopa, TeMIepaTypa, rPagicHT TeMnepaTypHu, KOPOTKe 3aMUKAHHS, 3acCMiYeHHSs
0XO0JIOIKYIOUMX KAHATIB, () OpCYBaHHS 30y IKEeHHS.

Henwv. Hccneoosanue nazpesa pomopa mypoozenepamopa muna TI'B-200 npu nanuuuu noepeixicoeHuit 06Momku pomopa,
Komopble 603HUKAIOM 6 pe3yibmame ONUMENbHOU IKCRAYAmayuu mypooceHepamopa, a umMeHHo — 3acopenue (3aKynopka)
GEHMUNAYUOHHBIX KAHATI08 00MOMKU POMOPA U 803HUKHOBEHUA KOPOMKUX 3AMbIKAHUI 6UMKO8 00MomKu pomopa. Ocnognoe
GHUMAHUE Y0eNAemca Hazpegy Npu KPAMKOEPEMEHHOM (POpCUPOBAHUU MOKA 6030)yxHcOeHUs, KOMOpPOe GbINOAHAEMCA O
yoepicanusa zeHepamopa 6 CUHXPOHHOM pedicume padomul. Memoouka. Hcnons3yiomcea nonegvle mamemamuyieckue mooenu.
Pesynomameol. Ycmanosneno, umo 3acopenue 6eHMUIAYHOHHBIX KAHAI08 00MOMKU POMOpPA 6 00ibwiell Cnenenu 61usiem Ha
Hazpee¢ pomopa no CPAGHEHUI0 ¢ KOPOMKUM 3AMBIKAHUEM OMOENbHbIX GUMKOE 00MOMKU pomopa. Ycmanosieno, 4mo
dopcuposanue moka 6030yxcoenun 8 npedenax, KOmopwvle pe2nameHmuposansl OelicCMeyIWUMU CMAHOAPMAaMU IKCHIIYAmayuu
mypoozenepamopos, CmMaHOGUMCA HEBOZMONCHLIM NPU 3ACOPEHUU HEOONbUIO20 KONUHECNEA BEHMUNAUUOHHBIX KAHATO08
00momku pomopa, umo yxyouwiaem Ipghpekmusnocms padomol mypoozenepamopa u mpeoyem e2o év1600a ¢ pemonum. Hayunan
Hogu3na. Paspabomana mamemamuueckas mooens Hazpeéa pomopa nPu HANUYUYU MUNOBBIX NOBPEIHCOCHUTI 0OMOMKU pomopa.
Ilpakmuueckoe 3nauenue. Onpedenensvt yuacmiku 6 pomope, 20e MeMnepamypbl U memnepamypHoie 2paduenmol 00CmMuzaiom
HAUOONLIMUX 3HAUEHUI, YMO NO380IAEH PEKOMEHO06ANb MECMA ORMUMANLHO20 PACHON0NCEHUA OAMYUKOE MeMNEPAmypbl.
bu6a. 10, puc. 11.

Kniouegvie cnosa: TypOOreHepaTop, o0OMOTKAa pOTOpa, TeMIepaTypa, IPagHeHT TeMIepaTypbl, KOPOTKOe 3aMbIKaHHE,
3acopeHHe OXJIAKIAIINX KAHAJIOB, popcHpoBaHUe BO30YKICHMSI.

Introduction. The reliability of the turbogenerator
(TG) largely determines the reliability of the power plant
as a whole. Unforeseen damage of TG leads to significant
economic losses, and therefore ensuring the reliable
operation of power units of the power plant and, in
particular, TG remains an urgent scientific and technical
task. Its relevance is especially increasing recently due to
the aging of the existing TG park.

The reliability of the TG depends largely on the
heating of the structural parts of its design, and in
particular the design of the rotor. During the operation of
a proper TG, significant overheating of the rotor can

occur for various reasons: prolonged operation of the TG
in asynchronous or asymmetric modes, long-term forcing
of the excitation current, etc. Such overheating is
predictable and is taken into account in the calculations
when designing TG. However, in the process of long-term
operation of the TG, the gradual degradation of the
structure causes damage that causes unacceptable
overheating. Thus, significant unacceptable overheating
of the rotor winding (RW) occurs in case of disturbances
in the cooling system, damage of the electrical insulation
of the winding and turn’s short circuits, etc. Short circuits
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of the winding turns of the TG may occur as a result of
overheating or gradual mechanical grinding of the
insulation of the turns when the temperature extensions
vary over time. Significant overheating of the RW occurs
as a result of overlapping of the ventilation ducts of the
RW turns due to their clogging (dirt appearance) or due to
the displacement of insulating gaskets between the turns
at the TG starts and stops. Particularly critical is
overheating when the excitation current is forced to flow
in the damaged RW.

In order to avoid significant economic losses due to
the damage to the RW to replace the planned and
preventive repairs, repairs are made according to the
results of the assessment of the actual technical condition,
based on the utilization of systems of control and
monitoring of the technical condition of the TG rotor
elements, including the temperature sensors. Modern
methods of non-destructive testing of the thermal state of
the TG rotor involve the use of control equipment for
heating of electrical equipment with the use of various
measurement methods based on the fixation of readings
of: thermometer, ohmmeter, thermocouple and the level
of infrared radiation. Real-time monitoring and analysis
of heating of the TG rotor elements is performed with the
help of temperature sensors embedded in different TG
points during its production.

To improve the efficiency of intellectual control of
the thermal condition of the rotor, the results of
mathematical modelling of its heating in different modes
of operation of TG and different variants of damage to the
RW are required. The study of the temperature field in
TG was carried out in [1-10]. In particular, [1]
investigated the effect of clogging of the cooling channels
of the RW on the temperature field and local overheating
of the TG rotor, which depend on the number of clogged
channels of the RW. These studies were conducted at the
nominal value of the excitation current. But, as already
noted, unacceptable heating of the RW occurs during the
forcing of the excitation current, which in order to keep
the TG in synchronism at the occurrence of short circuits
in the network is temporarily performed by the excitation
system. The combination of the effects of these two
factors — the presence of RW clogged cooling channels
and forcing the excitation current leads to unacceptable
overheating of the RW even with a small number of
clogged channels. The possible presence of short-
circuited (SC) turns of the RW also influences on this.
Studies in this formulation of the problem have not been
conducted so far, but the relevance of such consideration
is increasing in view of the reduction of the residual life
of the powerful TGs currently being used at Ukrainian
power plants.

The goal of the work is the investigation of the
temperature state of the TG rotor in the appearance of
typical damage of the RW: the presence of clogged
cooling channels of the RW turns and a short circuit of
the part of the RW turns, both in the rated mode of
operation of the TG, and at forcing its excitation current.

Object of study. For the study of the temperature
field the turbogenerator TGV-200 of power of 200 MW
with hydrogen cooling was selected, having the following
parameters: the outer diameter of the rotor barrel

Dp = 1.075 m, the length of the rotor barrel Lz = 5.1 m,
the number of slots/ tooth division of the rotor
Z,/Z; = 36/52, the rotor rotation speed » = 3000 rpm, the
excitation voltage U= 440 V, the nominal value of power
factor cosp, = 0.85 (over-excitation), the heat resistance
class of rotor winding insulation — F (155 °C).

The thermal conductivity of the materials of the TG
rotor were taken as follows: a) the equivalent thermal
conductivity of the slot insulation of the rotor winding
(taking into account the presence of small gaps between
the insulation and the slot walls) 4, = 0.25 W/(m-°C);
b) the thermal conductivity of the duralumin wedges of
the rotor Ay = 155 W/(m-°C); ¢) the thermal conductivity
of copper conductors of the RW A, =400 W/(m-°C) [4].

The coefficients of heat transfer from different
design surfaces of the rotor to the cooling medium « have
different numerical values for different surfaces, namely
for the outer surface of the rotor barrel, the surfaces of the
ventilation channels in the copper conductors of the RW.
The following numerical values of the coefficients of heat
transfer between these surfaces and hydrogen were
adopted [1, 4]: a) the coefficient of heat transfer between
the outer surface of the rotor barrel and cooling hydrogen
a = 1100 W/(m*°C); b) the coefficient of heat transfer
between copper conductors of turns and hydrogen in
ventilation ducts of the RW ¢, = 450 W/(m*-°C).

The mathematical model of the TG rotor
temperature field in steady-state modes is based on the
stationary differential equation of thermal conductivity,
which in Cartesian coordinates in 2D formulation has the
following form [4]:

azﬁ(x,y) 029(x,y)
,{ 2t o =0(x,y), ()

where Hx, y) is the unknown temperature distribution
function; A is the thermal conductivity; O(x, y) are the
volumetric specific heat field sources, W/m® which are
the power losses in the elements of the TG rotor when
operating in the nominal synchronous mode and during
the excitation. In particular, the following sources of heat
dissipation were taken into account: a) Joule power losses

in copper of the RW QOpy :iI%W rrw » Where ipy and

rpw are the current and active resistance of the RW,
respectively; b) the ventilation losses on the rotor surface
during its rotation, which were determined by known
formulas in the TG design manuals.

On the outer surface of the rotor and on the inner
surfaces of the ventilation channels of the rotor winding
boundary conditions of the third kind were set:

229 —a(0-6y), )
on

where « is the above coefficient of heat transfer; 6, is the
temperature of the cooling refrigerant (hydrogen). The
average hydrogen temperature was assumed to be
6y = 45 °C with regard to its heating during the passage

of long ventilation ducts of the RW turns.
The found stationary temperature distribution is used
as the initial temperature distribution in solving the
problem of transient thermal conductivity in the modes of
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forcing the excitation current, which is described by the
following equation [4]:

2 2
) 0 e(x’zyat)+a e(x’zyat) —cpae(x’y’t):—Q(x,y,t),(3)
Ox Oy ot

where O(x, v, t) are the volumetric specific power losses
for the problem of transient thermal conductivity, W/m’® ;
c is the heat capacity, p is the specific density of the
material, ¢ is the time. Equation (3) is solved together with
conditions (2).

Modelling of damage of the RW has been carried
out as follows. With a short circuit of the turns of the RW,
the specific losses in SC turns are zero due to the lack of
excitation current in them. The presence of clogged
ventilation ducts in the RW turns was modelled by the
absence of heat transfer from the inner surface of the
ventilation ducts: the heat transfer coefficient between the
turns’ conductors in the rotor slot and the clogged
ventilation duct was assumed «, = 0.

Results of investigations. For the purpose of
comparative analysis, the results of simulation and study
of the temperature field in the rotor with different
technical condition and operating mode of the TG are
presented below.

1. Heating of the intact rotor in the nominal TG
operation mode. The simulation results are obtained in
Comsol Multiphysics 5.4 and reflect the TG rotor
temperature field in nominal mode. The picture of the
field is shown in Fig. 1.

According to the results of the analysis we can draw
the following conclusions:

1. The maximum RW copper temperature is observed
in the slots of the rotor, which are located around
the g axis of the rotor. In particular, the maximum
conductor temperature is 87.2 °C and is observed in the
3rd OR turn from the bottom of the slot which is located
near the g axis.

2. The highest heating in the TG rotor steel is observed
in the middle teeth on the ¢ axis and in the rotor yoke.
Figure 2 shows the temperature distribution in the rotor
steel along the diameter along the ¢ and d axes.

3. The least heated are duralumin wedges and large
rotor teeth (45.3 °C), which is conditioned by their
cooling conditions.

Fig. 1. Temperature distribution in the rotor of the intact TG
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Fig. 2. Temperature distribution in the rotor steel of the intact
TG along the radius along the d and ¢ axes

The study of the temperature gradient distribution in
the TG rotor makes it possible to determine the arecas
where the highest thermomechanical stresses occur. It is
established that:

1. Temperature gradients on the steel sections near the
bottom of the slots adjacent to the large teeth are greater
(300 °C/m) compared to the temperature gradients on the
rotor steel sections located near the bottom of the slots
around the ¢ axis (126 °C/m).

2. Relatively large values of temperature gradients in
steel are observed at the top of the teeth near the rotor
wedges (565 °C/m).

3. The temperature gradients in the electrical insulation
of the slots reach much higher values, in particular: in the
fiberglass insulation under the wedges (11627 °C/m),; in
the fiberglass insulation in the base of slots (9913 °C/m);
in the fiberglass insulation adjacent to the walls of the
large tooth (17006 °C/m); in the fiberglass insulation
adjacent to the walls of the remaining slots (18542 °C/m).

This is due to the fact that the RW turns are the most
heated elements, and the duralumin wedges and the rotor
steel are the most cooled. Therefore, when choosing a
material for insulating pads under the wedge and at the
base of the slot, it is advisable to give preference to
materials having a lower coefficient of thermal expansion
to prevent significant thermomechanical stresses.

A separate question arises when choosing the
thermophysical parameters of the RW insulation of the
TG. The temperature fields in the rotor were investigated
when replacing the existing regular insulation of the RW,
which has the thermal conductivity A;; = 0.25 W/(m-°C),
with a more thermally conductive insulation of the
Micadur type with the thermal conductivity
Ais = 0.58 W/(m-°C), which was proposed in [2].

According to the results of numerical calculations, it
was found that the temperature gradient in the fiberglass
insulation adjacent to the walls of the small tooth near the
q axis decreased by 16.8 %, and in the sub-wedge laying
of the slot located near the large TG tooth decreased by
36.2 %. But overall, the maximum temperature in the
intact rotor decreased by only 1.5 °C (1.7 %) to 85.7 °C.
This result is explained by the fact that 85 ... 90 % of the
heat dissipation in the RW is transferred through the
ventilation ducts in the turns and only 10 ... 15 % of the
heat dissipation passes through the insulation and is
transferred from the rotor surface.

12 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.1



2. Heating of the rotor with a short circuit of the
RW turns. At a short circuit of a part of the turns of the
RW, the excitation current bypasses the SC turns.
Therefore, the electrical resistance of the RW decreases
and the excitation current increases, which increases the
heating of the other turns of the RW. Figure 3 shows the
dependence of the RW temperature on the number of SC
turns that are in the same coil in one slot of the rotor.

Temperature, °C

0 2 4 6 8 10
Number of the SC turns in the RW
Fig. 3. Maximum temperature depending on the number of the
SC turns in the slot of the RW: @) over the entire area of the
rotor; b) in the damaged slot of the rotor on the g axis of the
rotor

For example, with the short circuit of all 10 turns of
the RW coil located in one slot, the maximum
temperature of the other turns of the RW increases by
only 6 % (Fig. 3,a). The temperature in the slot with SC
turns is slightly reduced because the damaged turns are
not loaded with current (Fig. 3,b). From Fig. 3 it can be
concluded that, even with a short circuit of even 10 turns
of the RW (5.56 % of the total number of turns of the
RW), the rotor heating increases slightly.

The rotor heating leads to an increase in the
temperature gradient in the RW insulation of the TG
(Fig. 4).
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Fig. 4. Maximum value of the temperature gradient, depending
on the number of the SC turns of the RW: a) in the sub-wedge
laying of the slot; ) in the fiberglass insulation adjacent to the
walls of the small tooth; c¢) throughout the rotor area

3. Rotor heating during clogging of the cooling
channels of the RW turns. Figure 5 shows the maximum
temperature in the RW in the presence of clogged cooling
channels of the RW turns located in one slot.
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Fig. 5. Maximum temperature in the slot of the rotor
depending on the number of clogged RW channels

Figure shows that when clogging in the slot of 4 of
the 10 existing ventilation channels, the maximum
temperature in this slot increases by 56 % and approaches
the critical permissible insulation temperature of class F,
and with more clogged channels it exceeds the
permissible temperature. Figure 6 shows the increase of
the temperature gradient in the insulation of the RW
during clogging of the cooling channels. From Fig. 6 it
can be seen that when the 4 channels are clogged, the
temperature gradient in the insulation of the RW increases
2.2 times. Thus, unlike short circuits of turns, the
clogging of their ventilation channels causes significantly
dangerous overheating of the RW.
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Number of clogged RW channels
Fig. 6. Maximum value of the temperature gradient in the

fiberglass insulation as a function of number of the clogged
channels of the RW

4. Heating of the rotor when forcing the
excitation current. In accordance with the requirements
of item 4.17 of the Standard GOST 21558-2000, the
direct-cooled TG excitation system must withstand a
double rated excitation current for at least 20 s. The
calculated heating of the rotor during the following
process of forcing the excitation current was considered:
for a time of 1 s, the excitation current according to a
linear law increases from the nominal value to the forced
value, which is determined by the coefficient of forcing

b -
l
S

where iy i are, respectively, the forced and nominal
value of the excitation current (in the calculations the
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coefficient varies within 1.25 ... 2). For a further 19
seconds, the forced current value remains unchanged. The
temperatures acquired by the rotor at the end of the
specified forcing process are presented below.

Dependencies of maximum values of the
temperature and temperature gradient in the rotor on the
value of the forcing factor k; are shown, respectively, in
Fig. 7, 8. For comparison, Fig. 7 also shows a line of the
allowed temperature value.
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Temperature, °C

1 125 1.5 1,75 2
The coefficient of forcing excitation current
Fig. 7. Maximum temperature in the slot of the rotor of the

intact TG, depending on the coefficient of forcing excitation
current

From Fig. 7 it can be seen that already at k= 1.75
the maximum temperature in the rotor reaches the
maximum permissible value. There are also significant
temperature gradients in the insulation of the RW (Fig. 8),
which are 3.1 times higher than their values in the
nominal mode, which makes it possible to damage the
insulation of the RW not only due to overheating, but also
due to significant thermomechanical deformations.
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The coefficient of forcing excitation current

Fig. 8. Maximum values of the temperature gradient
depending on the coefficient ky:
a) in the fiberglass slot insulation;
b) under the wedge insulation

5. Heating of the rotor during clogging of the
ventilation channels of the RW, forcing of the
excitation current and short circuits of the RW turns.
It is unacceptable to heat in the case of forcing the
excitation current if the RW contains the damage
discussed above. Figure 9 depicts the temperature
dependence of the forcing coefficient of the excitation
current of at the different number of the SC turns of the

RW and in the absence of clogged ventilation channels.
Figure 10 shows the dependence of the rotor temperature
on the coefficient of forcing the excitation current at the
different number of clogged ventilation channels (varies
from 0 to 3) and in the absence of the SC turns of the RW.
In Fig. 9, 10, the lower graph corresponds to the intact
rotor, and as the number of damaged turns increases, the
graphs pass higher. From Fig. 9 it is shown to what
extent, depending on the number of the SC turns the
admissible value of the coefficient ks decreases.
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Fig. 9. Maximum temperature in the TG rotor, depending on the
coefficient of forcing of the excitation current and the different
number of the SC turns of the RW (in the absence of clogged
channels)

From Fig. 10 it can be seen that when the 3 channels
are clogged when the excitation current is forced twice,
the maximum temperature rises to 337 °C, which is
unacceptable. Thus, damage of the cooling system of the
RW during the clogging of the ventilation channels
significantly affects the possibility of forcing the
excitation current, provided that the permissible heating
of the RW is maintained. Regulated forcing becomes
impossible, since even at the Ist clogged channel, the
allowed k; value is only 1.35, which does not meet the
requirements of the existing TG operating standards.
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Fig. 10. Maximum temperature in the TG rotor, depending on
the k; coefficient with different number of clogged channels and
the absence of the SC turns of the RW

Figure 11 depicts similar dependencies for one of
the probable variants of combined damage: at one clogged
channel and at two SC turns of the RW in forcing
excitation. From Fig. 11 it can be seen that such combined
damage is also dangerous for the TG.
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Conclusions.

1. In the long-term operation of powerful TG, in the
RW damages occur — clogging (blocking) of the
ventilation channels and short circuits of the RW turns, as
a result of which the heating of the RW is substantially
increased both in the steady rated mode of operation, and,
especially, when the excitation current is forced in
dynamic modes.

2. Ventilation ducts clogging is particularly dangerous.
Even with one clogged channel, the continuous forcing of
the excitation current can occur with coefficient of not
more than 1.4 (or it is necessary to significantly reduce
the forcing time), and for 3 or more clogged channels the
forcing becomes practically impossible and the TG needs
to be removed for repair. Therefore, it is important to
develop reliable methods and tools for diagnosing and
timely elimination of clogging of the ventilation
channelsof the RW turns of the TG.

3. Areas with the highest values of the temperature and
temperature gradient are determined, which allows to
reasonably place temperature sensors.
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COMPARISON OF ENERGY CONSUMPTION OF VARIOUS ELECTRICAL MOTORS
OPERATING IN A PUMPING UNIT

Purpose. Comparative analysis of energy consumption of various types electric motors in fixed speed centrifugal industrial pump
applications is carried out. The purpose of the analysis is to choose the most efficient motor in the considered application. It is
assumed that hydraulic flow of the pump is adjusted by throttling. The rated power of the pump unit is 2.2 kW. Direct on line
motors of various energy efficiency classes from various manufacturers are considered: induction motors with permanent
magnets on the rotor of IE4 class and squirrel cage induction motors of IE3 and IE4 classes. Methodology. Assessment of energy
consumption of the motors is carried out based on the catalogue data from manufacturers of the pump and the motors. Pump
hydraulic equations, interpolation of motor catalogue data and statistical data are also used. Results. The following values have
been obtained: annual and daily energy consumption of the motors and electricity cost savings comparing with the least effective
motor considered. Practical value. The following practical consideration are presented based on the theoretical results: choosing
the motor based only on its IE efficiency class according to IEC 60034-30-1 is not enough to ensure the minimum energy
consumption of pump units with variable flow during the load cycle. In addition, the energy consumption may be higher in the
case of permanent magnet motors of IE4 class in comparison with induction motors of IE4 or even IE3 class. Therefore, it is
necessary to take into account efficiency of the motors at underload and it is needed to calculate the energy consumption during
the actual load cycle. It should be noted, that the existing approach based on the Energy Efficiency Index (EEI) calculation does
not provide information about absolute values of energy savings and cost savings, in contrast to the described approach. While
choosing motors to run in the considered application it is also important to take into account that the motors with permanent
magnets on the rotor have significantly higher price and very restricted starting capabilities comparing with induction motors. In
addition, the production of rare earth magnets causes a significant environmental damage. References 40, tables 5, figures 6.

Key words: centrifugal pump, induction motor, line-start permanent magnet synchronous motor (LSPMSM)), efficiency class,
energy efficiency, throttle control.

Mema. Ilopienanvnuii amaniz eHepeOCNONCUBCAHHA e1eKMPOOGUSYHI6 pI3HUX munie i Kiacie enepzoegexmugnHocmi 6
e1eKmponpueoodi 8ioyeHmposozo Hacoca nomydcuicmio 2,2 kBm cucmemu eo0onocmauanns 3 OpocebHUM peyni08aHHIAM.
Ilopisnroganuca CuHXpOHHI eNeKMPOOGUZYHU 3 NPAMUM NYCKOM | ROCMIUHUMU MAZHIMaAmMu Ha pomopi Kiacy
enepzoeghexkmuenocmi IE4 i acunxponuni enexmpooseuzynu knacie enepzoepekmuenocmi IE4 i IE3 piznux eupoodnuxie.
Memoouka. Po3paxyHoK eHepzoCno)dCU8AHHA NPOBOOUECA HA OCHO6I OAHUX HAcOoca i elNeKmpPOOSUZYHIE, W0 HAOAIOMbCA
eupodHUKaAMU, | 6KIIOUAE 6 cebe PO3PAXYHOK eHEP2OCHONCUBAHHA GIOUEHMPOBUM HACOCOM 6 MUNOGOMY POOOYUOMY WUKI, AKUIL
nepeobauac pooomy 3i 3HUNCEHUMU HABAHMANCEHHAMU RPOMAZOM MPUEAN020 yacy. Pesynomam. Ompumano po3paxynxosi oani
no 000080My i piuHOMY €HEPZOCNONCUBAHHIO PO3ZNAHYMUX €1eKMPOOBUZYHIE 6 MUNOBOMY POOOUOMY UUKII Hacoca, piuHa
eapmicmpy eneKmpoenepzii uxo0auu 3 cepeonboOE6POneIiCbK020 mapuqy, eKOHoOMis 8 2pOUL08OMY GUPAINCCHHI U000 HATIZIPULOZ0
enekmpooguzyna 3 posenanymux. Ilpakmuune 3nauennsn. Iloxkazano, wo eudip enexkmpoosucyna 3a KIIJl npu naimenuwiomy
Hasanmajycenni, moomo paxkmuuno Ha O0CHOBI RPUCBOEHO20 6i0n0GIOHO 00 cmandapmy IEC 60034-30-1 knacy
enepzoegpekmuenocmi IE, ne npuzeooumsv 00 MIHIMANBbHOZ0 €HEPZOCHONCUBAHHA GIOUEHMPOBO2O0 HACOCHO20 azpezamy 3i
3MIHHOI0 NOOAYel) NPOMAZOM MUN0E020 POOOU020 yukny. Taxkodxc nokazano, ui0 3acmocy8aHHA € HACOCHUX azpezamax 3i
3MIHHOIO 6UMPAMOI) CUHXPOHHUX e/1IeKMPOOBUZYHIE 3 NPAMUM RYCKOM | nocmitinumu mazuimamu knacy 1E4 ¢ paoi eunaokie
npu3eo0ums 00 6iNbULIOZ0 eHEPZOCRONHCUBAHHA, HINC 3ACMOCYBAHHA ACUHXPOHHUX eleKmpoosuzynie knacy IE4, a inoodi i knacy
IE3. Taxum uyunom, npu euoopi knacy enepzoegexkmusnocmi eieKmpoosuzyna AK 07 HACOCHO20 azpezamy, max i 01s 0y0b-
AKO20 IHWI020 MeXani3my, Wi0 RPAyloc 3HAUHUIL YAC NPU 3HUNCEHUX HAGANMANCEHHAX, Ci0 NPOBOOUmMU DPO3PAXYHOK
EHEP2OCNONHCUBCAHHA HA RIOCMAB] OAHUX NPO MUNOBUIL POOOUUL YUK ado 3 eKcnepumenmanvHux oanux. Ilpu yvomy icuyrouuii
nioxio, 3acnoeanuii Ha eu3HayeHHi iHOeKkcy enepzemuunoi epexkmusnocmi EEI, ne oac ingpopmauii npo exonomiio
eneKkmpoenepzii 6 HamypansHoMy i 6apmicHOMYy 6upasax, Ha GiOminy 6i0 onucanozo ¢ pooomi nioxody. Ilpu eubopi
eneKmpoosuzyHa 3a NPUHUUNOM Oil c1i0 6paxogyeamu, KpiM eHepZOCHOMCUGAHHA, me, W0 CUHXPOHHI e1eKmpoOsuzyHu 3
nOCMiliHUMU MAZHIMAMU MAIOMb 8€JIUKY 6APMICHIb, HIMC ACUHXPOHHI e/1eKMPOOBUZYHU, € MPYOHOWI IX 3anyCKy NPU 3HAUHOMY
Momenmi iHepuil, a OMpPUMAaHHA MazHimie 3 PIOKO3eMeNbHUX Memanié nos'azane 3i 3HAUHUM €KOJIOZIMHUM 30UMKOM.
Bi6m. 40, Tabmn. 5, puc. 6.

Kniouoei cnoea: BiALEeHTPOBI HACOCH, ACHHXPOHHI €JICKTPOJABUIYHH, CHHXPOHHI €JICKTPOABHIYHH 3 INPSIMHM HYCKOM i
NOCTIfHUMM MArHiTaAMH, KJIAC eHeproeeKTUBHOCTI, KoedilicHT KOPUCHOI Aii, Apoce/IbHE Pery/1l0BaHH.

Henv. Cpagnumenvuolii ananus IHep2onompedIenus 1eKmpooguzameneii pazHvlX Munog u Kiaccos snep203gpexmusnocmu 6
INIEKMPONRPUBOOE YEeHMPOOEIHCHO20 HACOCA MOUWHOCHBIO 2,2 KBm cucmembl 6000CHaAdICEHUA ¢ OPOCCEIbHBIM PECYIUPOBAHUEM.
Cpasnuganuco CUHXPOHHbBlE INEKMPOOBU2AMENU C NPAMBIM NYCKOM U NOCMOAHHbIMU MAZHUMAMU HA pOmope Kiacca
InepzoIppexmusenocmu IE4 u acunxponnsie rnekmpooguzamenu knaccoe HepzoIpgpexmusnocmu IE4 u IE3 paznuunvix
npouszeooumeneii. Memoouka. Pacuem nepzonompebnenus npoeoouncsa Ha OCHOGE OAHHBIX HAcOca U IleKmpoosuzameneil,
npeodoCcmagnAeMbiX NPOU3BOOUMENAMU, U GKIIOUATL 8 CEOA PACUEem IHEPZONOMPEONIEHUA UEHMPODEHCHBIM HACOCOM 6 MUNOGOM
pabouem uuxne, npednonazarouiem padomy ¢ NOHUINICCHHBIMU HAZPY3KAMU € MedeHue npoooJIHCUMETIbHO20 6PEMEHU.
Pesynomam. Ilonyuenvt pacuemnvie OaHHble NO CYMOYHOMY U  200060My IHEP2ONOMPEONIEHUIO  PACCMOMPEHHBIX
IneKmpoosuzamesieil 6 MUNOGOM padouem YUKIe HACOCA, 200064 CHOUMOCb ITEKMPOIHEPZUU UCX00A U3 CPEOHEe6PONeIiCKOZ0
mapuga, IKOHOMUA € OCHENHCHOM GLIPANCEHUU OMHOCUMETLHO HAUXYOULE20 I/IeKMPOOGU2AMENs U3 PACCMOMPEHHDIX.
Ilpakmuueckoe 3nauenue. Ilokazano, umo evi60op Inekmpoosuzamena no KII/I npu nomunanvnoil nazpyske, mo ecmbo
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axmuuecku Ha ocnoge npuceoennoz2o ¢ coomeemcmeuu co cmanoapmom IEC 60034-30-1 knacca snep2oappexmusnocmu IE,
He npueooum K MUHUMAILHOMY IHEP2ONOMPEDTIEHUIO UEHMPODEICHO20 HACOCHOZ0 AZpe2ama ¢ nepemMeHHOll nooa4eil 6 meueHue
munoeozo padouezo yukna. Taxkyce nokazano, ¥mo npuMeHeHue 8 HACOCHBIX AZPE2AmMax ¢ NEPEMeHHbIM PACX000M CUHXPOHHBIX
IneKkmpoosuzameneil ¢ NPAMbIM NYCKOM U ROCMOAHHbIMU MazHumamu knacca IE4 ¢ pade ciyuaes npueodum Kk 6onvuiemy
IHepzonompedIeHur, uem npumMeHeHue ACUHXPOHHBIX IneKkmpoosuzameneii knacca IE4, a unozoa u knacca IE3. Takum
obpazom, npu evibope Knacca IHep2oIPgexmugnocmu INeKmpooguzamenn KaxK Oaa HACOCHO20 azpezamd, maxK u 0ns n1i060zo
0py2020 Mexanusma, padomaruiezo 3HAUUMENbHOE 6PEeMA NPU NOHUMNCCHHBIX HAZPY3Kax, ciedyem npoeooumsv pacuem
9HepzonompedieHuUs HA OCHOBAHUU OAHHLIX O MUNOBOM pabouem UUKIe Nub0 IKcnepumenmanvhulx oannvix. Ilpu smom
cyuiecmeyromuii.  n00X00, OCHOGAHHBII Ha onpedeienuu unoekca Inepzemuueckoi Ipgpexkmusenocmu EEI, ne oaem
ungopmayuu 00 IKOHOMUU IIEKMPOIHEPLUU 6 HAMYPATILHOM U CHIOUMOCIHOM 6bIPANCCHUAX, 6 OMIUYUE OM ONUCAHHO20 6
pabome nooxooa. Ilpu evibope Inekmpooguzamena no RNPUHYuUny Oelcmeus caedyem  yuuUmvléamov HOMUMO
IHEP2ONOmMpPedIeHUA, MO, YMO CUHXPOHHBIE IJIEKMPOOGUSAMENU C NOCHOAHHBIMU MAZHUMAMU UMEIOM OOTbULYI0 CHIOUMOCHLY,
Yem ACUHXPOHHbIE INIEKMPOOGUZAMENU, UMEIOMCA MPYOHOCHMU UX 3ANYCKA NPU 3HAYUMEILHOM MOMEHme UHepyuu, a
nolyueHue MAzHUMOE U3 PeOKO3EMENbHLIX MEMAN08 CONPANCEHO CO 3HAUUMENbHBIM IKON02udeckum yuiepoom. buodn. 40,
Tabmn. 5, puc. 6.

Kniouesvie crosa: meHTpoOe:KHBIE HACOCHI, ACHHXPOHHBIE 3JeKTPOJABHTATEH, CHHXPOHHBIE JJIeKTPOABHIATE]H C NMPSIMBIM
IYCKOM H NOCTOSHHBIMH MATrHHTaMH, KJAacC 3Heprodgp@eKTUBHOCTH, KOIQ(HUIHEHT I0JIE3HOr0 JeHCTBUs, JPOCCeIbHOe

peryJiMpoBaHue.

Introduction. The widely known advantages of
variable frequency drives (VFDs) are high efficiency and
high dynamic and static characteristics, such as stiffness,
control range, and the accuracy of maintaining adjustable
values.

However, the proportion of variable frequency
drives according to the European Commission [1] for
Germany was about 30 %, and for Switzerland according
to the study described in [2] was about 20 %.

Thus, in many applications, electric motors powered
directly from the electrical network are widely used.

In particular, such common mechanisms as
centrifugal pumps, compressors and fans do not require a
wide range of regulation, high starting torque and speed.
Therefore, asynchronous electric motors (IMs), operating
directly from the network, are widely used in the drives of
the mentioned turbo-mechanisms. A number of
manufacturers also propose the use of line-start
permanent magnet synchronous motor (LSPMSMs) of
high energy efficiency class, powered directly from the
network. In this case, the pump performance is regulated
by means of valves (throttle control), by means of a
controlled change in the characteristics of the hydraulic
network.

According to the International Energy Agency [3],
electric motors consume 46 % of the electricity generated
in the world. They account for about 70 % of total
industrial electricity consumption. According to the report
of the European Commission [3], pumping systems
account for almost 22 % of the energy supplied by electric
motors in the world, as shown in Fig. 1. Therefore, the
study of the possibilities of increasing the energy
efficiency of pumping units is an urgent task.

Improving the energy efficiency of the pumping unit
is possible due to changes in the hydraulic network for
which the unit is operating, the use of control systems,
including VFD, load optimization and distribution (in the
case of parallel-running units), as well as due to the
proper selection of the unit's components, in particular the
use of electric motors more high class energy efficiency
[4]. The last mentioned method is studied in this paper, as
the most relevant for pumps with throttle control.

The minimum level of energy efficiency of electric
motors is defined in Appendix I to [5]. Energy efficiency

classes are based on the values specified in [6]. In
accordance with the EU regulation [5] since January 1,
2017, all electric motors with power from 0.75 to 375 kW
must have an energy efficiency class of at least IE3 or
IE2, if they are used as part of the VFD. Until 2030,
according to Policy Option 4 [7], one should expect the
introduction of the minimum acceptable energy efficiency
class not lower than IE4.

Fans 16 % Air
compressors
18 %

Cooling
compressors
7%

Pumps 22 %

Other 35 %

Conveyors 2 %

Fig. 1. Power consumption for various applications

The classification of electric motors in [5, 6] is
based only on efficiency in the nominal operating mode,
that is, at rated power on the shaft, but does not take into
account the efficiency of electric motors at partial load,
which is typical for electric motors in pumping units [8].

In practice, most of the time centrifugal pumping
units are operated at low or medium loads which occurs
due to changes in the number of people in buildings
and/or atmospheric conditions, while the pumps are
designed to satisfy maximum loads [9]. In [10], it was
estimated that 75 % of centrifugal pumping units have an
overestimated power, many of them more than 20 %. In
[11] it was estimated that only 20 % of electric motors in
pumps operate at rated power.

The publications [12, 13] compare the energy
consumption of the pumping unit with electric motors of
different types and classes IE with VFD, since frequency
regulation achieves significant energy savings, especially
under low loads. Nevertheless, in view of the mass
application of unregulated electric drives that has been
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preserved in many industries, a number of works compare
the characteristics of electric motors that operate directly
from the network. For example, in the paper [14], a
comparative analysis of the energy efficiency class IE3
IM and LSPMSM as a part of the fan in start-up and in
steady-state modes was carried out. This analysis showed
that the efficiency and power factor of LSPMSM are
significantly higher than that of IM. However, the
analysis was carried out for nominal load conditions. The
paper [15] discusses the operation of LSPMSM as part of
the pumping unit. The characteristics of the proposed
design of the electric motor are compared with the
simulation results in the nominal mode of the pumping
unit under start-up conditions with high moment of
inertia. In paper [16], the design and the characteristics of
the steady-state and transient modes of operation of the
IM and LSPMSM with power of 2.2 kW in the nominal
mode and at idle are considered. For the operating mode
with rated power, an indicator of annual cost savings is
determined in the case of using LSPMSM.

One of the main conclusions of publications [13-16]
is the advantage of LSPMSM over IM in such parameters
as efficiency and power factor. Note, however, that in
these publications, the comparison of IM and LSPMSM
was carried out mainly for operating modes with a
nominal load. This paper discusses the modes of
operation of IM and LSPMSM as part of a pumping unit
with variable load, depending on water consumption, for
example, in a large building. The work calculates the
energy consumption of electric drives at loads different
from the rated load of the electric motor, and the obtained
data are compared to assess the energy saving potential of
electric motors of energy efficiency classes IE3 and IE4.

Due to the fact that the energy efficiency class IE of
the electric motor is assigned according to efficiency in
nominal mode in accordance with IEC 60034-30-1 [6],
but in HVAC (Heating, Ventilation, & Air Conditioning)
applications an electric motor in this mode works only a
small fraction of the time, the main goal of this paper is to
determine the criterion for choosing electric motors under
the condition of minimum energy consumption, taking
into account the actual operating conditions of centrifugal
pumping units.

Characteristics of the pumping unit and electric
motors. The drive of the pumping unit with one electric
motor, powered directly from the electric network, is
shown in Fig. 2 [8]. It consists of a centrifugal pump,
which is connected to an electric motor without
intermediate mechanical gears.

P

P 1
Network

Fig. 2. Diagram of an unregulated pumping unit

loss, motor

ZP'J\\'RI pump
n T

Hydraulic
system

Pumping unit

The active power P; consumed by the drive is
converted by the electric motor into the mechanical power

P Power Py, s less than Py by the value of losses in
the electric motor [8]:

Pmech = Pl - Z:})lossm» (1)
where P m are the total losses of the electric motor.

The mechanical power of the electric motor P 18
transmitted to the pump and, therefore, in the absence of
intermediate mechanical gears, is equal to the input
mechanical power of the pump. In the pump, the
mechanical power P is converted to the hydraulic
power Ppyq. The difference between Ppeen and Phyq, is the
value of the total losses XPjqss pump int the pump [8]:

Phydr = Pmech - ZPloss4pump~ (2)

The hydraulic power is determined by the flow rate
Q and the pump head Hyymp. The pump head depends on
the flow rate in accordance with the O—H characteristic of
the pump at a given pump rotation speed n. Therefore, the
required electric power P1 depends on the flow rate O [8]:

Pl = ngHpump + z"})loss.pump + 2})lossAm:v (3)
where p is the fluid density, g is the acceleration of
gravity.

To compare the energy consumption of the electric
motors of the pumping unit when regulating the flow rate
using a valve, the centrifugal pump NM4 40/25B
(manufactured by Calpeda) with power of 2.2 kW and
rated rotation speed n = 1450 rpm was considered [17].
Pump data are given in Table 1, where QOggp is the flow
rate at the best efficient point (BEP), Hggp is the pressure
at BEP.

Table 1
Passport characteristics of the pump [17]
Parameter Value
Type NM4 40/25B
P, W 2200
n, rpm 1450
Oggp, m*/h 19
Hpggp, m 17.8
Efficiency, % 60

The calculation was carried out for 8 different 4-pole
electric motors with power of 2.2 kW, namely: three IE4
class LSPMSMs powered from the network (Bharat
Bijlee SynchroVERT [18], WEG [19], SEW-Eurodrive
[20]), two class IE4 IMs (Siemens [21] and WEG [22])
and three class IE3 IMs (Siemens [21], WEG [23] and
ABB [24]). Data on the value of the efficiency of electric
motors are given in Table 2.

Table 2
Efficiency of 4-pole electric motors of power of 2.2 kW [18-24]

m Type Class Efficiency, % at load, %
P 50% | 75% | 100%
LSPMSM
1 SEW DRU J 1E4 88.0 90.5 91.2
LSPMSM
2 SynchroVERT 1IE4 88.6 89.4 89.5
LSPMSM
3 WEG WQuattro 1E4 86.0 89.0 90.2
M
4 Siemens 1LE1004 1E4 88.3 89.6 89.5
5 |IM WEG W22 1E4 88.5 89.5 89.5
M
6 Siemens 1LE1003 1E3 86.4 87.3 86.7
7 (IM WEG W21 1E3 86.5 87.0 87.0
8 |IM ABB M3BP 1E3 85.1 86.9 86.7
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Assessment of energy consumption of the
pumping unit. The operation of the pumping unit is
considered in modes where the water flow rate during
the cycle of the pumping unit varies, in accordance with
the hydraulic load characteristic of HVAC applications.
A typical pump operation cycle (Fig. 3), defined by EU
regulation [25], is divided into 4 modes. A feature of the
cycle is that most of the time the pump operates at a
flow rate much less than the nominal. For example, with
a flow rate of 25 % of the nominal, the pump operates
during the relative time #;/ty = 44 %, where s is the total
operating time, taken equal to 24 hours, ¢ is the pump
operation time in this mode. Here, the relative operating
time in the nominal mode does not exceed 6 %. This
load profile is typical for pumping systems with the need
to vary the flow rate over a wide range (systems with
variable flow rate) [6].

100 T T T T T T T T T T T T T
Qo T
80 T
7o b
60 T

50 T

40 b
30 T
201 T
10F 6

. Ml

0 5 WD 15 20 25 3D 35 40 45 50 55 SD 55 TD 75 ﬁD 85 OD 95 100

Q, %

Fig. 3. Time dependence of water flow rate per cycle

Operation time, %

The electric motor is directly connected to the
network, that is, the motor speed is not controlled by the
frequency converter during the cycle, and the pump flow
rate Q is controlled by the valve. The water pressure in
this case changes in accordance with the O—H curve of
the pump, and the operating point is the intersection
point of the pump characteristic and the hydraulic
system characteristic. Figure 4 shows the results of the
(Q-H characteristic interpolation for the selected pump
and the starting points according to the manufacturer
[17], as well as the pump power in the operating range
of flow rates.

The pump power curve as a function of flow rate is
given by the pump manufacturer (Fig. 4). According to
this curve, the pump power was determined in 4 standard
operating modes (25 %, 50 %, 75 %, 100 % of the flow
rate). A flow rate corresponding to 100 % was determined
from the pump efficiency curve [17] as corresponding to
the maximum efficiency. Based on the known passport
values of the efficiency of electric motors (Table 2), by
means of polynomial interpolation of the loss curve
2Pism Of each electric motor, the efficiency values for
four operating modes of the pumping unit were
determined. As shown in [27], the dependence of the
electric motor losses on the load is well described by a
second-order polynomial, whose coefficients can be

easily obtained from 3 points of the initial data on the
efficiency of electric motors.
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Fig. 4. O-H — pump characteristic and power versus flow rate
dependence

The obtained values of the efficiency for each
electric motor 7,;,, are given in Table 3 which also
indicates for each operating mode: flow rate, pump
pressure, pump power, electric motor output power as a
percentage of the nominal.

Active electric power consumed from the network in
each mode was calculated according to expression (4)

Pl.im = Pmech.i.m / Mm.i.ms (4)
TIe 7Jm.m 1S the efficiency of the m-th electric motor in the
i-th mode of operation.

The calculation results are given in Table 4.

The daily energy consumption of each electric motor
(kW-h) for the full cycle of the pumping unit in
accordance with the considered load profile is determined
by the expression

E Bttt 5
dm = 1000 Z( Lim 2) ( )

At year-round operatlon of the pump unit, the annual
energy consumption can be calculated as:
Ey.m = Edm365 (6)
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Table 3 Table 5
Interpolated motor efficiency values Cost characteristics of power consumption
i 1 2 3 4 Eq E C S,
Type . m> y.m» y.m> y.m»
05, % 25 | 50 | 75 | 100 kwh | kwh € €
> m’/h 4.75
9 2.0 | 14.25 | 19.00 EE%MSIEAU 7 29.1 | 10635 | 2113.1 73.8
Hpump.i» m 214 21.0 20.2 17.8
Pmec R} W 851
L 1116 | 1361 | 1573 éSPl\}i[SD\/;ERT 289 | 10535 | 2093.3 93.6
Prneenir %o 3871507 | 619 | 715 ynehro
Efficiency 7w, im, % LSPMSM
- : 5 3 ., WEG WQuattro 29.8 | 10882 | 2162.3 24.6
LSPMSM
85.5| 88.1 | 89.5 | 90.3 M
SEW DRU J Siemens 1LE1004 29 10585 | 2103.1 83.8
LSPMSM SynchroVERT 87.7| 88.6 | 89.1 | 89.3
LSPMSM 233 561 | 578 | 837 IM WEG W22 29.1 10630 | 2112.1 74.8
LU Rt : : : : M 29.6 0822 | 2150.3 36.6
IM Siemens 1LE1003 ot 30- '
Siemens 1LE1004 86.7 | 88.4 | 89.2 | 89.5
M IM ABB M3BP 30.2 11006 | 2186.9 0
Siemens 1LE1003 8491 86.5 | 87.1 | 87.3
IM WEG W2l 84.8| 86.3 | 869 | 872 The graph in Fig. 5 shows that the electric motor
IM ABB M3BP 82.7| 852 | 86.3 | 86.8 No. 3 — LSPMSM of class IE4 in the cycle under

The cost of electricity consumed (Euro) taking into
account the adopted average European electricity tariff
GT = 0.1149 €/kW-h for non-household consumers in the
second half of 2018 [28], is calculated as

Cym=EywGT. (7

To compare the energy consumption and the cost of
electricity consumed by pumping units with various
electric motors, the expression (8) were used to calculate
the differences in the cost of electricity relative to the
pumping unit with the electric motor with the highest

energy consumption at the considered load profile (motor
No. 8 of IE3 class manufactured by ABB)

Sy.m = Cy.S - Cy(lﬂ), ¥

The results of calculations by formulas (4)-(8) are
summarized in Table 4, 5, and are also shown in Fig. 5, 6.

Table 4

Power consumption P ; ., W
i 1 2 3 4
LSPMSM
SEW DRU J 996.2 | 1266.1 | 1520.3 | 1742.3
LSPMSM Synchro-
VERT 971.3 | 1258.6 | 1527.4 | 1760.8
LSPMSM
WEG WQuattro 1022.6 | 1295.2 | 1550.9 | 1773.1
IM Siemens 1LE1004 982.2 | 1262 |1526.3 |1757.5
IM WEG
W22 992.9 | 1264.8 | 1524.4 | 1753.8
IM Siemens 1LE1003 1003.1 | 1289.9 | 1562.5 | 1802.5
IM WEG W21 1004.4 | 1293.1 | 1566 1805
IM ABB M3BP 1029.4 | 1309.4 | 1576.4 | 1812.2

consideration, which is typical for pumps with variable
flow rate, consumes more electricity than IMs of class 1E3
No. 6 and No. 7, but less than the class IE3 IM No. 8. So,
according to Fig. 6, this IE4 class electric motor provides
lower cost savings than IE3 class electric motors No. 6
and No. 7. LSPMSMs No. 1 and No. 2 have energy
consumption indicators that approximately coincide with
class IE4 IMs No. 4 and No. 5. The smallest energy
consumption has electric motor No. 2 — LSPMSM
SynchroVERT, and the largest — electric motor No. 8, the
IM AB.

1.2 T T T T T T T

M1A1r b

11

10.9

10.8

10.7

MW-h

10.6

10.5

10.4

10.3

10.2

1 2 3 4 5 6 7 8

Fig. 5. Annual energy consumption:

1 — LSPMSM IE4 SEW DRU J; 2 — LSPMSM IE4 Synchrovert;
3 — LSPMSM IE4 Weg WQuattro; 4 — IM IE4 Siemens
1ILE1004; 5 — IM 1IE4 Weg W22; 6 — IM IE3 Siemens 1LE1003;
7-IM IE3 Weg W21; 8 — IM IE3 ABB M3BP
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Fig. 6. Saving energy costs relative to electric motor No. 8:

1 —LSPMSM IE4 SEW DRU J; 2 - LSPMSM IE4 Synchrovert;
3 — LSPMSM IE4 Weg WQuattro; 4 — IM IE4 Siemens
1LE1004; 5 — IM IE4 Weg W22; 6 — IM IE3 Siemens 1LE1003;
7—-IM IE3 Weg W21; 8 — IM IE3 ABB M3BP

The results shown in Fig. 5, 6 are the consequence of
the fact that according to the adopted standard [6], electric
motors are classified according to energy consumption in
accordance with the value of efficiency in the nominal
mode of operation, at a load equal to 100 %. However, in
pumping units, electric motors operate for a significant
part of the time at a load 2...4 times less than the nominal
and as a result have a reduced efficiency. Here, the
existing standards do not establish the minimum values of
the efficiency of electric motors powered directly from
the network at loads below nominal.

Thus, the selection of an electric motor based on its
energy efficiency class IE, in a number of applications,
such as variable flow rate pumps, will not lead to
minimum energy consumption. Note that for frequency-
controlled electric motors, the IEC 60034-30-2 Standard
[29] defines the efficiency values in seven load modes
different from the nominal one. In the draft version of
IEC 60034-30-2 [30], it was proposed for frequency-
controlled electric motors of pumps and fans (drives
with a quadratic dependence of the load on speed)
to calculate the total efficiency as an average weighted
average indicator of efficiency at reduced speeds
and loads.

Therefore, when choosing an electric motor for a
pumping unit operating with a variable flow rate, you can
not be guided only by the energy efficiency class IE and
the nominal value of the efficiency, but it is worthwhile to
calculate the energy consumption depending on the
operating modes or focus on the energy efficiency index
of the pumping unit (see below).

It is worth noting that LSPMSMs have a higher cost
than IMs (especially IE3 class), due to the presence of
expensive rare-earth magnets in the design. Production of
magnets from rare-earth metals is associated with
significant environmental damage, for example in [31] it
is indicated that the production of each ton of material for
rare-earth magnets is associated with the generation of

1-1.4 tons of radioactive waste. Only a small part of these
wastes contains rare-earth elements and is further
processed to extract them [31]. There is also technological
dependence on rare-earth suppliers from China, since
more than 95 % of the global production of rare earth
elements is controlled by China [32]. Due to the
monopoly of China, the prices of rare-earth elements
are unstable and can change several times over several
years [33].

We also note the difficulties of starting LSPMSMs at
significant moment of inertia of the load, which
significantly limits their scope. A review of modern
papers on LSPMSMs [34-37] shows that the maximum
load inertia moment for such electric motors is relatively
small and insufficient to start and reach rated speed, for
example, for a turbo-mechanism with a steel impeller.
These electric motors are not able to start with many
typical mechanisms, such as: reciprocating compressors,
screw compressors, plunger pumps, conveyors, escalators,
etc. [34-37].

According to the results of comparing LSPMSMs
and IMs classes IE3 and IE4, described in [38]
LSPMSMs show a higher peak value of the starting
current, which can cause the operation of typical circuit
breakers. Inrush currents can cause unwanted switches off
and can damage contactors, fuses and protective devices,
such as circuit breakers or switchgears [38]. In this case,
starting with star-delta switching or using electronic soft
starters is not recommended or not possible for
LSPMSMs [38]. Also, LSPMSMs are much more
sensitive to voltage drop [38] and more sensitive to phase
asymmetry [38].

Taking into account the above-mentioned drawbacks
of LSPMSMs, it is more justified at the present time to
use in applications with a variable load, which is very
different from the nominal mode, of IMs class of IE4, and
not LSPMSMs.

Calculation and assessment of the energy
efficiency index of the pumping unit in accordance
with existing standards. The energy efficiency of
circulation pumps operating primarily with variable flow
rate is evaluated in accordance with EU regulations [25].
In this document, the profile indicated in Fig. 3,
according to which the above calculations were carried
out is accepted as a typical pump load profile.
According to [8], the energy efficiency index (EEI) is
well established for evaluating the energy efficiency of
circulation pumps and is now proposed for other pump
applications.

That is, EEI is the most suitable indicator for
assessing the energy efficiency of variable-flow pump
systems for various purposes, in contrast to the minimum
efficiency index (MEI), which is defined in [39] and is
based on efficiency values in a relatively limited range of
operating points (75...110 % flow rates) [8].

According to the approach of the Europump
association [26, p. 12] and [40] EEI is defined by:

EEI = Pl.avg /Pl.ref~a (9)

where P, is the weighted average value of the electric
power consumed by the pump, which is determined by the
following expression [25]:
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Pl.avg ZZ[(ti/tZ)'Pl.i]'

i=1

(10)

The denominator in the expression (9) Pj.¢ is the
electric power of the «reference» system, which according
to [26, 40] is determined by the expression

Pl.ref = Phydr.ref /( Tmotor.ref * ﬂpulnpmin.req)' (1 1)

In both expressions, Phyarrr is the hydraulic power of
the reference system, which is defined as the product of
the flow rate Opgp (m*/s) and pressure Hggp (Pa): in this
case, Phydrrer = 921.6 W.

In expression (11) 7yoworrer 1S the efficiency of the
reference electric motor, which was taken equal to the
efficiency of a 4-pole electric motor with power of
2.2 kW energy efficiency class IE3 according to [6]
(Mmotor.ref = 86.7 %0); Mpump.min.req 1 the minimum required
efficiency of the reference pump at the best efficient point
[39], depending on the tabular coefficient C, determined
by the type of pump, the rated rotation speed of the pump
n and its energy efficiency, flow rate QOggp and specific
rotation speed n;, in turn dependent on Hggp and n.
A detailed calculation of 7pump.minreq 1S NOt given in this
paper, the calculation result: 7pump.min.req = 50.66 %.

According to formula (11), the value of Pj.f =
=2098.23 W in this case.

The calculation results for expressions (9)-(11) are
given in Table 6.

Table 6 shows that the EEI values for the pumping
unit with various electric motors correspond to the
patterns shown in Fig. 5, 6. Thus, EEI characterizes the
energy consumption of the pumping unit more objectively
than the energy efficiency class of the electric motor (IE),
which depends only on the efficiency in the nominal
mode.

Table 6

Energy efficiency index determination for pumping system
m Type Plae W EEI

1 |LSPMSM SEW DRUJ 1214.0 0.5786
2 |LSPMSM SynchroVERT 1202.6 0.5732
3 |LSPMSM WEG WQuattro 1242.3 0.5921
4 |IM Siemens 1LE1004 1208.3 0.5759
5 |IM WEG W22 1213.4 0.5784
6 |IM Siemens 1LE1003 1235.4 0.5888
7 |IM WEG W21 1237.7 0.5899
8 |IM ABB M3BP 1256.4 0.5988

Note that for circulation pumps, which are the
subject of EU regulations [25], since 2005 there is a
voluntary labeling of products by members of the
Europump association using the letters 4...G of the energy
efficiency class. It seems relevant to introduce such
labeling for industrial pumping units operating at variable
flow rates.

Conclusions.

A comparative analysis of the energy consumption
of electric motors of various types (LSPMSMs and IMs)

and energy efficiency class (IE3 and IE4) as a part of a
2.2 kW variable-flow pumping unit with throttle
regulation is carried out in the work. The approach used
to compare the energy characteristics of electric motors is
described, including the calculation of the energy
consumption of the pumping unit in a typical operation
cycle with various process loads. Electric power, energy
consumption and cost savings for 8 electric motors have
been calculated.

Using the results of the calculation according to the
described method, based on the passport data of electric
motors and pumps, it has been shown that the use of an
electric motor with high efficiency at rated load (high
energy efficiency class according to [6]) does not always
provide the minimum power consumption in a variable
speed pump unit’s operation cycle.

It is noted in the paper that it is possible to select the
best electric motor according to a technique based on the
determination of the energy efficiency index EEI [26],
since the mode of operation of the pumping unit is also
taken into account in its calculation. However, the
calculated value of EEI does not provide information on
energy savings in physical and cost terms, in contrast to
the approach described in the work.

It is also shown in the paper that the considered
LSPMSMs of IE4 class do not have significant
advantages over IMs of IE4 class, and sometimes also
of IE3 class, if used in pumping units with variable
flow rate.
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HARMONIC ANALYSIS OF THE COMBINED CIRCUIT OF SINGLE-PHASE
SWITCHING OF INDUCTION ELECTRIC DRIVE WITH THYRISTOR CONTROL

Purpose. The purpose of this article is to provide a comparative analysis of influence of the phase controlled single-phase
induction electric drive coordinates harmonic components on the operational characteristics of the electric drive under different
variants of the power part. Methodology. A mathematical model of the combined circuit of a single-phase induction motor with a
variable structure of the power part and a constant capacitance of the phase-shifting capacitor is generalized for various variants
of connection of the power part of the electric drive with thyristor control. The comparative harmonic analysis of currents and
torques of the motor is carried out and the factors influencing the energy efficiency of the electric drive at different circuit of
connection of the power part are determined. Results. The analysis of the obtained data shows that the series-parallel circuit has
the best harmonic composition of the consumed current in practically the whole range of changes of load torque and speed. The
main effect on the loss increase is due to the asymmetry of the currents in the series-parallel circuit and the higher harmonics in
the Steinmetz circuit. Originality. For the analysis of the processes in these circuits, a generalized thyristor control single-phase
electric drive mathematical model, in which the structure of differential equations remains unchanged regardless of the circuit of
connections of the power part, is developed. Practical value. Using of the combined circuit of single-phase switching on of a
three-phase induction motor allows to use a constant capacity in the range of slips from nominal to critical without exceeding the
nominal losses. References 4, tables 1, figures 5.

Key words: induction motor, single-phase power, thyristor control, harmonics.

Po3poobneno yzazanvueny 0na pi3Hux eapianmie 3 €OHAHHA CUNO0B0T YACMUNU €l1EKMPONPUBOOY 3 MUPUCMOPHUM KEPYBAHHAM
Mamemamuyny mMooeinb KOMOIHOBAHOI cXeMu 00HODA3H020 BKIIOUEHHA ACUHXPOHHO20 O06UZYHA i3 3MIHHOW CHMPYKMYpPOIO
cunosol yacmunu ma ROCmiiunow emuicmio ghazosmiuiyouozo konoencamopa. Ilposedeno nopieHANbHUI 2apmMOHIIHULL aHAi3
cmpymie ma mMomenmie 08UZYHA MA GU3HAYEHO (AKMOpuU, W0 6NIUBAIOMb HA eHeP2oedeKmUsHICmb eNeKmponpueody, npu
PIBHUX cXemax eKAI0YeHHA cun06oi wacmunu. bion. 4, Tadn. 1, puc. 5.

Knrouogi cnosa: acHHXpOHHMIT IBUTYH, 0JHO(a3He KUBJIEHHS, THPHCTOPHE KePYBaHHSs, FapMOHiKa.

Paspabomana 0000wennas 011 pAasHbIX 6APUAHMOE8 COCOUHEHUA CUNOGOU YHACMU INEKMPONPUEOOA C MUPUCHOPHBIM
Ynpaenenuem Mamemamuyeckas mooenb KOMOUHUPOBAHHOU cXeMbl 00HODA3HO20 6KNIOUEHUA ACUHXPOHHO20 O0GU2AMENs C
nepemMeHHOoll CMPYKmypoll Cuji06ol HYAcmu U NOCHMOAHHOU eMKOCmbIo (aszocmewarowezo Kondencamopa. IIposeden
CPAGHUMENbHBLIL  2APMOHUYECKUII AHAAU3 MOKO8 U MOMEHMO8 O08U2AMens U OnpedesieHbl (akmopel, eauswwue Ha
IHEP2oIPhekmusHocmb INEKMPONPUBOOA, NPU PASHBIX CXEMAX GKIOUEHUsI CUI060l yacmu. bubn. 4, Tabn. 1, puc. 5.

Kniouegvie cro6a: aCHHXPOHHBI IBUraTellb, 0AHO(A3HOEe IUTAHNE, THPHCTOPHOE YIIPaBJIeHHEe, TADMOHHKA.

Introduction. Circuits of single-phase switching of
three-phase induction motors (IMs) with phase-shifting
capacitor and permanent structure of the power section
are widely used in unregulated electric drives due to the
simplicity of design and sufficiently high energy
characteristics [1-3]. In the case of a controlled electric
drive (ED), the use of circuits with the connection of a
phase-shifting capacitor with constant capacity can
significantly impair the operational and energy
characteristics of the electric drive in start-up and variable
speed operation [2, 3]. The use of a capacitor with an
adjustable capacity increases the overall dimensions of
the ED. In [4], for the operation of controlled pumps at
single-phase power, the use of a combined -circuit
controlled by a thyristor voltage converter (TVC) of the
electric drive with variable structure of the power part,
shown in Fig. 1 is proposed. The application of this
circuit allows the use of a constant capacity in a wide
range of speed regulation.

The goal of this work is a comparative analysis of
the effect of the harmonic components of the coordinates
of a single-phase electric drive arising from the phase
control method on the operational characteristics of the
electric drive in different variants of the power part
connection.

Mathematical model. The circuit of combined
connection (Fig. 1) has two variants of connection of a

power part. The motor windings in the start mode and at
low speed operation are switched on according to the
series-parallel switching circuit (position 2 of contactor
K), in the operating mode — according to the Steinmetz
circuit (position 1 of contactor K). In order to analyze the
processes in this circuit with thyristor control, a
generalized mathematical model was developed in which
the structure of the differential equations remains
unchanged regardless of the circuit of the power unit

connections.
L o
2
i
7

Fig. 1. Single-phase connection combined circuit of
the induction electric drive

In the stator coordinate system a, f, O,
electromechanical processes in IM are described by the
following system of equations in matrix form:
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where ug :‘u;,uﬁ‘ is the vector of stator voltages;

t

is the vector of stator

currents;

is = iaa

t
v, 2‘1/12,w2‘ is the vector of rotor flux linkages;

Ly=L, +L,,, L, are the full inductances of stator and

rotor; L, is the inductance of the magnetizing circuit;
L., is the rotor leakage inductance; R,, R, are the

2
m is the
r s
the moment of

resistances of stator and rotor; o=1-—

leakage coefficient; J is inertia;

is the matrix that determines the EMF of

-
rotation; p is the symbol of differentiation by time.
To solve the system (1), it is necessary to express the

vector of stator voltages s =‘u2,u through the

parameters of the outer circuit of the motor and the state

- t
variables for which the stator currents iy = ‘i;, z%‘ and rotor

— ‘
flux linkages v, :‘wg,wz‘ are taken. Based on the

Kirchhoff equation and the known relationships between
electromagnetic variables in the orthogonal coordinate system
a, B, 0 and in the natural coordinate system A, B, C it is
possible to determine that in the general case the stator voltage
vector for the studied circuits (Steinmetz and series-parallel) is
a function of the network voltage u, the stator current vector
is, the rotor flux linkage vector y, and the voltage on the
capacitor u#c which in turn can be determined by the
components of the vector is . Then the general expression for
determining the vector of stator voltages will be:

ws =Kieut -k ooig+ (R K34 LyK3eplis +
G p )

+Lm-[LL—’:’—1J ka-p- is +i—r ks-p- y/r.
In the right-hand side of expression (2), the first
component is caused by the action of the network voltage,
the second one by the voltage on the capacitor, the third
one by the action of counter-EMF from zero sequence
currents, and the fourth one by the counter-EMF of
rotation.
The operation of the thyristor controller is described
by a logical function
F=X-II+h+X,-1I+Y,, 3)
where the logic functions Y, Y, correspond to the non-
zero value of currents through the thyristors, the logic
functions Xj, X; to the reverse voltages on the thyristors,
11 is the switching function corresponding to the control
signal of the thyristors.
The switching function /7 in phase control has the
following form:
I1=1 at a+7r~k<a)0~t<(a+c9)+7z-k;
=0 at O+7m-k<wy-t<a+rm- kv 4)
Ul@+0)+z-k<wy-t<m+z-k
where « is the control angle of the thyristors (in electrical
degrees); ay is the frequency of supply voltage; @ is the
duration of control pulses (in electrical degrees), selected
from the conditions of reliable opening of the thyristors;
k=0,1,2, 3, .. To reliably open thyristors, the TVC
control system must generate pulses of duration of at least
70 electrical degrees.
Thyristor controller’s conductive state corresponds
to F'= 1, non-conductive one to F = 0.
The numerical values of the matrices of coefficients

%1 — %4 that allow to associate the stator voltage vector of

the two-phase IM model in the stator coordinates a, £, 0,
with the parameters of the external motor circuit (network
voltage, capacitor capacity) and the state variables are
given in Table 1 depending on the position of switch K
and the state (conductive or non-conductive) of the
thyristor controller.

Thus, changing the structure of the power circuit does
not require a change in the system of differential equations,
and is accompanied only by a change in the coefficients

—kq in equation (2), without violating the laws of
contmulty of motor flux linkages and capacitor charges.

Table 1
Matrices of coefficients of equation (1)

Circuit (position of Thyristors state - T - Iy
the key K) (values of F) k1 k2 k3 k4
1 2/3 -1/6  —1/243 0 0 0 0
. 0 —1/2\6 -1/2 00 00
0 0 0 0 1 0

0

0 —1/2J' -1/2 00 00
| 2/3 -1 0 -1/3 0 13 0
> /3 0 0 0 0 0 0
0 2/3 -1 0 -1/3 0 /3 0
0 0 0 0 0 0 0
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Results of investigations. Consider first the
operation of the ED with a motor 4A71B2 of power of
1.1 kW when connected on the Steinmetz circuit. The
curves of changes in time of linear current i and of the
instantaneous electromagnetic torque M when connecting
the motor windings according to the Steinmetz circuit are
shown in Fig. 2.

i, p.u.

1.0

0.8

0.6 /

0.4 II

0.2 1 \ t sec
%Z oyo 0.072 [0.074 [0.076 [0.078 [0.080 |0.082 o.(¥a4 0.086 |0.088 [0.090
0.4 / \

0.6

0.8

-1.0

M, p.u.
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0.8 7\

INC
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. , / Yt sec
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-0.8
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Fig. 2. Current and torque change curves when connected
according to the Steinmetz circuit

During the non-conducting state of the thyristors, the
phase A current is zero, and the capacitor is periodically
discharged through phases B and C. The motor goes into
braking at these intervals resulting in the maximum (in
modulus) value of the oscillating torques 4M much
greater than the average torque M, (AMma=3...4-M_,).

The harmonic analysis of the linear current of the
motor showed that all odd harmonics are present in the
current curve at phase control. The most significant
higher harmonic in the curve of the linear current of the
motor is the third one whose amplitude reaches at angles
o greater than 90 electrical degrees, values of 50...60 %
of the amplitude of the fundamental harmonic. The
amplitudes of the fifth and seventh harmonics in this case
are respectively 30...35 % and 15...20 %.

The dependences of the ratio of power consumed by
the motor when powered from TVC with a given opening
angle P, and when powered by sinusoidal voltage equal
to the value of the first harmonic at thyristor control,
P, per units (p.u.) on the sliding (Fig. 3) show that at
when powered from TVC the power consumption is
higher than at sinusoidal power supply. The efficiency of
the motor when powered from TVC is lower than when at
sinusoidal power supply (Fig. 4) while reducing the
efficiency is greater, the greater the opening angle of
the thyristors, reaching at o = 90...110 electrical degrees
20 %.

Air
R b
13
=50
/ﬂ - 4357
Pl
1,15 -
%_/

10 0 0.1 0,2 0,3 5 PU
Fig. 3. Dependencies of the ratio of powers consumed by the
motor

T . P
e
1.2
=45 \
/
11 @ —30°
10y 0.1 0,2 03 5 P

Fig. 4. Dependencies of the motor’s efficiency ratio

In order to improve energy performance, it is
necessary to use means of reducing the higher harmonic
components of the motor current.

One possible way to improve the harmonic
composition of the linear current of the motor at thyristor
control is to connect the motor in a series-parallel circuit
with voltage regulation of only one phase (position 2 of
the contactor K in Fig. 5). In this case, the unregulated
phase winding acts as a filter. The curves of changes in
time of linear current i and the instantaneous
electromagnetic torque M of the series-parallel circuit are
presented in Fig. 5.

i, p.u.
1.0
0.8
06 N
0a / N\
2'3 L/ \ t, sec
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o 0.070 [0.072 [0.074 0.076 |0.078 [0.080 [0.082 [0.084 [0.086 |0.088 [0.090
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Fig. 5. Current and torque change curves when connected
according to the series-parallel circuit
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This circuit with the connection of TVC in series
with the main phase is characterized by the best harmonic
composition of the linear current (the amplitude of the
third harmonic is 20-30 % of the amplitude of the first
harmonic). The analysis of the simulation results of this
circuit showed a significant decrease in the harmonic
coefficient (at thyristor opening angles of 90...120
electrical degrees k, does not exceed 40 %) and a decrease
in the amplitude of the third harmonic of the linear current
by 30...40 % in the whole range of change of torque and
speed.

However, it should be noted that the improvement of
the harmonic composition in this circuit is achieved by
the price of increasing the asymmetry coefficient and,
consequently, the loss from reverse sequence currents.
Increasing the coefficient of asymmetry at the phase
control of the capacitor IM according to the series-parallel
scheme is caused by the delayed nature of the phase shift
angle of the first harmonic of the main phase voltage
relative to the supply voltage due to the use of thyristors
with natural switching.

When comparing Fig. 2, 5 it can be seen that the
series-parallel circuit has smaller amplitude of oscillatory
torques. The maximum value (in modulus) of the
oscillating torques 4M does not exceed the values 1...1.5
of the average torque M,,,. This is due to the fact that in
the intervals of the non-conducting state of the thyristors,
the motor continues to operate in single-phase connection
motor mode and does not go into braking mode, as in the
Steinmetz circuit. Figure 5 shows that the non-sinusoidal
oscillating component caused by the switching of the
thyristors is weakly expressed in the instantaneous
electromagnetic torque curve in a series-parallel circuit.

Conclusions.

The use of the combined circuit of single-phase
connection on of a three-phase induction motor allows to
use a constant capacity in the range of slips from nominal
to critical without exceeding the nominal losses.

The analysis of the obtained data shows that the
series-parallel circuit has a better harmonic composition

How to cite this article:

of the current consumed and smaller amplitudes of the
torque oscillations than the Steinmetz circuit, in
practically the whole range of changes of the load torque
and speed.

The main influence on the increase of losses in
comparison with symmetric sinusoidal amplitude control
is due to the asymmetry of the currents in the series-
parallel circuit and the higher harmonics of the currents in
the Steinmetz circuit.
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MAGNETIC PROPERTIES OF MULTICOMPONENT HETEROGENEOUS MEDIA
WITH A DOUBLY PERIODIC STRUCTURE

Heterogeneous media have a wide range of practical applications. Media with a doubly periodic structure (matrices of high-
gradient magnetic separators, etc.) occupy an important place. Their study is usually based on experimental and approximate
methods and is limited to simple two-phase systems. The development of universal and accurate methods of mathematical
modelling of electrophysical processes in such environments is an urgent task. The aim of the paper is to develop a method for
calculating local and effective parameters of a magnetostatic field with minimal restrictions on the number of phases, their
geometry, concentration, and magnetic properties. Based on the theory of elliptic functions and secondary sources, an integral
equation is formulated with respect to the magnetization vector of the elements of the main parallelogram of the periods. The
calculated expressions for the complex potential, field strength, and components of the effective magnetic permeability tensor are
obtained. The results of a series of computational experiments confirming the universality and effectiveness of the method are
presented. As an example of a practical application, a detailed study of the field of the magnetic forces of the matrix is carried
out: the lines of magnetic isodine and potential extraction areas for a complex version of the matrix are constructed. Within the
framework of the developed method, the calculation of local and effective field characteristics is carried out by solving the field
problem in the field of an arbitrary parallelogram of periods without specifying boundary conditions on its sides with a
comprehensive consideration of significant interdependent factors. The practical value of the method is to create new
opportunities for improving the technical characteristics of electrophysical devices for which the universality and accuracy of
calculating local and effective field characteristics is decisive. An algorithm for optimizing the characteristics of the separator is
proposed. References 16, figures 11.

Key words: doubly periodic heterogeneous medium, integral equation, magnetization vector, strength field, homogenization
problem, magnetic permeability tensor, polygradient separation, matrix, magnetic forces.

Buknaoeno memoo po3paxynKy MazHimoCmMAmuyHoz0 NOAA 6 O080AKONEPIOOUYHOMY 2eMePOZEHHOMY Cepedosuudi.
Ccopmynvosano inmezpanvne pieHAHHA BIOHOCHO GeKmMoOpa HamazHiyeHocmi enemenmis cepedosuuia. Pospaxynox
XapaKkmepucmuk noas 6UKOHYEMbCA WAAXOM GUPIUIEHHA NOIb0GOT 3a0aui 6 001acmi 0CHOBHO20 nRaApanenozpama nepiodis ve3
3A0AHHA ZPAHUYHUX YMO8 HA 11020 cmoponax. Ompumano po3paxyHKosi upaszu O01as HARPYICEHOCMI nons i men3opa
Mmaznimnoi nponuxknocmi. Hasedeno pesynbmamu 004UCI108AIbHUX eKCREPUMEHMIB, W0 NIOMEEPO}HCYIOMb YHIGEPCATbHICHb
i egpexmuenicmo memody. Ilposedeno Oemanvne O0O0CHIONCEHHA NOAA MAZHIMHUX CUN MAMPUYL BUCOKOZPAJIEHMHO20
MmazHimnozo cenapamopa. Memoo 6i0Kpugac Hogi MOMCAUBOCHI NIOGUUWEHHA MEXHIYHUX XAPAKMEPUCMUK eleKmPOogizuunux
npucmpoie, 0na AKUX yHieepcanvbHicmbv i MOYHICMb PO3PAXYHKY JIOKANbHUX | eQEeKMmUGHUX XAPAKMEPUCMUK RO €
euznauanwvnor. bion. 16, puc. 11.

Kniouoei crosa: pBosikomepiofM4He reTeporeHHe cepeloBHINE, iHTerpajbHe pPiBHAHHSA, BEKTOP HAMAIrHIYeHOCTi, moJe
HANPYKEHOCTi, TEH30p MArHiTHOI MPOHMKHOCTi, BUCOKOIPA/liEHTHA cenapauisi, MATPULS, MATHITHI CHJIH.

H3noicen memoo pacuema MAZHUMOCHMAMUYECKO20 NOJA 6 080AKOREPUOOUYECKoU 2emepozeHHoul cpede. Chopmynuposano
UHmMezpanbHoe YypasHeHue OMHOCUMENbHO 6EKMOPA HAMAZHUYEHHOCHU )llemeHmos cpedvl. Pacuem xapaxmepucmuk nons
ocyuwecmensiemcsa nymem peuwleHus Nnoiesoill 3a0auu 6 001acmu OCHOBHOZ0 RAPAINEN0ZPAMMA REPU0O08 0e3 3a0anusn
ZpanuynbIX ycnosuil Ha e2o cmoponax. Ionyuenst pacuemnovie goiparicenus 011 HANPANCEHHOCHU NOJISL U MEH30PA MAZHUMHOU
nponunyaemocmu. Ilpueedenvr pesynomamol GbIYUCTUMENbHBIX IKCHEPUMEHNO08, ROOMEEPHCOAIOWUX YHUBEPCATIBHOCHL U
apghexkmusnocmo memooa. Ilposedeno Oemanvnoe ucciedoganue NOaA MACHUMHBIX CUTL MAMPUYDBL 6bICOKOZPAOUEHMHOZ0
MazHummnoz2o0 cenapamopa. Memoo omKpvlieaem HOGble G03MOMNCHOCMU NOGLIMEHUA HMEXHUYECKUX XaAPAKMePUCmuK
INEKMPOPU3UYECKUX YCMPOUCME, 017 KOMOPHIX YHUEEPCATbHOCMb U MOYHOCHIL pPAcYema JIOKAIbHLIX U IPdhekmusHbix
Xapakmepucmuk nous asasemcs onpedensiouweii. butn. 16, puc. 11.

Kniouesvie cnosa: NBOSIKONEPHOINYECKAsl TeTepOreHHasl cpeJa, HHTerpajbHoe YpaBHEHHE, BEKTOP HAMAarHUYeHHOCTH, ToJie
HANPSZKEHHOCTH, TEH30P MATHUTHOI MPOHUIIAEMOCTH, BLICOKOTPAIHEHTHAS cenapanus, MATPUIA, MATHAUTHBIE CHJIBI.

Introduction. Heterogeneous media (HM) are M. Hori, W.T. Perrins, D.R. McKenzie, R.C. McFedran,

widely used due to a wide range of their practical
application: magnetodielectrics, semiconductors,
mixtures, solutions, composite and reinforced materials,
electrostatic and magnetic filters, etc.

The theory of HM originates from the classical
works by J. Maxwell and J. Rayleigh, which dealt with
determining the effective parameters of the HM with
canonical inclusions in the shape of cylinders and spheres
(the problem of homogenization). Subsequently, these
investigations were developed and summarized by many
authors: K.M. Polivanov, V.M. Finkelberg, A.V.
Netushil, B.M. Fradkin, V.I. Odelevsky, L.D. Stepin,
B.Ya. Balagurov, Yu.P. Yemets, V. Buryachenko, M.
Kharadly, W. Jackson, K.Z. Markov, S. Nemat-Nasser,

P.D. Qyuivy, S. Torcuato and many others.

Various aspects of the theory and practice of HM
were actively developed in Ukraine, in particular, by
researchers of the Institute of Electrodynamics of the
NAS of Ukraine. Particular attention was paid to the
development of methods for analyzing electromagnetic
fields in electrically conductive, dielectric, composite
and heterogeneous systems at the Department of
Electrophysics of Energy Conversion. Yu.P. Yemets
developed analytical methods for analyzing electric
fields using methods of integral equations and complex
variables. 2D two-component systems with a regular
distribution structure of inhomogeneities are considered.
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The main effective parameters of two-component
dielectric and conductive media with canonical
inclusions are determined: conductance,
magnetoresistance and Hall coefficient. Research results
by Yu.P. Emets and his followers in this direction are
presented in the monograph [1].

Based on the multipole expansion of high orders, the
classical J. Maxwell and J. Rayleigh formulas on
spherical and circular cylinders in a rectangular matrix in
[2] are generalized and developed for the case of elliptic
cylinders and spheroidal elements. There, for the first
time, a fairly general field formulation was considered on
the doubly periodic problem of magnetostatics for a
nonlinear inhomogeneous anisotropic medium with
periodic inclusions and with complex geometry of
elements.

In recent years, the scope of HM has been steadily
expanding: the study of nanocomposite materials [3],
ferromagnetic perforated membranes (magnetic sieves)
[6], and other devices for micromagnetic separation of
ultrafine magnetic particles [5]. More actively in the study
of the properties of the HM the capabilities of modern
information technology are used.

Significant place in the theory and applications of
HM occupy the tasks associated with the use of a
magnetic field. In particular, one of such problems is the
synthesis of filter matrices of high-gradient magnetic
separators (HGMS) for maximum extraction of weakly
magnetic minerals. The need for these devices arose in the
middle of the last century due to the depletion of reserves
of rich raw materials against the background of the
rapidly developing technology of homeless metallurgy
and the growth of requirements for the quality of steel
[6, 7]. Various types of HGMS (Jones, Sala-Carousel,
Boxmag Rapid, Krupp-Sol-24/14, 6-ERM-35/135,
VGS-100/2, etc.) were created. The operation of these
separators showed that at high weight and size parameters
(for example, the Jones separator DR 335 with capacity of
180 t/h has a rotor diameter of 3.35 m and mass of 114 t)
and specific power consumption they do not always
provide the required technological parameters of
enrichment. Therefore, the development of new HGMS
designs continues, and the optimization of their technical
parameters remains an urgent task.

A distinctive feature of the HGMS, which largely
determines their effectiveness, is the use of magnetic
filters of the matrix structure, the elements of which have
complex geometry and high concentration to increase the
magnetic field strength and its gradient. The study of
various types of matrices is the subject of attention of
many authors. A review of the current state of this issue
with an extensive bibliography is given in [5]. The
interest in this issue is explained by the fact that the
matrix significantly affects productivity, separation
efficiency, and operating cost. Ideally, it should, with high
extraction efficiency, provide the maximum specific
capture volume of the useful mineral with the minimum
possible pulp resistance.

Optimization of matrix parameters is associated with
a compromise between a large number of factors affecting
its effectiveness. The magnetic force acting on a particle
with volumetric magnetic susceptibility y and volume V,

F=uyyV|H\grad(|H]). In this expression, the last two
factors are related to the magnetic system of the separator
and its matrix, and the rest are related to the extracted
magnetic material. If justification of the holding force
|Flpnin for specific parameters y and V is the task of
technologists, then ensuring the necessary value of the
value of F =|H|grad(|H]), at which |F| > |F|, is a rather
complicated task requiring special research. Obviously,
the F~ value is important for extraction, not the |H| and
grad(|H|) values separately. Moreover, the «weight» of
each of the factors is far from obvious. The increase in the
field strength H is associated with an increase in the
power and, ultimately, the mass and size parameters of
the separator. Since here the magnetic field gradient does
not change significantly, an increase in the magnetic field
strength «blindly» does not necessarily lead to an
improvement in the separation efficiency in practical use
[7]. As for the field gradient, the possibility of increasing
it is potentially much greater, since it substantially
depends on the size of the matrix elements and their
shape. But here, a compromise solution should be sought,
since for selective separation it is necessary to coordinate
the dimensions of the matrix element with the particle
size distribution. In addition, the large heterogeneity of
the matrix field and especially of its gradient greatly
complicates the task of ensuring the maximum capture
zone while eliminating the possible blocking of the
matrix. This explains a large number of studies on
precisely the geometric parameters of matrix elements.
For example, in [8], the expected decrease in the magnetic
force with an increase in the number of sides of regular
polygons has been confirmed by calculation. The studies
of many authors (see, for example, [7, 9, 10])
recommended the optimal parameters of triangular gear
plates, although due to a more uniform force field,
replacing triangular elements with elements with a lower
surface steepness can increase the ability to collect small
particles. On the contrary, the patent [11] proposed
strengthening the forces for the extraction of a fine
fraction by replacing rods of circular cross section with
rods with a diamond-shaped cross section (with a
reduction in the size of the capture zone). The publication
[12] recommended as promising rod matrices with an
elliptical cross section. A number of works (see, for
example, [13]) discuss the feasibility of using a
combination of rods with different diameters or different
cross-sectional shapes, as well as changing the order of
their grouping.

A feature of the listed works is their particular and
sometimes contradictory nature, as well as the
predominant orientation to simple forms of matrix
elements. Unfortunately, they do not give an idea of the
local distribution of the field of magnetic forces in the
working space of the matrix formed by elements of
complex geometry and arbitrary concentration, especially
when there are difficulties with the formation of boundary
conditions in order to localize the calculation domain.

The wide variety of matrix elements used (balls,
corrugated plates, rods, nets, spirals, wire wool, etc.)
significantly complicate the development of a universal
mathematical model for calculating the force field of
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HGMS matrices. At the same time, the most common
type of rod matrices, which are characterized by
periodicity along the plane coordinates, should be
selected. As shown in [2, 14], to study such media, the
natural mathematical apparatus is the theory of doubly
periodic (elliptic) functions, the use of which allows one
to efficiently solve doubly periodic problems for HM in a
fairly general formulation.

The goal of the paper is the development of a
universal method for calculating the magnetic and force
fields of a heterogeneous medium with a doubly periodic
structure without significant restrictions on the number of
phases, their geometry, concentration, and magnetic
properties.

Basic definitions and properties of doubly
periodic systems. The first and indispensable condition
for the investigation of multicomponent HM is the
determination of the main periods @; and @,, which are
the constituents of the main parallelogram of the periods
0 (if it exists). The unequivocal answer to this question is
not always obvious, since, as will be shown below, even
the doubly periodicity of all phases of a multicomponent
HM does not guarantee its doubly periodicity as a whole.

Consider a pair of complex numbers @; and @,, with
Im(7=w,/@,)>0. Points u and v of the complex plane are
called congruent if they are connected by the relation
u=vmod(w,, @) [15] or

u=v+mew,+myoyatmy my=0,£1,+2, ... . (1)

A parallelogram with vertices wuy, ugt, ugtm,,
ugtao+aw, will be called a parallelogram of periods
constructed on periods @; and @,. Obviously, the set of
congruent points corresponds to an infinite number of
parallelograms of periods covering the entire complex
plane without overlapping.

The concept of a doubly periodic (elliptic) function
occupies an important place in the subsequent analysis.
Denote @=m;-@, + my-@,. The function f{u) with periods
o will be called doubly periodic, and @, and @, — its main
periods.

From the theory of elliptic functions, it is known
[13] that a pair of main periods (@, @,) is not unique. If
for arbitrary integers m, m, and m/, m, the sets of points
w=my-@, + my @, and @=m/-w/+m; -, coincide, then
the pairs of periods @ and @’ are equivalent. Here, a pair
of periods (@, @) is equivalent if and only if to a pair of
periods (w/,®;) ,when the relation w, = @+ [,
®, = yra,+ oo is valid, where ¢, f, y, 0 are the integers
that satisfy the condition a6 — Sy =1 at Im(@,/ @,)>0.
Examples of equivalent periods for two sets of congruent
points are shown in Fig. 1.

We note some more obvious statements. The areas
of equivalent periods are the same, and the area of the
main parallelogram (2 with periods (@, @,) is minimal.
We will also call two parallelograms with periods (@, @)
and (w/, @,) similar if the directions of the periods @; and

, , o
®/ , @ and o, and coincide.

0’ o
. 5 = ]
iy
b 0 /i
L ] ®

Fig. 1. Sets of congruent points and their corresponding
equivalent parallelograms of periods

The concept of a doubly periodic HM is more
complicated than the concept of a doubly periodic lattice,
since in addition to geometrical properties it is also
necessary to take into account the physical and other
properties of individual phases, their arrangement in the
parallelogram of periods, etc. Moreover, the set of HM
can correspond to the same period lattice. For example,
we establish a correspondence between doubly periodic
HM shown in Fig. 2 and lattices of periods of Fig. 1.

c d
Fig. 2. Examples of doubly periodic multicomponent HM
corresponding to the lattices of Fig. 1: two-component — a;
three-component — b and c¢; six-component — d

Note an important point on the example of Fig. 2,a.
The main parallelogram for the set of congruent points is
the small square. At the same time, it cannot be the main
parallelogram of the HM, since, for example, the entire
complex plane cannot be covered by the yellow phase.
Therefore, for this HM, the main parallelograms of the
periods correspond to Fig. 1,a (each of them includes two
elements of the yellow and blue phases). HMs, shown in
Fig. 2,b,c,d correspond to Fig. 1,b. Indeed, considering in
Fig. 2,b,c the system of congruent points of the yellow
phase (for example, the upper points of the elements) we
see that they coincide with the period lattice of Fig. 1,b.
The same can be said about other congruent points of the
yellow and two other phases. More complicated HM of
Fig 2,d also corresponds to Fig. 1,b. After turning Fig. 2,d
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(or coordinate systems) at 30° it can be seen that
topologically Fig. 2,c,d are the same. The only difference
is that each element of the phases of Fig. 1,c corresponds
to three elements of the two phases of Fig. 2,d. Here, as it
is easy to see, the sets of the corresponding congruent
points of all six phases coincide with the lattice of periods
in Fig. 1,b.

Shown in Fig. 2 multicomponent HMs have obvious
doubly periodicity with the same lattice parameters for the
periods of each phase within the HM. As will be shown
below, in this case, the main periods of the HM generally
coincide with the corresponding periods of the phases.

A number of important conclusions can be drawn
from the analysis performed. In particular, it is legitimate
to introduce the concept of congruent areas, whose
geometry is fully reproduced in each parallelogram of
periods. Moreover, these areas can be multiply connected
and multicomponent. This follows from the statement that
each period parallelogram of system (1) owns only one
point of this system [15]. Considering the set of arbitrary
points v with the sets of congruent points (1) generating
them, we naturally come to the concept of congruent
doubly periodic domains.

We will illustrate some additional features of a
doubly periodic HM using the example of a complex HM
shown in Fig. 3.

The discrete phase of this HM is represented by
three fractions — red, blue and green. The main
parallelograms of the periods of these fractions are
highlighted in the corresponding colors. They are similar
(i.e., the corresponding sides of the parallelograms are
parallel), but have different basic periods and
concentration of inclusions. For example, if for the green
fraction introduce the designation .Ql:(a)l, @,), then for
the red fraction .sz(a)l, 2-a»), and for the blue one
2°=(3-m,, ). Note that each of the highlighted main
parallelograms of periods £2' has a set of equivalent ones,
however, for the HM under consideration, all of them are
reduced to similar ones. This procedure is necessary to
answer the important question: is this HM a doubly
periodic, and if so, what are the main periods of this
medium. This question was posed in [16]. therefore, we
confine ourselves here to some refinements and additions.

/........-. (

)
A 4 A L 44 .'QA .Q

_Qf

V
1 AAA/
o /yoooo
AAAAAAAAAAAA

Fig. 3. Basic parallelograms of periods 2", 22, ©2°
of separate phases and equivalent parallelograms of periods
Qand Q' of a three-component HM

The condition of doubly periodicity of a
multicomponent HM. Let some multicomponent HM is
composed of a number of doubly periodic HMs of a lower
level. Denote by {2’} the set of primitive lattices
o' =(o, ®),i=1,2,3, ... P. In the simplest case, when

o =n"-&, o) =m- o, where @ and @, are some

complex numbers, Im( cbz/ @ )>0, and n', m' are the
arbitrary natural numbers , the HM under consideration is
doubly periodic and its main periods @;, @, are defined as
follows. Denote by N and M the least common multiples
for the sets {n'}, {m'}: N = lem(n', n*, ..., n"),

=lem(m', m*, ..., m"). Then @=N-&,, w,=M-@&, . For
example, for the HM considered in Fig. 3,
N =1lem(l, 1, 3) = 3, M = lem(1, 2, 1) = 2. Thus,
=3-@,, ®=2-&, . In Fig. 3 two equivalent periods of

HM Qand Q' are highlighted in yellow.

Note several important consequences of the analysis
carried out.

1. A necessary condition for doubly periodicity of
the HM is the existence in the set of main periods of the

phases {£2'} of a subset of similar periods { £2" }.
2. The doubly periodicity and similarity of periods

{£2"} does not guarantee the doubly periodicity of the
HM as a whole. For example, let
o =a, @ =b,0,=w,, and a # b are any irrational
numbers, for example, a = e, b = m. Obviously, it is
impossible to select integer multiplicities for the specified
periods.

3. At displacement of the main
parallelogram of periods (2 or when moving to the
equivalent parallelogram, all congruent components
(or their parts), the concentration of individual phases and
physical parameters that are doubly periodic, such as the
magnetization vectors in the corresponding congruent
points, are conserved. This is important in the practical
solution of problems on the definition of local and
effective parameters of HM.

It should be noted that the establishment of the fact
that the HM is doubly periodic and the determination of
its main periods significantly expand the possibilities of
investigation the HM, since it provides the possibility of
applying the theory of elliptic functions and limits the
scope of analysis by the main parallelogram of periods.

Basic calculation relations. In the complex plane E,
we consider a medium with a regular structure formed by
a set of congruent groups of magnetics, each of which
corresponds to a bounded (in the general case multiply

a linear

connected) domain D,,,= UD;” with a sufficiently smooth
,kym,n=0,%1,12,..).
For convenience, we denote the domain Dy
corresponding to the main parallelogram (2 with periods
@, and @,, by D. Accordingly, Sp=S and D =DUS. The
region external to the magnetics is denoted by D .=E\D,,,.

Let B=B/(H, z) be a known function that, in the
general case, defines the inhomogeneous, nonlinear and

boundary S,,=US’ (j =

mn
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anisotropic properties of the set of congruent elements
J,z € Dy If zeD,, then B=g4H.

Consider a system of dipoles with identical moments
M located at the points &= {mod(@;, @,). Their complex
potential and field strength [2]

WM(z>=;”—n-4“<z—

$)+C(z-9), 2

HM(z)=—Vm<z)=——é( &-C so(z &)-C,(3)

where {(z—¢) = (u), p (-9 :go(u) are the Weierstrass
functions, and a bar over a complex number means a
conjugation operation.

Without loss of generality, we combine the period
o, with the x axis and take Im@,=0. Taking into account
the Legendre relation [13]

M- =1 =21,

for the constant C we obtain the expression [2]

C=—i 771+M . =j'M2 _M_iz
2n a)1 , w0, 2t o )
_jImM M ’
F, 21 o,

where M, M, is the decomposition of the vector M in the
directions of the periods @, and @, F=o;- Ima, is the
area of the main parallelogram of periods 2

Let J(z), zeD be the distribution of magnetization
arising under the action of the field of primary sources
Hy(z). A joint consideration in the domain D of the action
of primary and secondary sources (the magnetization of
all magnetics in E) leads to expressions for the complex
potential and intensity [12]:

W(z)=W,(2)+W,(z) = W(Z)+ IJ(é) [C(z=6)-

| )
o GOl dr e [ImIEQ) G- 9)-dr
H(Z):Ho(z)+HJ(Z):HO(Z)+2LX
T
- Im P (6)
«J7 (){@(z—ﬁh }dr 2T

where P is the full dipole moment of the main
parallelogram (2. The integral in (6) is singular.

Let us consider in more detail the linear case:
B=u]H = uy /-H, B, = uyH for zeD and zeD,,
respectively. In this case, outside the domain D J(z)=0
and the problem of calculation of the field characteristics
at an arbitrary point of the HM is reduced to calculation
of the distribution of the magnetization vector J(z) in D.

Introduce the integral operator that is important for
the analysis below [2]

1,7 ———jJ(g’) {(o(z §)+"l}d JA P

()

Q

Denote B = y,'B and consider a chain of equalities:
J=B-H=(u-1)-H;B,+H,=1I,J;

. . ®)
B+H=(u+1)H=2H,+B,+H,=2H,-1I_J.

From (7), (8) it is easy to obtain an integral equation
for the medium magnetization vector J(z), zeD:
J(2)=A-QH,(2)-11,J) =

0

o m imp| @
=ﬂ{zHo(z)+1IJ<§)-{so<z—¢)+i}drf+2J Imf’},
Th @, F,

where A=(p—1)/(p+1).

We give one more expression for the singular
operator I1,J. Denoting by o, a circle of small radius ¢,
and by D,=D\o, a domain D with punctured point z = &
expression (7) is transformed to

=1 J(f)'a{é(z—é)—l(z—é)}dr .
T, 2]

2j-mP 1 1
+JTQ:_E J o, {J(g).{g(z-g)—%(z—g)}}drg— (10)

2j-ImP

—1-j ag[g&—ff)—ﬁ(z—f;)}dr;Jr
T 5 a Q
It is easy to establish that

P=[J(&) dz, = [{0,[&-J(&)]-&-0,J}-dr,. (11)

Applying the Green formula to (10), (11), assuming
the differentiability of the function f

jagf dr,= —— j f<§>d§+— [ - a2
e
and takmg into account that the integral (12) along a
circle of a sufficiently small radius ¢is zero, we find:

P=[J(&)-dr, = [{0,[¢-J(£)]- &0,y dr, =

1 —
:_?j.lg.J(g)-dg—ig.aészg.

Here S is the boundary of the domain D (in the
general case, multiply connected). At A(z)=const 0:/=0,
therefore, the singular operator /7, J is expressed through

the surface (boundary) integral

1, =%-IJ(:)-{g(z—i)—i@—é)]df—
% Dy
(13)
1 —
—F—Q-Rehé-J(é)df}.

The practical implementation of the basic
relations. Let us now consider some questions of the
practical use of the expressions obtained. We represent
the domain D as a set of triangular elements D=UD" with
a constant magnetization J* corresponding to the center of
gravity & of triangle D*. In this case, the solution
J(z)=UJA(z) can be obtained by simple iteration method
for the equation

=J.(z")=21-H! +— ZjJ L(E)x

- L (14)
{p(zm—gyrg}.d 1(5 )-dz,.
(m=1,2,3,. =1,2,3,..).
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If we consider the magnetized domains D" as dipoles
with magnetic moments M* = J*A7, located at the points
£ then (14) is greatly simplified:

=24 H”’+— >[4l Ih A+

ka

(15)

Az,
k  pk
where Amk=g0(z -+ .
The calculation of A4, values can be performed
using the formulae [15]

g
47_52 1 0 (l_qu .h—Z )2
S/J(u)Jri:——z' ﬁJFZ W »(16)
@, 2 (h h ) r=l q -h
(1_q2r.h2)2
orat—-Imz<Im v<Imr
2 2 ©
n b 8 q
Uy+—=———-——- cos(2m-nv), (17
o @ @ sin’ (@) of ;1—61 @), ()

where u = " =2"-&, g = exp(jn 1), v=ulw,.

For uniformly magnetized triangles, the integrals in
(14) can be calculated analytically. Applying (13) for the
k-th triangle and taking into account that [15]

d d
é’(u)——lu :d—lnz91(v,r) :—d—é: 11'1191(V,T), (18)
we obtain

- 2"— RICEICRR S

1 . -
—— Y Re|J"- | &-d& | =
L { Jeaf
Uklng(z —Z’)+ak,,ln19(z -

wInG (2" =z")

—— Y Re| J*- | £-d& .
In this expression S* is the boundary of the -th

triangle, z, 2, 7 are the complex coordinates of its
Vertices, a/a’j: Ay — al’j, al’jk = Cl,‘j - ajk, ajk,' = ajk — g,
am=(z"=2"(z"=2z"), m, n = i, j k; § is the
G-function with high convergence rate:

9 =2¢"" [ sin(nv)—g* sin(3-mv) +¢° sin(5-mv) -...].

H} (19)

Let us consider in more detail the calculation of the
complex potential (5) from the known distribution of the
magnetization vector J(z) in D. In the simplest case, the
discrete analog of this equation, by analogy with (15),
takes the form

ENACIES WA LR
o (20)
—%(z—gk)].mk +FLZIka (z-At, - g,),

1 Q k
where for g, using the Green formula we obtain

:[!;g.Afk Z%_[a?(gZ).Ark :%S'[gaz.dgz

:l—(z a,ﬂ/+z a,,k+zk a

Jki

and for () — (7m/w)-u one can use absolutely and
uniformly convergent series

q2n'h72 ~

m mj h+h‘ = 1-¢*"-h7
O , (21
ST 2.3 e |l

1 q2n'h2

orat—-Imz<Im v<Imrt

771 2/1
()= u == clg(mv)+4-
S(u o u= o (cqnv z 7

-sin(27tn-v)j. (22)
n= 1

A more accurate expression for #(z) can be obtained
by passing in (5) to the integral over the boundary S*.

Using (18) and (20), we rewrite (5) as
W(z)= WO(Z)—LZJ" J. 0:[In 8 (v,7)]-dz, +
2n k D

+L 3 ImJ (AT, - g) =Wy (2) - (23)
F.Q
ZJ jlns(v T)d<‘,+—ZIka(zArk g,).
sk
To calculate the integrals in (23), we use the well-
known expansion for the J-function

ln[n- 3‘,(V’ 2
§(0,7)

+2iqz—%[1—cos(27tn V)]

n=1 1+ (1 - q2-n)

Taking into account that in accordance with (12)

jdg?EO,

] =Insin(nv)+
24

J-ln19](v,r) dE = Ilnsin(nv)-df—

3 25
—22,"“;1 -cos(2mn-v)-d&, (25)

n=1g
where a,=¢”"/[n-(1 — ¢™)].
Calculation of the first integral in (25) leads to the
expression

I = jlnsin(nv)-dE: jln nv-Ha—ﬁ) dE=
sk sk i n’

~ [InG-0)dE+ Y [In[ (-8 - (-0’ ] -dE =

==a,- > b, [, (I, =D+, (I, ~D] = (26)
n=0
—ay - Y b, [uy, -(nu, —1)+u,, - (Inu,, —1)]-
n=0
—ay -an uy, -(Inwuy, =) +u,, -(Inu,, -1)],
n=0
where uy,=z —n-wy — zy, Uy, =z + n-w - z,, p =10, j, k;
b,=0,5atn=0and b,=1atn=0.
Calculation of the second integral in (25) gives:
= —Zj a,-cos(2m-nv)- dé Za R
o (27)

[ a, sin(2mny’ )+aku sin(2nny’ )tay, _sin(2mny"* )]

where
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vi=(z-2) oV =iz-2) o,V =(:z-2") o.

It should be borne in mind that the logarithm is a
multivalued function, therefore, when integrating along
the boundary S§*, it is necessary to choose its continuous
branches.

Examples of numerical implementation. Below
are examples of numerical simulations illustrating the
capabilities of the method described. Figures 4-8 show
field patterns (field lines in blue, equipotentials in red) for
a three-component HM with basic periods @,=8, @,=6j.
The external field H, is uniform and directed at different
angles about the horizontal axis.

In Fig. 5 with the same parameters as in Fig. 4, the
field is calculated in the equivalent parallelogram of
periods 2" with ®/=8, @)=-8+6j. Comparison of the
field distribution in Fig. 4 and Fig. 5 confirms the
conclusion about the conservation of field characteristics
at congruent points of equivalent periods. The freedom to
choose from equivalent periods of more convenient for
calculating and visualizing the results in this case clearly
speaks in favor of Fig. 4.

The choice of indicated in Fig. 6 angle 9.2535° is
due to the direction of the external field H, in the
direction of the main axis of anisotropy of the
homogenized HM (calculation — see below).

12

“=1

AN |

N 4

2

1 L
] YT
0 . 4 6 8 10 12
Fig. 4. The field pattern in the three-component HM at
relative magnetic permeabilities of discrete elements £~=1000
and the external medium g.=1. Green dotted line illustrates
the main parallelogram of the periods. External field Hy=1
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Fig. 5. The field pattern in the equivalent basic period
(highlighted in green dotted line) with the HM parameters
of Fig. 4

0 2 4 6 8
Fig. 6. The same as in Fig. 4, but the external field H, is directed
at an angle of 9.2535° to x-axis

Fig. 7. Relative magnetic permeabilities of triangular, square
and round rods, respectively, equal to 1000, 10 and 2, g=1.
The external field H, is directed at an angle of 45° to x-axis

Figures 8, 9 show the results of solution of the flow
problem: Fig. 8 shows the flow lines, and Fig. 9 presents
the distribution of the magnetization vector in a magnetic
sheet with discrete air voids (see Fig. 8). In this case,
instead of (9) the following equation is used:

: -1 —_—
J(Z)ZZHO.M_ .
o+ 1, H+ 1,

0

Fig. 8. The flow problem. The relative magnetic permeabilities
of discrete elements x =1, of the external medium z,=1000
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2

0

Fig. 9. Discretization of the computational domain and
distribution of the magnetization vector in the flow problem
(see Fig. 8)

Attention should be paid to an important detail:
despite the simple shape of the main parallelogram of
periods, the boundary conditions on its sides are not
known a priori and cannot be reduced to the conditions
commonly used in FEM.

Calculation of effective parameters of a
multicomponent HM. Since the above method is based
on the determination of the magnetization vector J in the
main parallelogram of the periods, solution of the
homogenization problem poses no significant difficulties.
To do this, it is necessary to calculate J(z), ze (2 for two
mutually perpendicular external fields H,, for example,
for H) = 1 and H, = j. Let us denote the total
magnetization of all elements in 2by .~ @1 25, and
§2y= 2,xT] 42y, respectively. Then the relative magnetic
permittivity tensor x is easily determined through the
effective magnetization of the medium: in vector notation
J=p/Fo=x-H, Obviously, x.~=@mn/Fao, Ky=y/Fa,
K= 23/ F o, K65,= 2/ Fo.

In the general case, for the chosen coordinate
system, the tensor k¥ should be symmetric, but not
necessarily diagonal. To bring it to a diagonal tensor &
with  principal =0) wvalues, we

introduce a new coordinate system (x', y") by rotating the
old one by the angle «. This angle can be determined
from the expression

2K
a= larctg {—W] ,
2 Ky —K

xx Yy

KyxoKyy (ny =Ky

(28)

and the principal values of the tensor k¥ can be
determined from the relations

- (K +KW)+\/(KH —KW)Z +4ny2
XX 2 9

(29)

2 2
(Kxx +Kyy)_\/(Kxx _Kyy) +4ny
Ky = .
2
In accordance with the above, for a medium with
parameters corresponding to Fig. 4, the following results
are obtained:

1,0054 0,0210
0,0211 0,8801 0 0,8766
For the components of the effective relative

magnetic permeability tensor, we obtain the obvious
values: i, =2,0088, i, =1,8801.

To confirm the correctness of the calculations, Fig. 6
shows a picture of the field obtained with an external field
strength Hy=1, directed at an angle o = 9.2535° to the
x-axis (i.e. along the main axis of anisotropy). For effective
magnetization of the medium, a sufficiently accurate result
is obtained: #=1.0089-exp(j-9.2561-1t/180).

For the parameters of the HM corresponding to
Fig. 7, the corresponding results are equal to:

0,4462 —0,0029| _ 10,4461 O
-0,0025 0,5571 |’ 0 0,5572

The components of the tensor of effective relative
magnetic permeability: f,, =1.4461, /,,, =1.5572. Their

= = , a=9,2535°.

>

‘1,0088 0

‘, a=1,4169°.

decrease in comparison with the above values is explained
by a decrease in the effective magnetization of the HM
due to smaller values of the magnetic permeabilities of
the discrete phases. The insignificant asymmetry of the
tensor x is explained by its almost zero non-diagonal
components.

Calculation of the field of magnetic forces. To
further illustrate the capabilities of the developed method,
we present the results of calculating the distribution of the
force field |[H|gradH| = 0,5 grad([H|?). As can be seen
from the last expression, the force field of the HGMS
matrix is completely determined by the distribution of the
modulus of the magnetic field vector H in the working
space of the matrix. Within the framework of the
developed method, this distribution is easily obtained on
the basis of expression (6) using its discrete analogue or
the relation H = —grad(Re#(2)).

To determine the force field F*, it is necessary to
specify the vector of the external (background) field
strength Hy and the dimensions of the matrix elements.
For example, for the HM corresponding to Fig. 4, with the
value of the main period @;=8 mm (the dimensions of the
matrix elements are determined by proportional
conversion and are visible from Fig. 4-9) and the external
field Hy, =5 kA/m direction along this period, in Fig. 10
lines |H|’=const and the magnetic force vectors F*
perpendicular to them are shown. Since the force field of
the matrix is highly heterogeneous, Fig. 10 shows a
fragment of the domain with the most intense force field.
The areas of magnetic particle capture zones are
determined by the known value of the minimum

~, the determination of which is

min

extraction force |F :

beyond the scope of this paper. As noted above, this force
depends on the magnetic susceptibility of the initial
product, the size of the extracted fraction, and other
technological parameters. For example, at

|F*| =|F|, / (#xV)=5510" A%m’, which roughly

min
corresponds to the real values, the isodines |F *| = const

and the particle extraction zones are shown in Fig. 11.
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Fig. 10. Characteristics of the force field of the matrix of Fig. 4
in the corner zone of a triangular element
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Fig. 11. Isodines F | = const and their corresponding
extraction domains of the force field at |F' |,;,= 5.5 10° A%m®

for a fragment of the matrix working space

The above analysis shows that the high
heterogeneity of the force field (even in the extraction
zone, the forces can differ by 2-3 orders of magnitude) is
a negative factor. It is more preferable to have a field
sufficient for extraction with a minimum spread of
magnetic forces (ideally, isodynamic). We also note the
high sensitivity of the force field to the strength value H,
and the size of the filter elements. This casts doubt on the
universality of the recommendations for determining the
optimal geometric shapes of matrix elements without
reference to the magnetic system of a particular HGMS
and its comprehensive study.

Field analysis of the force field in the matrix can be
continued in the following direction. Obviously, the
formed extraction zones reduce the area and geometry of
the pulp free flow area. The hydraulic permeability of the
matrix can be investigated by solving the flow problem
(see Fig. 8) with the geometry of liquid-impermeable
regions modified due to particle sticking.

Thus, the information obtained on the basis of the
developed method can be used in the development of new
and modernization of existing HGMS in the following
directions:

e calculation of the magnetic permeability tensor
values (homogenization problem) makes it possible to

quite accurately determine the magnetic resistance of the
matrix as the main element of the magnetic system of the
separator, and as a result of calculating the distribution of
the magnetic flux in it, to determine the average magnetic
flux density in the matrix and the calculated value of the
field strength H,. For the considered example, /i, =2 and

Hy=5 kA/m, the average magnetic flux density is
B=0.126 T,

o for the selected geometrical and magnetic
parameters of the matrix elements with a known value of
strength H,, it is necessary to calculate the field of
magnetic forces |F | > |F'|min (according to the example of
Fig. 10), and for a given value of the minimum holding
force |F'|yin — the areas of potential extraction zones and
the fill factor of the working space (Fig. 10). It should be
borne in mind that the specific magnetic resistance of the
matrix does not depend on the absolute dimensions of its
elements and the strength of the external field. At the
same time, the magnetic forces |F'| are proportional to
|H,|> and inversely proportional to the absolute sizes of
the elements. From this it follows that the recalculation of
the force field in these cases should not be done, since the

picture of isodines |F | = const remains unchanged, only

the values of their values change;

e calculated configuration of liquid-tight areas makes
it possible to evaluate the hydraulic permeability of the
pulp and decide on a change in the force field F in one
direction or another;

e varying the geometric sizes and shapes of the matrix
elements and conducting a series of corresponding
computational experiments, it is possible to optimize the
HGMS magnetic system as a whole with given
technological limitations.

Thus, the use of the proposed method will create
additional opportunities for improving the technical
characteristics of electrophysical devices with HM
elements, for example, high-gradient magnetic separators,
electrostatic filters, and other structures for which the
universality and accuracy of calculating effective and
especially local field characteristics are decisive.

Conclusions.

1. A universal method has been developed for
calculating the local and effective characteristics of the
magnetic field of a multicomponent heterogeneous
medium with a doubly periodic structure which is based
on solving the integral equation with respect to the
magnetization vector of the elements of the main
parallelogram of the periods.

2. The performed computational experiments confirm
the high efficiency and accuracy of the proposed method.
Its main advantages are the compactness of the
computational domain, the absence of the need to specify
unknown boundary conditions on the sides of the
parallelogram of the periods and severe restrictions on the
geometry and number of components of a heterogeneous
medium.

3.0One of the effective areas of application of the
developed method is the analysis of the force fields of
matrices of high-gradient magnetic separators. The ability
to comprehensively take into account the factors
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determining the effective and local field characteristics
opens up additional possibilities for optimizing the matrix
parameters and improving the overall dimensions and
technological characteristics of the separator as a whole.
4. Without significant changes, the method can be used
in the analysis of other potential fields in doubly periodic
systems (design of electrostatic filters, problems of
flowing around gratings of a complex profile, etc.).
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A CHOICE OF ACCEPTABLE SECTIONS OF ELECTRIC WIRES AND CABLES
IN ON-BOARD CIRCUITS OF AIRCRAFT ELECTRICAL EQUIPMENT

Purpose. Implementation of choice of maximum permissible sections S; of the uninsulated wires and insulated wires (cables) with
copper (aluminum) cores (shells) in the on-board power circuits of electrical equipment of different aircrafts with AC current of
firequency f>50 Hz. Methodology. Theoretical bases of the electrical engineering, electrophysics bases of technique of high
voltage and high pulsed currents, applied thermal physics. Results. The engineering approach is developed for a calculation
choice on the condition of thermal resistibility of aircraft cable-conductor products (CCP) of maximum permissible sections S of
the uninsulated wires, insulated wires and cables with copper (aluminum) cores (shells), polyvinyl chloride (PVC), rubber (R) and
polyethylene (PET) insulation, on which in malfunction of operation of on-board aircraft network with AC frequency of f>50 Hz
flows of iy(t) current at single phase short circuit (SC) with given amplitude-temporal parameters. It is determined that in the on-
board power circuits of electrical equipment of aircrafts (=400 Hz; for permanent time of slump of T,=3 ms of aperiodic
constituent of current of SC) maximum permissible amplitudes of current density of 0;,~1,,/Si of single phase SC at time of its
disconnecting t,c=5 ms in the on-board network of aircraft without dependence on the numerical value of amplitude 1, of the
given current of SC for the uninsulated wires with copper (aluminum) cores is accordingly about 2.48 (1.40) kA/mm?>, for wires
(cables) with copper (aluminum) cores (shells) and PVC (R) with insulation — 1.85 (1.18) kA/mm’, and for wires (cables) with
copper (aluminum) cores (shells) and PET insulation — 1.53 (0.99) kA/mn’. The influence on a choice in the on-board network of
aircrafts of maximum permissible sections S; of its CCP and accordingly maximum permissible amplitudes of current density ;,
of current copper (aluminum) parts of its wires and cables of frequency f of AC in the on-board network of aircraft is determined,
but duration of flow t,c (time of disconnecting) renders in the on-board network of aircrafts of emergency current of SC iy(t. For
diminishing in the on-board power circuits of electrical equipment of aircrafts of maximum permissible sections S;; of the electric
wires (cables) applied in them and accordingly providing of decline for different aircrafts of mass and overall indicators of their
on-board CCP is needed in the on-boar networks of aircrafts along with the use of enhance frequency of =400 Hz of AC to apply
the fast-acting devices of their protecting from SC in course of time wearing-outs of 1,<<100 ms. It isshown that application of
enhance frequency of =400 Hz of AC in the on-board networks of aircrafts as compared to its frequency of f=50 Hz results in the
considerable increase (in four times) of fast-acting of devices of their protection from SC, operation of which is based on the air
electric explosion of metallic wire. Originality. First for the on-board network of aircrafts with AC of frequency of f=400 Hz the
maximum permissible sections S;; and amplitudes of current density 6, of SC are determined for the uninsulated wires and
insulated wires (cables) with copper (aluminum) cores (shells), PVC, R and PET insulation. Practical value. Theobtained results
will be used in the increase of thermal resistibility of CCP with copper (aluminum) cores (shells), PVC, R and PET insulation
applied in the on-board electric networks of different aircrafts. References 18, tables 5.

Key words: aircraft, on-board power circuits of electrical equipment, electric wires and cables, frequency of alternating
current, selection of maximum permissible cross-sections of cable products.

Haoani pe3ynemamu 3anponoHoanozo iHICEHEPHO20 e1eKMPOMEXHIUn020 ni0Xo0y 00 PO3PAXyHK08020 6UOOPY ZPAHUYHO
Jonycmumux nonepevyHux nepepizie Sy eNeKmpuuHUX Hei30Nb06aHux Opomie, i301b08anux Opomie i Kabenie 3
nonigininxnopuonor (IIBX), zymoeorw (I) i noniemunenosoro (IIET) i3onauicio i mionumu (anwominiceumu) dncunamu
(obononkamu) no ymogi ix mepmiunoi cminikocmi, o AKUX Y OOPMOGUX CUNOGUX KONIAX €/1eKMPOOONAOHAHHA JIIMATbHUX
anapamie (JIA) ¢ aeapiiinomy pexcumi npomikae cmpym it) oonogpaznozo kopomrkozo 3amuxanna (K3) i3z 3adanumu
amnaimyono-uacosumu napamempamu. Ha niocmaei ubozo nioxody 3oiiicnenuii udip panuuno O0ONyCMuMux nonepeuHux
nepepizieé S; 0na éxkazanux opomie (Kabenie) 6Gopmogux cunosux Kin enekmpooonaonanua JIA 3 wacmomoio 3MiHH0O20 cmpymy
f=400 I'y. Bukonana po3paxynkoéa OUiHKaA ZPAHUYHO OONYCHUMUX AMRIIMYO WinbHOCHMI Oy, cmpymy i(t) eéxazanozo K3 6
Odanux opomax i kavenax 6opmosux cunosux kin JIA. bioxn. 18, Tadmn. 5.

Kniouosei cnoea: itanbHuii anapar, 60pTOBi CHIIOBI K012 €J1eKTP000/1afHAHHSA, eJIeKTPHYHI APOTH i KabeJi, 4acTOTa 3MiHHOIO
CTPyMY, BHOIp I'PaHMYHO 0IIyCTHMUX NepepisiB kabeabHO-NIPOBIIHMKOBIN NpoayKii.

Ilpueedenvt peynbmamuvl RPEOIOHCEHHO20 UHHCEHEPHO20 IIEKMPOMEXHUUECKO20 RO0X00a K PACYEMHOMY 8blOOPY NPedeIbHO
00OnyCHMUMBIX NOREPEUHBIX CeYeHUIl S; INEeKMPUYUeCKUX Heu30UupOo6aHHbIX RPOE0006, U30IUPOBAHHBIX NPOEOO08 U Kabeneii ¢
noausununxaopuonoit (IIBX), pezunoesoit (P) u nonusmunenosoi (I137) uzonayueii u meOnvimu (AnI0MUHUEELIMU) HCUIAMU
(0b6010uKaMU) NO YCO6UIO UX MEPMUYECKOL CHIOIIKOCMU, O KOMOPBLIM 6 HOPMOGHIX CUIOBBIX UenAX IIEKMPOOOOPYO0SaAHUs
nemamensublx annapamoeé (JIA) 6 asapuiinom pexcume npomekaem mox iy(t) oonoghasnozo kopomkozo 3amvikanua (K3) c
3a0aHHBIMU AMAAUMYOHO-6pemennbinu napamempamu. Ha ocnosanuu 3mozo nodxoda ocywecmenen 6vloop npeoenbHo
Jonycmumplx nonepeunvix ceuenuut S; 0nA  YKA3AHHLIX  NPOG0006  (Kabeneil) OOpmMoOGvIX CUNOBLIX  Yenell
anexkmpoodopydosanusn JIA ¢ uwacmomoii nepemennozo moxa =400 I'y. Bovinonnena pacuemmnas ouenxka npedenvno
0ONYCMUMBIX AMAAUMYO RIOMHOCU O;y, MOKaA i(t) ykazaunozo K3 6 paccmampugaemvix nposodax u Kadenax 60pmoesvix
cunosvix yeneii JIA. bu6in. 18, Tadmn. 5.

Kniouesvie cnosa: nerarejibHBbI annapar, 00PTOBble CHJIOBbIE LENH 3JeKTPOOOOPYIOBAHHUS, JJEeKTPHYECKHe INPOBOAA U
KkaleId, 4YaCTOTA IIEPEMEHHOI0 TOKA, BbIOOP NpeJe1bHO JOIYyCTHMBIX Ce4eHHil KabebHO-NPOBOJHUKOBOM NPOAYKIHH.

Introduction. In [1, 2], as applied to the tasks of insulated wires and cables with polyvinyl chloride (PVC),
industrial electric power industry, the issues of a refined  rubber (R) and polyethylene (PET) insulation and copper
choice of the maximum allowable S; and critical S;c (aluminum) cores (sheaths) according to conditions of
cross-sections of uninsulated electric wires, as well as © ML Baranov
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their, respectively, thermal stability and electric explosion
(EE) are considered. As is known, the calculation modes
for choosing the maximum allowable cross-sections S;; of
cable-conductor products (CCP) used in power circuits of
electrical equipment with alternating current of frequency
/=50 Hz are the modes of single or three-phase short
circuit (SC) [3, 4]. The technical data given in [1-4] for
the selection of CCP relate to power circuits of electrical
equipment used in land-based stationary objects during
their industrial power supply with AC with frequency of
/=50 Hz. And what about the choice of the maximum
allowable cross-sections S;; of CCP for objects of aviation
and rocket and space technology, in the on-board
electrical networks of which it is possible to use
alternating current with frequency f, significantly different
from the traditional power frequency of 50 Hz? It is no
secret that the overall dimensions and mass indicators of
the on-board CCP, and hence the cross-sectional values S
of its metal conductors (shell-screens), for such objects
«go» to the forefront of the developers of this high
technology. In this part, it should be noted that, for
example, on the modern Airbus 380 airliner, the length of
CCP of its on-board network is more than 530 km [5].
Here, the total power of electric power sources on board
of military and civil aircrafts can range from 20 kW for
light aircrafts to 600 kW and more for heavy aircrafts [6].
In this regard, the tasks related to the study of the
peculiarities of application of AC with frequency />50 Hz
in the on-board power circuits of aircraft electrical
equipment and the choice of maximum permissible cross-
sections S; of electrical wires and cables containing
internal copper (aluminum) cores (=1) and external
reverse (protective) shells (i=2), as well as PVC, R and
PET belt insulation for such frequencies become relevant
in the field of applied electrical engineering in relation to
modern aircraft.

The goal of the paper is the choice of the maximum
permissible cross-sections Sj; of bare wires and insulated
wires (cables) with copper (aluminum) cores (shells) in
the on-board power circuits of electrical equipment of
various aircrafts with alternating current with frequency
>50 Hz.

1. Problem definition. Let us consider uninsulated
copper and aluminum wires widely used in on-board
power circuits of aircraft electrical equipment, as well as
insulated wires and cables with copper (aluminum) inner
cores and outer shell-shields, having PVC, R and PET
belt (protective) insulation [7]. We assume that in round
solid (split) copper (aluminum) cores (shells) of the
indicated wires (cables) of the power circuits of the
aircraft electrical equipment located in the air at
temperature of ;=20 °C in the normal mode of their
operation under the rated current load, in the longitudinal
direction alternating current flows with frequency
50 Hz, and the maximum long-term permissible
temperature 9, of the Joule heating for non- and insulated
wires (cables) with PVC, R and PET insulation does not
numerically exceed those regulated by the applicable for
electric power devices of levels of 70 °C and 65 °C,
respectively [8]. Suppose that, for the generality of the

electrical engineering problem to be solved, in the power
circuits of aircrafts with CCP, their operation modes are
possible when some sections of their wires (cables) can be
completely de-energized. We believe that the thermal
stability of the electrical wires and cables of the aircraft
on-board circuits under consideration, as well as for
stationary ground electric equipment with a two-wire
power supply network, is limited by the maximum
permissible short-term heating temperature 6,5 of the
current-carrying parts of wires (cables) at the single-phase
type of SC in the aircraft on-board network under study.
In the first approximation of the solution of the
formulated problem, we assume that the values of O
correspond to the known maximum permissible short-
term heating temperatures of the CCP with alternating SC
current of power frequency /=50 Hz [8]. In this regard,
the numerical values of the temperature ;5 for uninsulated
copper wires with strains less than 20 N/mm’ will be
250 °C, and for uninsulated aluminum wires with strains
less than 10 N/mm? — 200 °C [8]. For insulated wires and
cables with copper and aluminum cores, PVC and R
insulation, the numerical values of the temperature 65
then turn out to be 150 °C, and for the considered CCP
with PET insulation — 120 °C [8]. We assume that when
choosing the cross-sections S;, the electric current i(¢) of
the single-phase SC in the on-board network of the
aircrafts, made according to a single or two-wire circuit,
is almost uniformly distributed over the cross-section of
the core and the screen-shell of the studied wire (cable).
The justification for this assumption is that the
minimum penetration depth A; of the magnetic field (skin
layer thickness) from the current iy(f) of a single-phase SC
in the on-board network of the aircraft in a quasi-
stationary approximation to the conductive non-
ferromagnetic materials of the core (screen-shell) under
consideration, determined from the calculation relation
AR[(fitgpo)]™ [9], where y,; is the specific conductivity
of the core (shell) of the core (shell) of CCP at §,=20 °C,
and u=4710"7 H/m is the magnetic constant, for
example, for emergency current frequencies /=50 Hz and
=400 Hz is numerically for copper (y,=5.81-10" (Qxm)™)
respectively about 9.3 mm and 3.3 mm, and for aluminum
(76=3.61-10"-(Q'm)") about 11.8 mm and 4.2 mm. It can
be seen that the indicated values of the skin layer
thickness A; turn out to be comparable with the radii
(thicknesses) of the current-carrying cores (shells) of
wires and cables, usually used in electrical circuits of the
aircrafts under consideration (in particular, in aircraft
networks [7]). As in [1, 2], we use the condition of the
adiabatic nature of the action of the current i(f) of a
single-phase SC in the on-board network of the aircraft,
no more than #~40f =100 ms in the conductive
materials of the cores (shells) of the thermal process in
CCP under consideration, in which the influence of heat
transfer from the surfaces of their current-carrying parts
having current temperature 6;>6,, and the thermal
conductivity of the layers of their electrically conductive
materials and insulation on the Joule heating of the
current-carrying parts of the cores (shells) of the studied
wires (cables) can be neglected. It is required by
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calculation in an approximate form, taking into account
the nonlinear nature of the change, due to the Joule
heating of the investigated CCP of the specific
conductivity y; of the material of its cores (shells) and the
conditions of the thermal resistibility of the CCP to the
action of the current i(¢) of a single-phase SC in the on-
board network of the aircraft to determine in the range of
change of AC frequency f = (50-400) Hz in the power
circuits of its electrical equipment the maximum
permissible cross-sections S of current-carrying parts for
uninsulated copper (aluminum) wires, as well as for
insulated wires and cables with copper (aluminum) cores
(shells), PVC, R and PET insulation, through which in
emergency operation mode of the aircraft single-wire on-
board network (with a common «minus» on its massive
metal casing, which serves as a reverse current lead [10])
or two-wire on-board aircraft network [11] current of a
single-phase SC i(#) flows with known duration #¢ and
with specified amplitude-temporal parameters (ATPs). In
addition, taking into account the obtaining of cross-
sections Sy, it is necessary for the investigated CCP in the
aircraft to determine also the maximum permissible
density amplitudes J;, of the current iy(¢) of a single-
phase SC in the on-board network of the aircraft.

2. An engineering approach to the selection of the
maximum allowable cross-sections S; of wires and
cables in aircraft electrical equipment circuits. From
the heat balance equation for the current-carrying parts of
the CCP of the aircraft electrical equipment circuits in the
adiabatic mode and the conditions of their thermal
resistibility to the current iy(f) of the indicated SC, the
analytical expression for the calculation of the maximum
permissible cross-sections S;; of the considered electric
wires and cables takes the following form [1]:

S =a s = Ja)]'? = T 1 Cy (1)
%
where J,= .[1/3 ()dt is the Joule (action) integral of
0
current i(7) of a single-phase SC, Als; Jus, Jur are the
current integrals for current-carrying parts of wires
(cables), the maximum permissible short-term
temperature and long-term permissible material heating
temperature are 6 and 6, respectively, Arsm™;
C,-k=(Jl«1S—J,-;1)1/2 is the calculation coefficient, A-s">m™.

It clearly follows from (1) that for the calculation
determination of the values of the cross-sections S, it is
necessary to know the values of the Joule integral J,, and
the coefficient Cj.

2.1. Determination of current integrals Jys, Jiy
and coefficient C; for CCP of on-board aircraft
network. To calculate with engineering accuracy the
values of the current integrals J;s and J;; included in (1),
used, in particular, in [9] in the form of current or inertia
integrals (see formula 4.56), whose integrand, unlike the
classical Joule integral, does not contain the square of the
emergency current ii(f), but the square of the density of
this current dy(¢) in the electrically conductive materials
of the CCP of the aircraft on-board network, we use the
following approximate analytical expressions [1, 12]:

Jis = 70iB0i n[coi Boi (G5 —6p) +1]; 2)

Tt = 70iBoi Wleoi Boi (O — 6p) +1]. 3)
where cy;, fo; are, respectively, quantifiable at §,=20 °C
the specific volumetric heat capacity (J/(m*-°C)) and the
thermal coefficient of the electrical conductivity (m*/J) of
the conductive material of the core (shell) of the wire
(cable) of on-board power circuit of the aircraft electrical
equipment with current frequency f>50 Hz before
exposure to the CCP of the emergency current iy(¢) of a
single-phase SC in the on-board network of the aircraft
with specified ATPs.

Table 1 shows the numerical values of the used in

(2), (3) electrophysical parameters yy;, co; and Sy, for the

main conductive materials used in the current-carrying

parts of the CCP of the aircraft on-board network at
temperature equal to 6,=20 °C [9, 12].

Table 1

Numerical values of the characteristics of the basic materials of

current-carrying cores (shells) of non- and insulated wires
(cables) of power circuits of electrical equipment of the aircraft
on-board network at §,=20 °C [9, 12]

Core (shell) Numerical value of the characteristic
material of wire Yois o Bois
(cable) 10-@m)" | 10%J/(m*°C) | 10°m’J
Copper 5.81 3.92 1.31
Aluminum 3.61 2.70 2.14

Using the values of the indicated characteristics o, co;
and f; (see Table 1), for given values of the normalized
temperatures 6y, 6,5 and 6y, using (2), (3), numerical values
of the desired current integrals Jys, Jy;, and coefficient C;,
used in (1) for a wide range of CCP used in on-board
power circuits of electrical equipment of various aircrafts
can be found. Table 2 shows the numerical values of the
calculated coefficient Cj; for the main versions of the CCP,
which is widely used in the on-board power circuits of
electrical equipment of various aircrafts.

Table 2
The numerical values of the coefficient C;; for
non- and insulated wires (cables) with copper (aluminum) cores
(shells) used in on-board power circuits of aircraft electrical
equipment [1]

) o ) Numerical
Type of insulation in the wire |  Core (shell) value of Cy,
(cable) of the aircraft material of wire | 103 A-g"%/m?
electrical equipment circuit cable

quip (@19 120 [ gm0
Without insulation Copper 1.5 | 186
Aluminum 0.88 | 1.09
PVC, R CopPer 1.16 | 1.51
Aluminum 0.74 | 0.97
Copper 0.96 | 1.36

PET
Aluminum 0.62 | 0.88

In Table 2, the case when J;#0 corresponds to the
rated current load of the CCP in the on-board power
circuits of the aircraft electrical equipment under study
(the temperature of their current-carrying parts is 6;), and
the case when J;=0 corresponds to the de-energized state
of the CCP in the aircraft (temperature of their current-
carrying parts before flowing through them of the current
i(f) of a single-phase SC in the on-board network of the

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.1 41



aircraft corresponds to the temperature of the surrounding
CCP the air environment, which we adopted equal to
0,=20 °C). Next, we focus on finding the Joule integral
Ju, which is the main parameter for the calculation
determination of the desired cross-section S;; by (1).

2.2. Determination of the integral of action J,, of
emergency current during SC in the on-board
network of an aircraft. To do it, we first write down the
analytical relation describing the variation in time ¢ of
current ii(f) of a single-phase SC in the on-board power
circuits of electrical equipment used in various aircraft
and launch vehicles and fed from an on-board AC source
with frequency of />50 Hz. According to [1, 4], the ATPs
of this current i,(f) of SC in the on-board network of an
aircraft containing active and reactive resistances obey the
following time dependence:

i (t) = Ly lexp(=t/ T;) — cos(27ft)] , “4)
where I, is the amplitude of the steady current ix(f) of SC
in the power circuit of the electrical equipment of the
aircraft, A; T, is the decay time constant of the aperiodic
component of the emergency current i;(¢) of SC in the on-
board circuit of the aircraft, s.

From (4) at f~400 Hz and #1.25 ms, which
corresponds to the largest amplitude of the shock current
i(?) of a single-phase SC in the on-board network of the
aircraft, an analytical expression for the calculated shock
coefficient ks, which is typical for the considered on-
board power supply system of the aircraft in emergency
mode follows:

kg = [1+exp(=0,00125/T,)]. (5)

At T,=3 ms, according to (5), the value of the shock
coefficient kg turns out to be numerically equal to 1.66.
Therefore, at an operating voltage of alternating current
with frequency /=400 Hz in the on-board network of an
aircraft produced, for example, by an on-board converter
of the TIOC-1000 type and equal to 115 V [6], in the
single-phase SC mode the amplitude of the shutdown
current is in accordance with the data [13-15] can reach a
level of (2-25) kA.

Then, taking into account (1) and (4), the expression
for the desired integral of action J,; of the current i(¢) of
the SC in the on-board circuit of the aircraft electrical
equipment in the accepted approximation takes on the
following analytical form [1]:

Jak = 205t +0.25 ) sin2iye) ¢
x cosQftyc) = 2T (1+ 472 272! [e"kc MMa

x[27 sin(Qafiyc) ~ T, cosQafiye) +1;1 |+

+0,57,(1— e 2k Ta )}.

From (6) it follows that the values of the action
integral J,; of the SC current i,(¢) in the aircraft on-board
power supply system are directly proportional to the
square of the amplitude 7, of the steady-state SC current
and duration #;¢ (switching off time equal to the operation
time ¢, of the on-board protection devices [13, 14])
against the course of the SC under consideration. It can be
seen that the larger the numerical values of 7,,; and #c, the
greater will be the numerical values of the desired value
of the integral J,;. Table 3 at 7,=3 ms (/=400 Hz) for four
fixed numerical values of the amplitude 7,,; of the steady-

(6)

state SC current (3, 5, 10, and 30 kA) and two possible
numerical values of the duration #¢ of a single-phase SC
in the on-board network of the aircraft (5 ms and 100 ms)
according to [13, 14] shows the numerical values of the
action integral J,; of the current i(¢) of the indicated SC
calculated according to (6).
Table 3
Numerical values of the action integral J,; for the SC current
ix(?) according to (4), flowing in the on-board power circuits of
the aircraft electrical equipment (f =400 Hz; 7, = 3 ms)

Numerical value of the amplitude
1 of the steady-state current iy(¢)
of a single-phase SC in the on-
board power circuit of the aircraft

Value of the action
integral J; for the Sc
current ii(f) by (4), A%s

electrical equipment, kA he=Sms | =100 ms
3 3.55-10* 4.63-10°
5 9.86:10* 12.8610°
10 39.46:10° | 51.44-10°
30 35.51-10° | 46.30-10°

Determining by (6) the values of the action integral
Ju of the SC current ii(¢) (see Table 3) and knowing the
numerical values of the coefficient Cj; (see Table 2), on
the basis of (1) numerical values of the maximum
permissible cross-sections S;; of current-carrying parts of
the CCP under consideration in the on-board power
circuits of the aircraft electrical equipment can be found.
Using the assumptions made, for given amplitudes 7,
from a relationship of the form J;,,~1,/S;, the maximum
permissible current density amplitudes J;, in the
materials of the cores (shells) of the CCP under study of
the aircraft on-board network for emergency SC
conditions can be quantified.

2.3. The results of the selection of the maximum
allowable cross-sections S; and current densities J;,, in
the wires and cables of the on-board network of the
aircraft. Table 4 shows the results of the calculation
according to (1), taking into account the data summarized
in Table 2, 3, of maximum permissible cross-sections S
of current-carrying copper (aluminum) parts of the CCP
of on-board power circuits of the aircraft electrical
equipment at =400 Hz, J;#0, t,=5 ms and amplitude 7,
of a single-phase SC current i(¢) in the onboard network
of the aircraft (launch vehicle), which varies discretely in
the range (3-30) kA.

Table 4
Values of the maximum allowable cross-sections S, for wires
(cables) with copper (aluminum) cores (shells) in the on-board
power circuits of the aircraft electrical equipment with current
amplitude 7,,; of single-phase SC current i,(¢) from 3 to 30 kA
(=400 Hz; J;;#0; t;,=5 ms; T,=3 ms)

. Typ © qf Cross-section value S;, mm?
insulation in the
wire (cable) of | Core (shell) | Amplitude 7, of the steady-
the aircraft material of state SC current, kA
electrical wire (cable)
equipment 3 5 10 30
circuit
Without Copper 1.21 | 2.01 | 4.03 | 12.08
insulation Aluminum | 2.14 | 3.57 | 7.14 | 21.41
PVC, R COpPer 1.62 | 2.71 541 | 16.24
Aluminum | 2.55 | 4.24 | 849 | 2546
PET Copper 1.96 | 3.27 | 6.54 | 19.63
Aluminum | 3.04 5.06 | 10.13 | 30.39
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It should be pointed out that the questions of
choosing the maximum permissible cross-sections S; of
cores (shells-shields) of the studied CCP for the case
when /=50 Hz (J;;#0; t=(100-160) ms; 7,,=(30-100) kA;
T,=20 ms) were considered in detail by the author in [1].
Comparing the data for S; from the above Table 4 and
from Table 5 in [1], we can conclude that the transition in
the on-board network of an aircraft to AC frequency of
/=400 Hz (eight times the frequency f=50 Hz used in
power circuits of ground-based power facilities) allows
for the use in the on-board network of the aircraft of high-
speed protection devices against SC (for example, type
A3-250 for currents with amplitude of up to 6 kA)
[13, 14] and, accordingly, a sharp decrease at /=400 Hz in
time ;¢ of the action of the current ii(¢) of a single-phase
SC in the on-board network of an aircraft (from 100 ms to
5 ms) significantly reduce the numerical values of the
maximum allowable cross-sections S; of its copper
(aluminum) wires and cables (for emergency operation at
1,,=30 kA about 3.9 times). This can lead to a similar
decrease (3.9 times) in the overall dimensions and mass
indicators of the indicated CCP installed on board of the
aircraft. Of course, in spite of the indicated advantages of
using in aircraft on-board networks of AC frequency
400 Hz and fast-acting circuit breakers protecting
against SC (for example, for A3-250 circuit breakers
t;=5 ms), this is not so easily to transfer available in
aviation and space techniques and circuit-technical
solutions in part of thermal protection against SC of
relatively low-power low-voltage aircraft on-board
networks (=400 Hz) to ground powerful high-voltage
electric networks of industrial power supply (=50 Hz).

From the data of Table 4 it follows that the
maximum permissible amplitude of the density J;;,,~I,./Sy
of the current i;(¢) of a single-phase SC at the time of its
flow (shutdown) #,=5 ms in the on-board power circuits
of the aircraft electrical equipment (=400 Hz; 7,=3 ms)
for uninsulated wires with copper and aluminum cores are
approximately 2.48 kA/mm’ and 140 kA/mm’
respectively, for cables with copper (aluminum) cores
(shells), PVC and R insulation — 1.85 (1.18) kA/mm” and
for cables with copper (aluminum) cores (shells) and PET
insulation — 1.53 (0.99) kA/mm’. Here, the indicated
numerical values of the maximum permissible amplitudes
of the SC current density d;,, in the considered conductive
materials of the current-carrying parts of the wires
(cables) of the aircraft on-board network do not depend
on the amplitude level 7, of the steady-state emergency
current with frequency of /=400 Hz in them.

The above numerical data for d;;, in the CCP of the
on-board aircraft network (=400 Hz) compared with
similar numerical values from [1] of the maximum
permissible current density amplitudes d;,, of the current
() of SC characteristic for this case (J;#0; #,=100 ms;
1,,=30 kA; T,=20 ms) and the considered CCP of power
circuits of electrical equipment of general industrial use
(=50 Hz), turn out to be approximately 3.9 times larger.
To assess the effect of the duration #, of SC in the on-
board power circuit of an aircraft on the choice of values
of the maximum allowable cross-sections S; of the
studied wires and cables, Table 5 shows the data
corresponding to the case #,=100 ms.

Table 5
Values of the maximum allowable cross-sections S;; for wires
(cables) with copper (aluminum) cores (shells) in the on-board
power circuits of the aircraft electrical equipment with current
amplitude 7, of single-phase SC current i(¢) from 3 to 30 kA
(=400 Hz; J;;#0; ;=100 ms; 7,=3 ms)

. Typ © O.f Cross-section value S;, mm?
insulation in the
wire (cable) of | Core (shell) | Amplitude 7, of the steady-
the aircraft material of state SC current, kA
electrical wire (cable)
equipment 3 5 10 30
circuit
Without Copper 436 | 7.27 | 14.54 | 43.62
insulation Aluminum | 7.73 | 12.89 | 25.77 | 77.32
PVC, R Copper 5.86 | 9.78 | 19.55 | 58.66
Aluminum | 9.19 | 15.32 | 30.65 | 91.95
PET Copper 7.09 | 11.81 | 23.62 | 70.88
Aluminum | 10.97 | 18.29 | 36.58 |109.75

Note that the quantitative results for the sections S
of the current-carrying parts of the CCP of the aircraft on-
board network (=400 Hz) presented in Table 5 were
obtained according to (1), taking into account the data in
Table 2, 3 for the mode when the equality 7,=3 ms is
fulfilled in the on-board electrical circuits of an aircraft
with active-inductive load, and A3/13-200 circuit breakers
(¢,=100 ms) are used as on-board protection devices on an
aircraft against SC [13, 14]. From the data of Table 5, it
follows that at #,=100 ms, regardless of the numerical
value of the current amplitude 7,;, the maximum
permissible density amplitudes  J;,~[,/Sy of the
emergency current i(z) at the SC for bare wires with
copper and aluminum cores in the on-board electrical
circuits of the aircraft electrical equipment (7,=3 ms) are
about 0.69 kA/ mm® and 0.39 kA/mm’, respectively, for
cables with copper (aluminum) cores (shells), PVC and
R insulation — 0.51 (0.33) kA/mm’, and for cables with
copper (aluminum) cores (shells) and PET insulation —
0.42 (0.27) kA/mm®. The results obtained for both S, and
Oum (400 Hz; #,=100 ms) from the corresponding
quantitative data for S; and J;, (=50 Hz; =100 ms)
from [1] differ (due to different values of parameter 7,
which in the first case was numerically 3 ms, and in the
second case — 20 ms) by almost no more than 8%. Hence,
it can be concluded that the choice in the on-board aircraft
network of the maximum permissible cross-sections S;; of
its CCP and, accordingly, the maximum permissible
amplitudes of the current density Jy, in the current-
carrying copper (aluminum) parts of its wires and cables
is determined not by the frequency f of alternating current
in the aircraft on-board network, but duration #. of
emergency SC current i(f) in the considered electric
network emergency current.

Considering the above, in order to reduce the
maximum allowable cross-sections S; of the electrical
wires (cables) used in the aircraft electrical equipment on-
board electrical circuits and, accordingly, to ensure a
decrease for aircrafts in the weight and size characteristics
of their on-board CCP, it is necessary in the aircraft on-
board networks along with the use of increased frequency
of alternating current (for example, /=400 Hz) to use
high-speed short-circuit protection devices having
operation times 7,<<100 ms.
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2.4. Calculation estimation of thermal resistibility
of wires and cables in the on-board network of
aircrafts. The proposed approach to the calculation of the
maximum permissible cross-sections S; of the wires
(cables) in the on-board power circuits of the aircraft
electrical equipment (=400 Hz) allows the calculation of
their thermal stability to be carried out. Here, as in [1, 8],
it is proposed to determine the thermal resistibility of the
investigated CCP in the aircraft on-board network by the
following thermophysical condition:

05 <6, (7)
where 05, 05 are, respectively, the current (final) and
maximum permissible short-term heating temperatures of
the current-carrying parts of the electrical wires and
cables in the aircraft on-board circuits.

To find in (7) the values of the current or final
heating temperature O;s of the material of the current-
carrying parts of the CCP, determined by the Joule heat
on the action of the SC current i,(¢), we initially use the
well-known nonlinear dependence of the specific
conductivity y; of the core (shell) material of the wire and
cable on the value of the temperature 6,5 [1, 9]:

7i = roill + coiBoi(Ois = 0)] " (8)
It is important to note that relation (8) in the
temperature range from 20 °C to the melting temperature
of the core (shell) materials of the CCP, according to
experimental data from [9], approximates the temperature
dependence of y; for copper and aluminum with an error
of no more than 5%. Note that in (8), the quantity yy; is
understood as the specific electrical conductivity y; of the
conductive material of the current-carrying parts of the
CCP at temperature 6,=20 °C. Then, taking into account
(8), the solution of the first-order inhomogeneous
differential equation for the final temperature 6;5 of the
Joule heating by current iy(¢) of the single-phase SC of the
material of the core (shell) of the CCP in the on-board
power circuit of the aircraft electrical equipment under the
initial condition of the form [O-0) — 0n;]=0 can be
written in the following approximate analytical form
[1, 12]:

Ois = O0; +(coiBo) " [exp(J 707 Boi | S -11. (9)
where 6; is the initial temperature of the material of the
current-carrying parts of the CCP, which, depending on
the operating mode of the on-board electrical circuits of
the electrical equipment, is 6 (J;#0) or 6,=20 °C (J;;=0).

It can be seen from (9) that, under the assumptions
made, the known numerical values of the thermophysical
characteristics yo;, co; and fy; for the conductive materials
under consideration of the current-carrying parts of the
CCP in the aircraft on-board network (see the data in
Table 1), as well as for found by (1), (6) the numerical
values of the maximum permissible cross-sections S; of
copper (aluminum) cores (shells) of wires (cables) and the
action integral J ;. of the current ii(¢) of a single-phase SC,
the determination of the desired value of the final
temperature ;5 and its comparison by condition (7) with
the known [8] permissible short-term temperature 6,5 does
not cause any electrical engineering trouble.

As an example of the calculation estimation
according to condition (7) of the thermal resistibility of

the CCP of the aircraft on-board network (=400 Hz;
Ju#0; 60=0,=65 °C), we consider the case when for its
aviation shielded wire of the BIIBJID brand with PVC
insulation and the split copper core [7, 15] in the
emergency mode of a single-phase SC, the following
initial data are satisfied: 7,;=5 kA; ;=5 ms; T,=3 ms.
According to Table 4, for the indicated initial parameters,
the maximum permissible cross-section S; of the wire
considered is numerically approximately 2.71 mm®. In
this case, the value of the action integral J,; of the current
i(?) of a single-phase SC in the on-board network of an
aircraft according to (6) will be numerically about
9.86:10* A%s (see Table 3). Then, according to (9), taking
into account the data in Table 1, the final temperature 6;5
of the Joule heating by an emergency current ix(f) of the
SC of the form (4) of the copper wire under consideration
installed in the on-board network of the aircraft will be
numerically equal to about 133.8 °C. It is seen that the
calculated value of the final temperature 6;=133.8 °C is
less than the maximum permissible short-term heating
temperature 65 of the BITIBJID grade aviation copper wire
with PVC insulation of 150 °C [8] checked for thermal
resistibility. Therefore, we can conclude that condition (7)
for this calculation case as applied to the on-board aircraft
network is fulfilled.

In this regard, it can be said that the calculated
assessment of the thermal resistibility of the BIIBJID
brand aircraft wire with copper core and PVC insulation
of the power circuits of the aircraft electrical equipment
with alternating current frequency of /=400 Hz indicates
the operability of the proposed electrical engineering
approach to the calculation choice of permissible cross-
sections S;; of current-carrying parts of the CCP used in
on-board networks of various aircraft.

3. The influence of the frequency of the
alternating current in the on-board network of the
aircraft on the operation time of its protection device
against short-circuit. We consider this question that has
been little studied today in the field of applied electrical
engineering by the example of the possible use of a short-
circuit protection device (fuse) in the on-board network of
an aircraft using not a metal flat plate that does not melt
due to Joule heating by SC current (as in a conventional
electric fuse [11, 16]), but an electrically exploding metal
round wire [9, 12]. It is known that the operation time ¢,
of conventional fuses (for example, one of the world's
best Ultra Quick series for current amplitudes of power
frequency /=50 Hz up to 1.4 kA [17]) is at least 10 ms. It
is possible to reduce these values of the operation time ¢,
of the protection device to units of milliseconds or
fractions of a unit of a millisecond due to the use of high-
speed fuses (HSFs) in the aircraft on-board network using
the phenomenon of EE of the metal wire under the
influence of emergency SC current of frequency /=400 Hz
with amplitude 7, of unity (tens) kiloamperes [9, 18].

We use the well-known analytical relationship that
determines the time of the EE ¢ in atmospheric air
(operation time ¢, of the HSF) of a round metal wire with
cross-section S; when emergency current ii(f) of SC flows
through it in the on-board network of the aircraft [18]:

1/3
t,=1333-|J.82 /2 2220, (10)
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where J, is the critical value of the current integral for a
conductive material of an electrically exploding metal
wire (for copper —J,=1.95-10'" A>s-m™ [9]; for aluminum
—J=1.09-10" A*s'm™ [9]).

From (10) at /=400 Hz, ks~=1.66 (7,=3 ms) and
1,5=30 kA for a round copper wire (/,=1.95-10'7 A%s-m™)
with radius 7=1 mm (S=3.141 mm?) the value of the
operation time ¢, of the HSF under consideration (the time
of the air EE ¢, this wire) from exposure to it (this type of
fuse) of AC SC current i(¢) in the on-board network of
the aircraft is approximately 0.84 ms. As you can see, the
EE of the indicated wire, which forms the basis of the
HSF under consideration, occurs at the front of the first
half-wave of the emergency current i,(f) (the maximum of
this half-wave at f~400 Hz corresponds to the time
t,=1.25 ms), which occurs during a single-phase SC in
the studied on-board network of the aircraft. We note that
for 1,,=20 kA with the previous initial data indicated
above, the operation time ¢, of the HSF (the time of the
EE ¢, of the assumed round copper wire with cross-section
S=3.141 mm?) is equal to about 1.09 ms. From (10) it
follows that the time of EE ¢, of the metal wire in the on-
board network of an aircraft with AC of frequency f is
inversely proportional to the value of (f)*°. The higher the
frequency f of the alternating current in the on-board
network of the aircraft, the shorter the operation time ¢, of
the indicated HSF will be. The transition in the on-board
network of an aircraft from frequency f=50 Hz of
alternating current to its frequency /=400 Hz leads to a
decrease in the operation time ¢, of the HSF using the EE
of a metal wire by four times.

Considering the revealed feature of the influence of
the frequency f on the operation time ¢, of the HSF under
consideration, the use of increased alternating current
frequency (for example, /=400 Hz) in the aircraft on-
board network from the standpoint of the possibility of
increasing the speed of its short-circuit protection device,
the operation of which is based on the phenomenon of the
EE of a metal wire is a technically justifiable offer.

Conclusions.

1. The proposed electrical engineering approach
allows, under the condition of thermal resistibility of the
CCP of the on-board power circuits of aircraft electrical
equipment with alternating current of increased frequency
=400 Hz, to carry out the calculation choice of the
maximum permissible cross-sections S; of uninsulated
wires, insulated wires and cables with copper (aluminum)
cores (shells) with PVC, R and PET insulation, the
current-carrying parts of which in the emergency mode of
their operation can be affected by the current i (¢) of a
single-phase short circuit in the on-board network of the
aircraft with predicted and confirmed by many years of
experience in operating various aircrafts amplitude-
temporal parameters.

2. It is found that in the on-board power circuits of the
aircraft electrical equipment (=400 Hz; 7,=3 ms), the
maximum permissible density amplitudes 0;,~[,/S; of
the current iy (f) of a single-phase short-circuit with its
switch-off time #~5 ms in the on-board electrical
network of the aircraft regardless of the numerical value
of the amplitude 7,; of the steady-state short-circuit
current for uninsulated wires with copper (aluminum)

cores, respectively, are about 2.48 (1.40) kA/mm?, for
wires and cables with copper (aluminum) cores (shells)
and PVC (R) insulation — 1.85 (1.18) kA/mm’, and for
wires and cables with copper (aluminum) cores (shells)
and PET insulation — 1.53 (0.99) kA/mm’ With an
increase in the on-board electrical network of the aircraft
of the switch-off time 7, of the current i,(¢) of a single-
phase short circuit in the indicated power circuits of the
aircraft (7,=3 ms), the maximum permissible density
amplitudes J;, of the emergency short circuit current also
decrease and at #,~=100 ms for uninsulated wires with
copper (aluminum ) cores are respectively approximately
0.69 (0.39) kA/mm?, for wires and cables with copper
(aluminum) cores (shells) and PVC (R) insulation —
0.51 (0.33) kA/mm?, and for wires and cables with copper
(aluminum) cores (shells) and PET insulation —
0.42 (0.27) KA/mm”.

3. The decisive influence on the choice in the aircraft
on-board network of the maximum permissible cross-
sections S, of its CCP and, accordingly, the maximum
allowable current density amplitudes J;, in the current-
carrying copper (aluminum) parts of its wires and cables
is exerted not by the frequency f of alternating current in
the aircraft on-board network, but by the duration #,¢c of
the flowing (switch-off time) in the on-board electrical
network of emergency short circuit current i,(%).

4.To reduce in the on-board power circuits of the
aircraft electrical equipment the maximum allowable
cross-sections S; of used in them non- and insulated
electric wires (cables) and, accordingly, to ensure the
reduction in mass and size indicators of their on-board
CCP for various aircraft, it is necessary along with the use
of increased frequency /=400 Hz of alternating current to
use high-speed short-circuit protection devices (circuit
breakers) with their operation time #,<<100 ms.

5.1t is shown that the use of increased frequency
=400 Hz of alternating current in the on-board networks
of aircrafts as compared with its frequency /=50 Hz leads
to a significant increase (four times) in the speed of
devices (fuses) for their protection against short-circuit,
the operation of which is based on air EE of a round metal
(in particular, copper) wire.
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ERROR OF CONTROL OF ELECTRICAL INSULATION STRUCTURES BY
DIELECTRIC ABSORPTION PARAMETERS ACCORDING TO THE CONCEPT OF
UNCERTAINTY OF MEASUREMENTS

Introduction. Measurements on alternating current of dielectric absorption parameters — capacitance and dielectric loss
tangent tgo allow us to evaluate the quality of insulation of cables, electrical machines, transformers, etc., both at the
technological stage of manufacture and in operation. An increase in the reliability of the measurement result of the
parameters is provided by a decrease in the measurement error due to the improvement of measuring instruments and
measurement methods and an increase in the number of measurements Purpose. The estimation of the error of control of
electrical insulation structures by dielectric absorption parameters in accordance with the concept of measurement
uncertainty. Methodology. The error of measurements of the capacitance and the tangent of the dielectric loss angle is
estimated using the example of a twisted unshielded pair of category 5e. A statistical analysis of the results of multiple
measurements of the capacitance and the tangent of the dielectric loss angle of an unshielded cable is carried out. The linear
regression equations for the measured values of the dielectric absorption parameters of the number of measurements are
obtained. Practical value. Ensuring unity in the methods for estimating the error of measurement results, both when using the
traditional concept of «measurement result error» and when introducing the concept of «measurement result uncertainty»
into practice, it will allow to unambiguously interpret and correctly compare the results of measurements of the capacitance
and tangent of the dielectric loss angle of electrical insulation structures. References 16, figures 3.

Key words: dielectric absorption parameters, capacitance, dielectric loss tangent, multiple measurements, measurement error,
standard uncertainty, expanded uncertainty, twisted pair, digital immitance meter.

IlIpeocmaeneno memooon02it0 ouiHKu nOXUOKU GUMIPIOGAHL napamempie OiereKmpuyHoi adcopoOuii eneKkmpoizonayiinux
KOHCMDYKYill 6 pamkax Kouuenuii Heeusnauenocmi eumipioeanv. Hasedeno cmamucmuunuii ananiz pesynrbmamie
Oazamopazoeux GUMIPIOGAHL €EMHOCHMI | manzenca Kyma Oie1eKmPUYHUX 6Mpam CKpPy4YeHUil napu HeeKpanoeanozo Kaobenio
Kamezopii 5e. Ompumano pieHaHHA JIHIIHOT pezpecii 01 GUMIPAHUX 3HAYEHb napamempie dieneKmpuunoi adcopouii eio uucna
eumipie. Buxonano ouinioeanna noxuéxku eumiprosant €MHOCmI i maHzeHca Kyma OieleKmPUYHUX 8MpPAm HeeKpaHoB8aH020
kaoenro. bion. 16, puc. 3.

Knouosi cnosa: mapamerpm jiesieKTpU4HOI adcopOuii, €MHiCTb, TaHIreHC KyTa [ieleKTPUYHMX BTpPaT, OaraTopa3osi
BHMIpIOBaHH#A, NIOXU0Ka BHMIPIOBaHb, NOXH0KA BHMipIOBaHb, CTAHAAPTHA HEBH3HAYEHICTb, PO3IIMPEHA HEBH3HAYEHICTb,
CKpy4eHa napa, unpoBuii BuMipioBay imitancy.

Ilpeocmasnena  Memooon02us  OUEHKU  NOZPEUWIHOCHU  U3MEPEHUIl  napamempos  OuljieKmpuueckoi  adcopoyuu
INEKMPOU3ONAUUOHHBIX KOHCIMPYKYUIL 6 PAMKAX KOHyenuyuu Hheonpedenennocmu usmepenuii. Ilpuseden cmamucmuueckuii
AHANIU3 Pe3YIbMAMOE MHOZOKPAMHLIX UBMEPEHUNl eMKOCMU U MAH2eHCA Y2id OuINeKmpudecKux nomeps eUmoul napul
HeIKpanuposannozo kabensn xamezopuu Se. Ilonyuenvl ypagnenus nuneinou pecpeccuu OAsL UMEPEHHBIX 3HAYEHUIL
napamempog OulieKmpuueckoil aécopoyuu om yucna usmepenuil. Bovinoaneno ouenusanue nocpewnocmu uzmepenuii
EMKOCIU U MAH2EHCA Y2a OUITIEKMPUUECKUX HOMEPb HEIKPAHUPOBAHHO020 Kabens. bubin. 16, puc. 3.

Knouesvie cnosa: mnapamerpbl AUIJIEKTPUYECKOH a0copOUMHM, €MKOCTb, TAaHIEHC YIJa [MYIEKTPUYECKHX MOTepb,
MHOTOKpPATHbIe W3MepeHHsl, MOrPelIHOCTh W3MePEeHMil, NOrPEeNIHOCTh H3MEPeHUi, CTaHAapTHAA HeoNmpeaeIeHHOCTD,
pacuInpeHHasi HeoNpeaeIeHHOCTh, BUTas Mapa, Hu(ppoBoii n3MepuTe b HIMMHUTAHCA.

Introduction. Measurements on alternating current
of dielectric absorption parameters — the capacitance C
and dielectric loss tangent 7gd allow us to evaluate the
quality of insulation of cables, electrical machines,
transformers, etc., both at the technological stage of
manufacture and in operation [1-4].

When presenting the results of measuring the
dielectric absorption parameters, a certain quantitative
characteristic of the quality of the obtained measurement
result should be presented for the possibility of: assessing
its reliability; comparisons with the values specified in the
technical documentation, standards; comparisons with
results obtained by other authors.

The increase in the reliability of the measurement
result of the parameters is provided by reduction of error
of measurements due to the improvement of measuring
instruments and measurement methods and by increasing
the number of measurements themselves [5-9].

Problem definition. When conducting multiple
measurements, the procedure for estimating measurement
errors is defined in [10-12]. Processing the observation
results includes the following procedures:

1. Exclusion of known systematic errors from the
observation results.

2. Calculation of the arithmetic mean value of the
observation results, taken as the measurement result.

3. Calculation of the standard deviation of the
observation result.

4. Identification and exclusion of results containing
misses.

5. Calculation of the standard deviation of the
measurement results.

6. Testing the hypothesis that the measurement
results belong to the normal distribution law (for the
number of measurements n<10, the hypothesis is not
tested).
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7. Calculation of the random component of the error
of the measurement result, taking into account the Student
coefficient, depending on the accepted confidence
probability P and the number of observation results
(P =0.95 at technical measurements).

8. Calculation of the non-excluded systematic error
of the measurement result (the limits of the allowed basic
and additional errors of measuring instruments, as well as
methodological errors and errors caused by other sources)
[10-12].

By its definition, the error of the measurement result
represents the deviation of the measurement result from
the true (actual) value of the measured quantity, which is
unknown in practice when measuring [10-12].

The concept of measurement uncertainty does not
use the concepts of the true and actual values of the
measured quantity. The result is considered reality, since
the value of the true measurement is unknown [11-13].

The concept of uncertainty is the only internationally
recognized measure of error assessment. Measurement
uncertainty is considered as incomplete knowledge of the
value of the measured quantity. To quantify this
incompleteness, a probability distribution of the possible
values of the measured quantity is introduced. The
parameter of this distribution, called uncertainty,
quantitatively characterizes the error of the measurement
result [13].

Uncertainty can be expressed as standard deviation
(standard uncertainty) or interval (extended uncertainty)
and calculated by method A (based on a number of
experimental data) or by method B (based on additional
information) [13].

Uncertainty is a quantitative measure of how reliable
an assessment of the measured quantity is the result
obtained. Uncertainty does not mean doubt about the
result, but, on the contrary, uncertainty implies an
increase in the degree of reliability of the result.

Assessment of the measurement result and its
uncertainty is carried out in the following sequence:
drawing up the measurement equation; assessment of
input quantities and their standard deviations
(uncertainties); assessment of the measured (output) value
and its uncertainty; budgeting for uncertainty; assessment
of the extended uncertainty of the measurement result;
representation of the measurement result [13].

Extended uncertainty is interpreted as an interval
containing a given fraction of the distribution of values
that could reasonably be attributed to the measured
quantity. Extended uncertainty in the concept of
uncertainty does not play the role that is assigned in the
concept of error. It is believed that the main result of the
assessment is the total uncertainty uc, and the expanded
uncertainty differs from it by a constant coefficient, which
is necessary in a number of special cases to show the
reliability of the estimate. This coefficient can take values
from 2 to 3 with a confidence level from 0.95 to 0.99.

The goal of the paper is to evaluate the error of the
control of electrical insulating structures according to the
dielectric absorption parameters in accordance with the
concept of measurement uncertainty.

Methodology for assessing the error of measuring
capacitance and dielectric loss tangent. Inspections of

electrical insulation structures in stationary laboratory
conditions allow repeated observation of the measured
dielectric absorption parameters. The results of repeated
measurements of parameters even in stationary conditions
differ from one another because the effect of many
random interferences.

The standard ways to reduce the influence of
random interferences is to calculate the average value and
variance s of the measured parameters [7-8, 14].

The main difference in the concepts (of uncertainty
and of error) is in what value the variance (standard
deviation) is attributed: to the actual value of the
measured quantity or to the measurement result.

The initial data for estimating the standard
measurement uncertainty are the results of multiple
measurements (N) of the capacitance C; and the dielectric
loss tangent tgé Based on the results obtained, arithmetic

means C,, tgé‘ are calculated which are an estimate of

the capacitance and the dielectric loss tangent.
Here, for the electric capacitance, the average value

- 1 N
ivz;;. (1)

The standard uncertainty associated with the

estimate of Cis the experimental standard deviation of

the mean value and is equal to the positive square root of
the experimental variance of the mean value.

Standard uncertainty of measurement u(C))
according to method A
C;)=ualC))= (c af o

N@fl

for the measurement result of C; = Ci calculated as the

arithmetic mean.

In calculating the standard uncertainty in accordance
with (2), NV independent random values of the form C; and
one value C; depending on them are used. Therefore, the
number of degrees of freedom associated with (1) is
k=N-1.

The sum of the squares in (2) refers to one degree of
freedom, therefore, in the denominator of (2) there is the
number N — 1.

With an increase in the number of measurements,
the arithmetic mean C; tends to the true value of C;,
provided that all systematic errors are eliminated. In this
case, the difference between the error and (C; — C; ) will
tend to zero. Then the mathematical patterns of behavior
of the aggregates of error and u(C;) will be similar.

When calculating the average, a series of random
values of the capacitance C; (the tangent of the dielectric
loss angle) are summed up as the results of individual
observations. Each of the results C; can be represented as
the sum of the mathematical expectation C and the
random additive error e distributed according to the
normal law with zero mathematical expectation [14]

C;=C+e. (3)

When summing N random values of the form (3),

the mathematical expectation of the term C increases by
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N times, and of the random one (¢) only by a factor of

JN . In other words, Cc amplifies, and random e

decreases. As a result, the average is less prone to
fluctuations than the result of a single observation of C;.

The variance of the mean s% is N times smaller than the

variance of a single observation s” [6, 14]
2
2 S
Se=—. 4
=y “4)

The accumulation of the results of N measurements
and the calculation of the average lead to a decrease in the
width of the confidence interval by almost a factor

of \/ﬁ

S .c S s
where #(k, p) is the Student criterion selected with a
confidence probability of P (usually P = 0.95) for the
number of degrees of freedom £.

For example, at N = 100, the width of the
uncertainty interval decreases by 10 times. When using,
for example, a digital immitance meter E7-14, an
additional significant figure appears, indicating a decrease
in the error of the measurement result [5].

Statistical analysis of the results of multiple
measurements of dielectric absorption parameters.
Testing the methodology for assessing the error of
measuring the capacitance and the tangent of the
dielectric loss angle in the concept of the uncertainty of
measurements of electrical insulating structures is
performed using an example of twisted unshielded pair of
category Se [15, 16]. The cable length is 100 m. The
capacitance and the dielectric loss tangent are measured at
frequency of 120 Hz for 1 hour using a RLC E7-22 digital
immittance meter under constant ambient air conditions
under laboratory conditions. In real time, with a resolution
of 1 s, the results of measurements using the standard RS-
232 electrical interface are recorded in computer memory
using software. The error of the meter is 0.7 %.

Figure 1 shows a 3D diagram of the temporal series
of the electric capacitance and the dielectric loss tangent
of a twisted unshielded pair of category.

C—t(k, p) < C+t(k,p)

Fig. 1. Temporal series of dielectric absorption parameters
of the twisted unshielded pair

The dynamics of the time variation of the capacitance
(Fig. 2,a) and the dielectric loss tangent (Fig. 2,b) are
almost identical. But the difference in time dependences
and the wider spread of tgd values are due to the physical
nature of the dielectric loss tangent. This parameter
reflects not only polarization losses, but also electrical
conductivity loses. The straight line in the Figures shows
the regression line of the parameter values depending on
the number of measurements N. The linear regression
equations for the measured values of the dielectric
absorption parameters on the number of measurements N
have the form

C=(0,4923 —9,5794-107' N)-108 | F (6)
tg5=0,0027 —8,5081-107 N . (7
C,10°%F
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Fig. 2. Results of multiple measurements with a resolution of 1 s
of the electrical capacitance and the tangent of the dielectric loss
angle of a twisted pair

The average value of the capacitance is 0.4909-10° F;
the standard deviation is 0.00406:10°° F; the maximum
value is 0.501-10"® F; the minimum value is 0.4803-10 ° F
(Fig. 3,a). The average value of the dielectric loss tangent
is 0.001433; the standard deviation is 0.001128; the
maximum value is 0.052; the minimum value is 0, which
may be due to insufficient sensitivity of the digital meter
(Fig. 3,b).
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Fig. 3. Histogram of the observation results under the
assumption of a normal distribution law of the measured
dielectric absorption parameters

Assessment of error of measurements of
capacitance and dielectric loss tangent. The calculated
standard measurement uncertainty of type A, due to
random sources of uncertainty having random nature, in
accordance with (2) is u(C;) = 7.5007-10" F or 0.00153 %
for the capacitance; u(tgd;) = 2.0771-10° or 1.45 % for
the dielectric loss tangent.

The standard measurement uncertainty of type B for
systematic uncertainty sources, i.e. the instrument error is
1.9827-10" F or 0.4 % for the capacitance and
5.7983:10° or 0.4 % for the dielectric loss tangent,
respectively.

The total standard uncertainty: 1.9841-10"" F or
0.4 % for the capacitance and 2.1565-10"" or 1.5 % for
the dielectric loss tangent, respectively.

The expanded uncertainty of the measurement
results with a digital immitance meter E7-22 is for a
capacity 0.8 %, for the dielectric loss tangent 3 %,
respectively, for the confidence probability (probability of
coverage) P =0.95 and the coverage coefficient k = 2.

Conclusions.

A  methodology for assessing the error of
measurements of dielectric absorption parameters of
electrical insulation structures within the framework of
the concept of measurement uncertainty is presented.

Testing the methodology for assessing the error of
control of electrical insulating structures in terms of the

capacitance and the dielectric loss tangent in the concept
of measurement uncertainty is carried out on the example
of a twisted unshielded pair of category Se.

A statistical analysis of the results of multiple
measurements of the capacitance and the tangent of the
dielectric loss angle of an unshielded cable is carried out.
The linear regression equations for the measured values of
the dielectric absorption parameters on the number of
measurements are obtained.

The error of measuring the capacitance and the
tangent of the dielectric loss angle of an unshielded cable
has been evaluated. The standard measurement
uncertainty of type A is 0.00153 % for the capacitance
and 1.45 % for the dielectric loss tangent. The expanded
uncertainty of the measurement results with an E7-22
digital immitance meter for the confidence probability
(probability of coverage) P = 0.95 and the coverage
coefficient £ =2 is 0.8 % and 3 % for the capacitance and
the dielectric loss tangent, respectively.

Ensuring unity in the methods for assessing the error
of measurement results, both when using the traditional
concept of «measurement result error» and when
introducing the concept of «measurement result
uncertainty» into practice, will allow to unambiguously
interpret and correctly compare the results of
measurements of the capacitance and the tangent of the
dielectric loss angle of electrical insulation structures.
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DETERMINATION OF THE SOIL SOUNDING DEPTH FOR THE EARTHING
RESISTANCE CALCULATION OF SUBSTATIONS 35 KV

Purpose. Determination of the minimum required sounding depth for calculation of the earthing resistance for substations with a
voltage class of 35 kV. Methodology. For each ratio of electrical resistivity values of soil layers, earthing resistance was calculated
with changing of the layers separation depth from 0.4 m to hy,,, where hy,,, is the layers separation depth in a two-layer soil at
which the earthing resistance value becomes the same as in a uniform soil. Results. In the experiments carried out, a family of
curves was obtained that describes the effect of separation depth of soil layers for various combinations of soil electrical
resistivities and geometric dimensions of the earthing arrangement. The accumulated statistical data for substations with a
voltage class of 35 kV made it possible to determine the required sounding depth depending on the maximum size of the earthing
arrangement and the probability of the relative resistivity falling into the corresponding range of values. An algorithm is proposed
for determining the required investigation depth by Wenner method as part of the electromagnetic diagnostics of the earthing
arrangement of existing substations with a voltage class of 35 kV. Originality. For the first time, a probabilistic relationship was
established between the ratio of the electrical resistivity of soil layers, the size of the earthing arrangement, and the necessary
depth investigation of the geological medium. As a result it has been proven that there are substations for which the required
sounding depth does not exceed the maximum size of the earthing arrangement. Practical value. The use of the algorithm
developed in this work allows increasing the accuracy of the earthing resistance calculation of electrical installations with
voltages above 1 kV operating in a network with isolated neutral. References 9, figures 4.

Key words: earthing arrangement, earthing resistance, the soil sounding, Wenner installation, electromagnetic diagnostics.

Memoio pobomu € nidsuuienns mMoOYHOCMI GU3HAUEHHA ONOPY 3A3EMI0BATILHOZ0 RPUCHIPOIO €l1eKMPOYCMAHO080K HANPYZ2OI0
nonao 1 kB, wo npauyrwromes ¢ mepesci 3 i30nb08ano10 Heimpannio. /na yvbo2o 0yn0 npoananizoeano eenuyuUHy HeodOXionoi
21UuGuUHU 30HOY6ANHA TPYHMY Y RpPOUEci 6UKOHAHHA el1eKMPOMAZHIMHOI OlaZHOCIMUKU CHAHY 3aA3EMII0GAIBHOZ0 RPUCHDOIO.
Bynu nposedeni uucenwvni excnepumenmu, saKi ROAAZANU Y POIPAXYHKY eNeKMPUUHUX RAPAMEMPIE 3A3eMII08a4d, 6UKOHANO20 Y
6u2nA0i npAMOKymHuKka posmipamu a X b 3 diazonannro D i posmawiosanozo na 2nauouni 0,3 m y 0eowapoeomy rpynmi. byno
po3enanymo pizui eapianmu CnigGiOHOWIEHHA NUMOMUX e1eKMPUYHUX ONOpie I[PYHmMYy ma po3Mmipié 3a3emal08anbHo20
npucmporw. Bpaxyseanna cmamucmuunozo po3nooiny exkazanux napamempie ons nonad 500 niocmanyiii Ykpainu xnacom
Hanpyau 35 kB 003601uno ecmanogumu 080QhaKkmopHy UMOGIPHICHY 3a1€HCHICIb MIHIMATLHO HEOOXIOHOT 2NUOUHU 30HOYBAHHA
pynmy ycmanoekoio Bennepa. bi61. 9, puc. 4.

Kniouosi crosa: 3a3eMiI0oBaIbHUI MPUCTPiil, omip 3a3eMJIIOBAJIbHOIO NMPHCTPOIO, 30HIYBAaHHs IPYHTY, yCTaHOBKa BeHHepa
€J1eKTPOMArHiTHA JiarHOCTHKA.

Ilenvio padomer aensemca NOGbIUMEHUE MOYHOCMU  ONPEOE/IeHUA  CONPOMUGIEHUA  3A3EMIAIOUE20  YCMPOUcmea
INEKMPOycmano6ok Hanpaycenuem eviuie 1 kB, pabomarowjux ¢ cemu c usonuposannoii neiimpanvio. /[na smozo oOvina
NPOAHANU3UPOCAHA GETUHUHA HEOOXOOUMOIl 2/1YOUHbL 30HOUPOGAHUA 2PDYHIMA 6 npoyecce GbINOIHEHUA INEKMPOMASHUMHON
OUAZHOCMUKU COCMOAHUSA 3a3emanaroue2o ycmpoiicmea. boiiu npogedenvt pacuemnbvie IKcnepumeHmol, KOMopole 3aKAI0UATUCH
6 HAaXO0)ICOeHUU INIEKMPUUECKUX NAPAMEMPOE 3a3eMICHUA, GbINOIHEHHO20 68 GUOE NPAMOY20JbHUKA pazmepamu a X b c
ouazonanwvto D u pacnonosicennozo na znyoune 0,3 m ¢ ogyxcnoiinom ezpynme. Ilpu smom oviau paccmompenvl pasnuumvie
6aAPUAHMBL COOMHOWEHUA YOETIbHBIX ITIEKMPULECKUX CORPOMUGTEHUI ZPYHMA U PA3MEPO8 3A3eMAAIOuez0 ycmpoiicmea. Yuem
CIMAmMUCMU4ecKoz0 pacnpeoesenus YyKa3anuovlx napamempos o1a oonee 500 noocmanyuii Ykpaunol Kniaccom nanpaxcenusn 35
kB, noszeonun ycmamnogumv O06yX(phaKmopuylo 6epoAMHOCHHYI0 3A6UCUMOCIMb MUHUMAIBHO HE0OX00UMOU 271yOuUHbL
30HOUpOGaHUs ZpyHmMa ycmanoekoii Bennepa. butn. 9, puc. 4.

Kniouesvie cnosa: 3a3emisioniee ycTpoiicTBO, COMPOTHBJIEHHE 323eMJISIIONIEr0 YCTPOIiCTBA, 30HIHPOBAHHE IPYHTA, YCTAHOBKA
Bennepa, 3J1eKTPOMArHHTHAsI IHATHOCTHKA.

Problem definition. To ensure reliable and safe
operation of energy objects in the case of a short circuit
[1] or direct lightning strike [2], an earthing arrangement
made in accordance with regulatory requirements is used.
For electrical installations exceeding 1 kV operating in a
network with isolated neutral (substations of 35 kV
voltage class and below), the only electrical parameter
that allows to estimate the condition of the earthing
arrangement (EA) is its resistance (Rga) [1]. According to
[3], the value of the Rgs should be periodically monitored
and determined at least every 12 years. The measurement
of the resistance of the EA, as a rule, is performed by the
method of ammeter-voltmeter using a single-beam or
two-beam circuit. Here, it is necessary to install
measuring electrodes in the zone of zero potential, the
distance to which, as a rule, several times exceeds the
largest size of the EA [4].

For 35 kV substations, which are located in dense
urban or industrial development with a branched
communication system, this is practically impossible.
Therefore, the only way to determine the resistance of the
EA of such energy objects is to calculate it using special
software systems. Therefore, improving the accuracy of
Rga calculation is an urgent task in terms of electrical
safety and reliability of electrical installations exceeding 1
kV with isolated neutral.

Initial data for the calculation of the resistance of the
EA are a real diagram of design with indication of the
depth of arrangement of the elements of the EA, the cross-
section of earthers and electrophysical characteristics
(EPC) of the soil (number of soil layers, their specific
electrical resistance (SER) and thickness) [5].
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Constructive execution of the EA of objects, which
are in operation for a long time, is determined by the
induction method when conducting the electromagnetic
diagnostics of the state of the EA [4], the cross-section of
the earthers is measured at a selective opening of the soil,
and EPC of the soil according to the results of vertical
electrical sounding (VES) near the substation. The soil
EPC ratio (SER of the first layer p; and of the second
layer p, as well as the thickness of the first layer /;) and
the geometric dimensions of the EA actually determine
the required sounding depth and the technical parameters
of the device for conducting the VES [6]. The authors
from 1999 to 2019 conducted electromagnetic diagnostics
of the state of over 500 substations of a 35 kV class
voltage, which are located in all regions of Ukraine, so the
accumulated statistics allow us to determine the
characteristic sizes of substations’ EAs and the limits of
soil EPC values.

As the literature analysis in [7] shows, there is no
clear relationship between the size of the EA and the
required depth of sounding. Depth of sounding (Hygs)
has been determined by Kostruba S.I. as early as 1983,
as the dependence of the distance between the current
electrodes from the square root of the EA area, only for
the Burgsdorf installation, however, there is no similar
or any other dependence was given for other VES
installations (in particular, for the most common Venner
installation) [6].

In [6, 8, 9] some data from the study of the required
depth of sounding, obtained in the study of the
dependence of the resistance of the EA on its area are
given. From the analysis of the mentioned works, the
following conclusion is reached: if the value of SER
decreases with increasing depth, then it is necessary to

determine the soil structure to a depth of at least 1.5 \/E S

and with increasing — several (3-5) Js . Thus, there is no
clear dependence of the required sounding depth on the
size of the EA and the soil EPC in the works on the VES
for the purpose of designing or diagnostics of EA.

The goal of the work is the determination of the
minimum required depth of sounding soil for the
calculation of the resistance of the substations’ EAs with
a voltage class of 35 kV.

Research materials. The EA size, as indicated
above, determines the required sounding depth Hygs when
conducting the diagnostics of the EA condition, so it is
suggested to find it in the form of the product of the
largest geometric size of the EA (diagonal) D and the
sounding coefficient Kygs:

Hygs = KygsD. (1

Thus, the problem is actually reduced to determining
the Kygs coefficient, which depends on the corresponding
diagonal size of the EA and the soil EPC.

To solve this problem it is necessary to analyze the
influence of each of the factors within their values. To
determine the effect of the size of the EA, we use the
results obtained during the diagnostics of the state of the
substations’ EAs of the voltage class 35 kV, represented
as the probability density of the maximum size D [5].

From the analysis of Fig. 1 it follows that the value of
the largest diagonal lies in the range from 10 m to 300 m,
taking into account the substations at which the study was
not conducted.
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Fig. 1. Probability density of the size D of the EA

Different soil SER ratios py/p; were also
systematized: Fig. 2 shows the probability density of the
relative SER value p* which was determined by the results
of the VES in the framework of electromagnetic
diagnostics of the EA of the studied substations in all
regions of Ukraine.
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According to the results obtained, it is advisable to
consider p* in the range [0.05; 10] which allows to cover
99 % of Ukraine's soils in the locations of existing
substations.

Numerical experiments were carried out to
determine Hygs which consisted of calculating the
resistivity of the EA (Rga), made in the shape of a square
a x a of diagonal D and located at a depth of 0.3 m in
two-layer soil. There are no internal cells in the EA as
their effect on Rg, is insignificant and does not exceed
10 % [6]. The required sounding depth was determined by
the relative resistance of the EA based on the study of the
effect on its of the depth of layer separation 4. For each
p*, the value of Rgs was calculated when the /4/D ratio
varied from 0.4 m to /y,, Where A, is the depth of layer
separation in a two-layer soil, at which the resistance of
the EA becomes equal to the resistance of the EA in a
homogeneous soil (Rga = Rgauni)- In this case, the value
of p, varied for the variation p*, and the base p, was
1000 Q-m which allows to cover all the ratios p,/p; [5].

In the course of the experiments, a family of curves
was obtained describing the effect of 4 for different
combinations of soil EPC and the geometric parameters
of the EA R*EA :f(h /D), where R*EA = REA / REAUNI- The
results of calculations for the EA, which is made in the
shape of a square with side @ = [10; 40; 100; 200] m and
diagonal D = [14; 56.6; 141; 282] m respectively, are
shown in the graphs of Fig. 3.
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Fig. 3. Dependencies of the relative resistance on the coefficient
of the depth of sounding:
a—-a=10m,D=14m;b—a=40m, D =56.6 m;
c—a=100m,D=141m;d—a=200m, D =282 m

The graphs indicate the 10 % deviation by the dotted
line. As it can be seen, for the EA with a diagonal of 14 m
to calculate with an error of not more than 10 % it is
necessary to sound the soil to a depth of not less than 4 D,
and for the EA with a diagonal of 56 m — 3 D.
Considering the individual ranges of values of p*, we can
state that at placement of p* in the range [0.05; 2]
(corresponding to 95 % of the substations studied in
Ukraine) sounding depth is 1.5-D for 14 m and 1.0-D for
56 m. That is, for example, reducing the probability of p*
falling into the pga range from 0.99 to 0.95, it is possible
to significantly reduce (by three times) the calculated
value of the required sounding depth for the same
substation (D = 56 m) from Hygs = 3D to Hygs = D. This
significantly reduces the labor costs of performing the
VES while maintaining the accuracy of the calculations.

The possibility of reduction of probability is
determined based on prior information about the structure
of the soil in the relevant geographical area (for example,
it is unacceptable for mountainous terrain where it is
known that the resistance of the lower layers of rocks will
be an order of magnitude greater than the resistance of the
upper sedimentary rocks, i.e. p*>10).

In general, the dependence of the resistance of the
EA on its geometric dimensions is nonlinear in nature,
and with a conditional infinite increase in the size of the
EA the value of the resistance is included in the
"saturation" [6, 9]. The analogy with the dependence of
the Kygs coefficient on the diagonal of the EA, which in
turn determines the required sounding depth, seems
logical. Taking into account the graphs presented (see
Fig. 3), the Kygs(D) function was obtained for the studied
ranges of values with a given probability (see Fig. 4):

e p*¥ € [0.05; 10], which corresponds to the
probability of falling into the range pga = 0.99;

e p* € [0.05; 5], which corresponds to pga = 0.98;

e p* € [0.05; 2], which corresponds to pga = 0.95.

The obtained graphs allow to determine the required
sounding depth, depending on the maximum size of the
EA and the probability of falling p* in the range
according to expression (1).
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Fig. 4. Dependence of the sounding coefficient on the size
of the EA

In addition, the analysis of the obtained data shows
that there are such soil ratios and sizes of EAs for which
the sounding depth required does not exceed the
maximum size of the EA (D): these are substations at
those EAs D > 50 m (according to Fig. 1 their 61 %) for
pea = 0.95.
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Taking into account the statistics (see Fig. 1, 2), the
probability of finding such a substation py p is:

prp = 61 %-0.95/100 % = 0.58.

Taking into account the above, the following
algorithm of determination of Hygg is proposed when
conducting VES in the framework of electromagnetic
diagnostics of the state of the EAs of operating
substations of 35 kV class (provided there is no prior
information about the soil structure):

1)to determine the maximum size of the EA using the
induction method (for example, D = 50 m);

2)to consider that the soil has a relative SER value in
the range p* € [0.05; 2] (see P.1 in Fig. 4: Kygs = 1,
hence Hygs = D);

3)the soil is sounded by means of the Wenner
installation [3-5] at a maximum inter-electrode distance
equal to D;

4) approximate
performed;

5)depending on the obtained value of SER in item 4
the following options are possible:

eif 0.05 < p* < 2, then we believe that the
sounding depth is sufficient;

eif 2 < p* <5 or p* > 5, then to determine the
required sounding depth according to the corresponding
curve of Fig. 5 and expression (1), to increase the inter-
electrode distance and to carry out additional
measurements (for example, if p* = 4.5, then the required
sounding depth has increased to 2D — see P.2 in Fig. 4);

6) if necessary, the results of the VES are re-interpreted
and the value of p* obtained is evaluated.

Conclusions.

1. On the basis of the analysis of statistical data on the
results of electromagnetic diagnostics of substations with
a voltage of 35 kV, the probabilistic dependence of the
required depth of sounding on the ratio of specific
resistances of the soil and the size of the EA was
determined.

2.1t is found that there are soil ratios and sizes of the
EAs for which the required depth of sounding does not
exceed the maximum size of the EA. Taking into account
statistics, the probability of finding such substations is
0.58.

3. An algorithm for determining the minimum required
depth of sounding depending on the size of the diagonal
of the EA of the substation and the ratio of SER of soil
layers is developed.

interpretation of VES results is
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MULTIFREQUENCY PROTECTING METHOD AGAINST EARTH-FAULTS OF PHASE
IN THE COMPENSATED ELECTRIC NETWORKS

Introduction. A significant proportion of earth faults in 6 - 35 kV networks is a transient and short-lived process, which is
followed by an electric arc. Problem. In such cases, earth-fault protection that responds to steady-state current and voltage is not
able to operate properly. Also, the use of the Petersen coil to compensate for the capacitive earth fault current complicates the
protection function because it significantly reduces the single phase earth fault current in steady state. Purpose. To develop
selective single-phase earth faults protection algorithm using harmonic components that occur in zero-sequence currents and
voltage in the transient process. Method. A mathematical model of the power supply system is applied to study the frequency
components of currents and voltage of zero sequence in compensated electrical networks with phase-to-earth faults, and a
mathematical model is used to test the operation of the developed protection algorithm. The results showed that, the reactive
power for harmonic components of the frequency greater than 100 Hz, which are separated from the current and voltage of zero
sequence in compensated electrical networks on the damaged feeder, is positive regardless of the degree of compensation of the
capacitive current. That may be the basis of the principle of directional protection. Originality. Phase-to-earth fault selective
protection algorithm has been developed. In that algorithm, first derivatives of currents and voltages of zero sequence are found,
to reduce the influence of aperiodic components. And then, by using of the Fourier transform, a number of harmonic orthogonal
components are extracted from them. Reactive power is calculated for each of frequency component and their total sum is found.
If that sum excess of threshold, the relay will make a decision. The reliability of the developed protection algorithm is confirmed
by the results of mathematical modeling and verification of the test sample at the laboratory stand and by means of field signals
that were recorded by digital loggers at the substations. References 10, table 1, figures 6.

Key words: electrical network, earth fault protection, zero sequence current and voltage, Fourier transform, frequency
spectrum.

3a 0onomozoro mamemamuyHoi mMooeni KOMHEHCOBAHOI eleKMPUYHOT Meperci 6UKOHAHO AHANi3 cmpymié i Hanpyz HYIb06OT
noctioo6HOCMI NPU 3AMUKAHHAX (Da3u HA 3eMal0 | NOKA3AHO, W0 8 HUX Ri0 4ac nepexionozo npouecy GUHUKAIOMb GUUYL
2aPMOHITIHI CKN1A00GI, AKI 00YMOBIEHI PO3PAOOM EMHOCHEN YUIKOOMCEHOT ha3u, 003apAa0oOM EMHOCHENl HeyuKoOcenux a3, a
MAaKod}C 3pOCMAHNAM CIPYMY peakmopa ¢ neiimpaini mepesici. [lokazano, wio ne3aneiicno 6i0 cmynens Komnencayii peakmopom
EMHICHO20 CHIPYMY HPOMUCIO060T HACHIOMU, PEAKMUEHA NOMYNCHICMb 011 2APMOHIYHUX CKIA00BUX Cmpymie | Hanpy: 3
uacmomoio 6 06a paszu i Oinvuie NPOMUCI060T, € 000AMHOI0 0N YULKOOHCEHO20 NPUEOHAHHA | 8i0’EMHOIO ONA HEYUIKOOIHCEHUX.
Ile npuitnamo 3a ocnogy 6 po3podnenomy memooi 3axucmy HaAnpaeneHoi Oii, 6 AKOMY NpU 3AMUKAHHAX (a3u Ha 3emiio
CHOYAMKY GU3HAYAIOMb NOXIOHI cmpymié | Hanpyz HYAb08OI NOCTIOO6HOCHI, WO 3MEHUYE 6NIUE ANEPIOOUYHUX CKIAO0BUX |
nIOCUNIOE CKNAOO0BI GUUUX 2APMOHIK, A ROMIM 3 00NOMO2010 nepemeoperHa Dyp’ec 3HaxX00AMb KOMNIEKCHI 3HAUEHHA ONA PAOY
HauoiNbW 6NIUGOBUX 2APMOHIIIHUX CKIIAO0BUX, Dilbuiux 3a nepuiy. 3a 00NOMO2010 OMPUMAHUX CKIAAO0BUX CMPYMIE | Hanpyz
011 KOMCHOI YACMOMU 3HAX00AMb PEAKMUGHY ROMYNCHICHb, | AKWLO IX CyMa nepesumiyc 3a0amny, mo Cnpaybogye 8UXioOHuil
opean  3axucmy. Jlocmosipuicmo po3pooneHozo mMemoody 3aXUCHLY RIOMEEPONHCEHO Pe3YIbmamamu  Mamemamuinozo
MOOeI06AHHA | NEePeGIPKOI0 pOOOMU 00CIIOH020 3pa3Ka Ha nabopamopromy cmendi. bion. 10, tabn. 1, puc. 6.

Kniouosei cnosa: enekTpu4Ha Mepeska, 3aXMCT Bil 3aMHKaHb Ha 3eMJII0, CTPYM i Hampyra HyJbOBOI IOCHiIOBHOCTI,
neperBopeHHst Dyp’e, 4acTOTHUH CHEKTP.

C nomouwbio mamemamuueckoi MoOenu KOMREHCUPOGAHHOU INEKMPUYECKOU Cemu 6bINOJIHEN AHANU3 MOKO8 U HANPAXHCEHUl
HYJ1e601l NOCNE006AMEIbHOCIU NPU 3AMBIKAHUAX (PA3bl HA 3eMI0 U NOKA3AHO, YMO Y HUX 60 6PeMs NEPeXoOH020 npouecca
603HUKAIOM 6GbICWIUE 2ADMOHUYECKUE COCMAGNAIOU{Ue, KOMOopble 00YCN06EeHbl PA3PAOOM EMKOCHEll NO08PeHCOeHHON da3bl,
003apA0OM eMKOCmell HenoepeycOeHHbIX (a3, a makdce pocmom moka peakmopa 6 Heiimpane cemu. Ilokazano, umo
He3a6UCUMO Om CHeneHu KOMREHCAUUU pPeaKmopoM eMKOCHHO20 MOKA 01 NPOMbIMIEHHOU YACMOMmbl, PeaKmueHas
MOUWHOCIb, PACCHUMARHAA 0115 6bIOETEHHBIX 2APMOHUYECKUX COCMAGTAIOULUX MOKOG U HANPANCEHUN C YACMOmOil 6 06a pa3a u
bonee nPOMBIUNIEHHOT, NOJIOHCUMEIbHAA 0TI HOBPEHCOCHHO20 NPUCOEOUHEHUA U OMPUUAMENbHAA 0N HENO0BPEHCOCHHBIX. DMmOo
HPUHAMO 3a OCHOBY 6 PA3PAGOMAHHOU 3aujUme HANPAGIEHHO20 Oelcmeus, ¢ KOMOpoil npu 3aMbIKAHUAX (azel Ha 3emiio
cHayana onpeoensiom RpPOU3B00HbIE MOKO8 U HANPANCEHUI HYNe60l NOCe006AMENbHOCIU, YMO YMEHbUAem 6aUAHUE
anepuoOuUecKuUx cOCMAasIAIOWUX U YCUTIUGAEH 2APMOHUYECKUE COCMAasnaiouue, a 3amem ¢ NOMowbio npeodpasosanusn Dypve
HAax00Am KOMNIEKCHble 3HAUEHUA ONA pAOa Haubonee 6IUAMENbHBIX 2APMOHUYECKUX COCMAGAAIOWUX, dobuux nepeoi. C
HOMOWbIO NOYUEHHBIX COCMAGNAIOUUX MOKOE U HANPAICEHUI] ONA KAXCOOU YACMOMbl HAX00AM PEAKMUBHYIO MOUIHOCHb, U
ecnu ux cymma npesvliiaem 3A0aHHylo, mo cpabamvleaem GvIXOOHOU opzan 3awiumol. /Jocmosepnocms pazpadomanno
3auiumbl NOOMBEPIHCOEHA Pe3YIbMAMam MAMeMAmuiecKoz0 MoOeIUpoOSaHUA U RPOGEPKON PAGOmMbl ONLIMHOZ0 00pa3ya Ha
nabopamopruom cmende. bubn. 10, tad:m. 1, puc. 6.

Kniouesbvie cnosa: 371eKTpUYecKas CeTh, 3aIIMTA OT 3aMbIKAHUI HA 3eMJII0, TOK M HANPSIZKeHU e HYJIEBOI 110C/1e10BATEeIbHOCTH,
npeodpazoBanusi Pypbe, 4aCTOTHBINH CHEKTP.

The relevance of the problem and its relation to
the applied tasks. 6-10 kV electrical networks operating
in the grounded neutral mode are the basis of power
supply systems for industrial enterprises, power plants,
cities. Given the large length and widespread of such
networks, the problem of protecting networks from the

most common damage of insulation — single-phase earth
faulting — is urgent. A large proportion of earth faults is a
transient and short-term process that is accompanied by
an electric arc. In such cases, a ground fault protection
device that responds to steady-state current and voltage is
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not able to operate properly. Also, the use of the Petersen
coil to compensate for the capacitive earth fault current
complicates the operation of the protection devices as it
significantly reduces the single-phase earth fault current
in steady state.

Review of publications and shortcomings of
known solutions. The problem of the analysis of
transients in networks with earthed neutral in order to
create an effective algorithm for protection against
unstable earth faults is being actively investigated in
Europe and around the world [1-3]. In particular, the work
[3] investigates the aperiodic component of the transient
of a single-phase earth fault and analyzes its influence on
the work of known methods of protection against such
earth fault. Much attention is paid to the peculiarities of
mathematical modelling of the electric arc in the place of
damage and methods of classification of different types of
damage [4, 5]. In [6], methods of filtering the signals of
current and voltage sensors are investigated, and attention
is paid to testing them using real signals recorded by the
logger at an operating substation. In [7], methods for the
identification of single-phase earth faults are developed
and the sensitivity of such methods under conditions of
high resistance at the fault location is analyzed.
Mathematical models of electrical networks are studied,
which also include models of relay protection devices
[8, 9]. The search for optimal parameters of mathematical
methods of signal processing of primary sensors and
settings for the operation of systems of protection against
single-phase earth fault [6, 10] is carried out. There are
also known attempts to use different types of neural
network-type «black box» methods to protect against
single-phase earth-faulting, but in our opinion, the simpler
approaches are not exhausted, the most attractive being
the analysis and use of different frequency components in
currents (3i) and the voltage (3uo) of the zero sequence.

The goal of investigation. Using a mathematical
model to study the harmonic composition of currents and
voltages of zero sequence in compensated electrical
networks at phase-to-earth faults and to develop a method
of selective protection by using harmonic components
that occur in currents and voltages of zero sequence in
transients.

Main material and results obtained. In works
[8, 9], for selective protection against phase-to-earth short
circuits, it is proposed to use frequency filters to select
from the zero sequence current 3i, and zero sequence
voltage 3u, components of one of the frequencies, for
example, 200 or 300 Hz and to provide selectivity of the
protection operation in the direction of the calculated
reactive power the effect on which of the reactor at these
frequencies is significantly attenuated. In this paper, to
increase the sensitivity of the protection, we consider the
possibility of the simultaneous use of currents and
voltages for several frequencies found through the Fourier
transform.

To study the harmonic composition of the currents
3iy and the voltage 3u, of the zero sequence, we use the
mathematical model described in [8]. We apply it, for
example, to a compensated electrical network consisting
of a 110 kV transmission line, a step-down transformer,
which is connected to a 6 kV section with three cable

lines, phase capacities in each of which are respectively
3.8 uF and 12 pF. The network neutral is grounded
through a reactor with a resonant inductance of 0.142 H.
The results of simulation of deaf and arc single-phase
earth fault (SEF) under different modes of reactor tuning
showed that the currents 3i, and voltage 3u, at the
beginning of the transient contain aperiodic and periodic
components with different damping constants which are
caused by discharge of capacities of damaged phases,
recharge of capacities of intact phases as well as an
increase in reactor current in network neutral. The
duration of this transient is approximately the period of
power frequency (20 ms). Comparison of the Fourier
spectra for the currents 3i, and voltages 3u,, as well as for
their derivatives p(3ig) and p(Q3u,), showed that the
harmonic amplitudes and the calculated values of the
reactive power by means of the derivatives are almost an
order of magnitude greater and are expedient to use their
in protection. The nature of the change in time of the
derivatives of the current and the voltage of the zero
sequence at SEF is shown in Fig. 1. The differentiation
operation significantly reduces the aperiodic components
and enhances the higher frequency components. The
numerical calculation of the orthogonal component of
signals using the derivatives p(3i;) and p(3ug) is
performed by (1) for three discrete instantaneous values
of current (voltage) x,.,, x,..1, x,, for the step of calculation,
for example A = 0.625 ms and for frequency w =314 5.

d 1
E(x):pxzﬂ(3xn_2—4xn_l+xn). (N

The Fourier spectrum (Fig. 2) is calculated for the
data shown in Fig. 1 and from which an array of N = 32
discrete elements is formed over time of 0.02 s.

a
1510
u, V
1-10°
p(uo)
5000
0
Up
-5000
-1-10*
-1.5-10° LS
o 0.7 0.708 0.716 0.724 0.732 0.74
b

Fig. 1. Nature of the change in time of the zero sequence current
and the derivative of this current (@), the voltage of the zero
sequence and the derivative of this voltage () at SEF

From the numerical data obtained using the ffi(y)
function of MathCAD and shown in Fig. 2, it follows that
the most influential harmonics are in the frequency range
of 150-500 Hz.
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multiplicities 3, 4, 5, 6, for which the reactive power
values are maximum. Calculations for reactor
overcompensation modes have shown that the reactive
power for harmonics 1, 2 can be negative and therefore it
is undesirable to use these harmonics.

Table 1
Results of the calculation of reactive and active powers and
amplitudes of harmonic components for derivatives of currents
and voltages

0
0 100 200 300 400 500 600 700 800

Fig. 2. Fourier spectrum for current and voltage derivatives
of the zero sequence at SEF

The calculations for each k-th harmonic of reactive
power using the complex values of currents and voltages
obtained by the Fourier transform are performed
according to the expressions (2):

D = ok "Upk —Ipe Uk

Plio) g =ik = Jipks (2)
p(uo)k = Uy +juﬂk.

The results of the calculation using the Fourier
transform of the amplitudes of currents and voltages,
reactive and active powers for the harmonics of multiples
of the first one (f, = 50 Hz) in the range from 1 to 9 are
shown in Table 1.

The data (Table 1) are shown for the reactor
resonance tuning mode. According to these data, it is
advisable to use for the protection harmonics with

fo I, A U,V 0,kVA P, kW
1 66.15 5196 226 259
2 106.6 1715 182.8 3.058
3 181.3 1957 354.5 11.22
4 277.0 2234 618.8 6.941
5 360.0 2287 8227 —37.46
6 367.4 1900 692 9531
7 324.0 1406 441 “11.32
8 280.0 1044 273 —104
9 246.0 796 177 —85.48

Based on the obtained calculation data, a method of
selective protection was developed, the block diagram of
the algorithm of which is shown in Fig. 3 and in which
there are: analog-to-digital converters — ADC, Fourier
transform units — FFT, units of determination of
derivatives — d/dt, multiplication units — X, summation
unit %, comparators for comparison of voltage
amplitudes 3u, with set value for frequency 50 Hz and the
total reactive power Qr for selected harmonics with set
value Ur, logic elements OR, AND, as well as the output
organ Relay.

N YES
- >U _| AND > Rel >
pu IR = cut off
3U0 el
o—» ADC > ddt FFT OR 4
B
”’4/////// _— — \\\\\ i ——— YES
a2 Y/ g y Uos g Ups y Uas Ugs y
X X X X T X jy X jv 0>0r
. f i A o + A . 4 R A
1p2 ***%———flgi a2 "‘*r———x,if]%& g3 — 3+ la3 q3' lﬂ/‘f q4j:/ —— g4 q4-
T 11—
3% . .
oI apc |l g [P FFT 0
|
T T S R S

Fig. 3. Block diagram of the multifrequency method of selective earth-fault protection in compensated networks

The actuation organ is triggered if the voltage
amplitude 3u, exceeds the set value Uy which is 10-15%
of the nominal value. The amplitude of this voltage is
calculated from the orthogonal components that are
obtained from the ADC and d/dt units and then calculated

as wluﬁ +(pu,1)2 .

The relay input signals — the current 3, and voltage
3u, after ADC and d/dt differentiation units are fed to the
Fourier transform units in which for given frequencies f, —
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f» complex values of harmonic components for currents
(sine ig, igs,... and cosine iy, i4,...) and for voltages
(sine wug, ups,... and cosine u,, u,;3,...) are calculated.
Based on these values for each of the frequencies, in the
respective units of multiplication X the positive (¢") and
negative (¢ ) values of the reactive power are calculated.
For each frequency they are found as:

q" =upig; g 9=9"—q .

In the general mathematical model of the
compensated electrical system and the protection relay, a
software module for the implementation of the Fourier
transform and the determination of the total reactive

power of the higher harmonics f (the third through the
sixth ones) are shown in Fig. 4.

:ua.lﬁ;

Fur(FI,FU) = |I < FI
U« FU
N <« rows(U)
for fe3..6
Ico & Z 1 c0s|: (N—n)}
n=1
Isi <— Z 1 ?m|: (N—n{|
n=1
Uco (— Z U cov[ (N—n):|
n=1
USl (— z U sm|: (Nn)i|
n=1

2

2 . .
Qf(_ ;(Ico sttf— Isszcof)

6
0y 0
=3

Fig. 4. MathCAD software module for Fourier transform
realization in the protection relay against SEF

The results of the mathematical modelling of the
protection method in the case of SEF show that the total
reactive power of the harmonics depends on the
instantaneous value of the phase voltage at the time of the
fault. The highest value of reactive power occurs when
the phase voltage (u,) reaches the amplitude value
(Fig. 5,a,c), and the least one — when reaching the zero
value (Fig. 5,b,d). These power values (Fig. 5,c,d) are more
than an order of magnitude and to be taken into account
when selecting the set value for the comparator Qr.

The results of the mathematical simulation of the
relay operation at arc short circuits to the ground, the first
of which arose at the amplitude value of the phase
voltage, and the second one at zero, are shown in Fig. 6.
Character of change of voltage 3u, — in Fig. 6,a, of the
current 3i, and its derivatives p(3iy) — in Fig. 6,b and of

the contacts of the relay output organ — in Fig. 6,c. In both
cases, a clear relay operation was obtained.

3

k
u, kV 10e o

4

0
-4

t,s

-3

042 0426 0431 0437 0443 0449 0454 046

a
3

VA A
JAVARV.VRY;

-8
128 129

13 131 132 133
b

134 135

3000
0, kKVA

2250
1500

750
fs

0
0433 044 0445 045
c

0435 046 0465 047

0, kVA

4 s

I}1.31 1314 1319 1323
d

Fig. 5. Results of calculations of reactive power (c, d) at
occurrence of SEF at maximum (a) and minimum (b) values of
phase voltage

1.327 1331 1336 134

The simulation of the operation of the protection
relay under the conditions of five-fold undercompensation
and overcompensation of the capacitive current, as well as
at SEF in the protection zone and outside the protection
zone, confirmed the correct and reliable operation
of the relay.
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Fig. 6. Results of modelling the behavior of the protection relay
at SEF with different aperiodic components in 37,

The prototype of protection according to the
algorithm shown in Fig. 3 was implemented on the basis
of microcontroller STM32F4Discovery. Its satisfactory
operation in the case of SEF was obtained on the physical
model of the compensated electrical network with voltage
of 0.4 kV, as well as inputting current and voltage signals
of zero sequence which were recorded by digital loggers
in the real network at SEF.

The results of simulations and experiments confirm
the possibility of implementation of the developed
protection in the operating electrical networks.

Conclusions.

1. The results of mathematical modelling show that in
compensated electrical networks at phase-to-earth fault, the
reactive power of the damaged connection, which is found
using harmonic components extracted from the current and
voltage of zero sequence for frequencies greater than 100-
150 Hz, is positive regardless of the degree compensation of
the capacitive current by the reactor, which can be the basis
for the operation of selective protection.

2. A method of selective protection of the electrical
network against phase-to-earth fault has been developed,
using which, in order to reduce the influence of aperiodic
components, first the derivatives of currents and voltages
of the zero sequence are obtained, and then by means of
the Fourier transform, a number of harmonic orthogonal
components are extracted from each of them. which the
reactive power is calculated and their total sum is found,
and if it exceeds the specified one, the output organ is
triggered.

How to cite this article:

3. The reliability of the developed method of selective
protection is confirmed by the presented results of
mathematical modelling and verification of the prototype
operation at the laboratory stand, as well as by means of
field signals recorded by digital registrars at SEF at
operating substations.
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A NEW METHODOLOGY CALLED DICE GAME OPTIMIZER FOR CAPACITOR
PLACEMENT IN DISTRIBUTION SYSTEMS

Purpose. Shunt capacitors are installed in power system for compensating reactive power. Therefore, feeder capacity releases,
voltage profile improves and power loss reduces. However, determination optimal location and size of capacitors in distribution
systems is a complex optimization problem. In order to determine the optimum size and location of the capacitor, an objective
function which is generally defined based on capacitor installation costs and power losses should be minimized According to
operational limitations. This paper offers a newly developed metaheuristic technique, named dice game optimizer to determine
optimal size and location of capacitors in a distribution network. Dice game optimizer is a game based optimization technique that
is based on the rules of the dice game. References 27, tables 3, figures 3.

Key words: capacitor placement, dice game optimizer, distribution systems, optimization algorithm.

Leny. Llynmupyowue KoHOEHCAmMopsl 6 IHEP2OCUCHIEME YCHIAHACNUBAIOMCA ONA KOMREHCAUUU DPeaKmMUGHOU MOU{HOCHU.
Cnedosamenvno, CHUM3CAEMCa eMKOCMb uoepa, yayuuiaenmca npoQuis HANPANCEHUA U CHUNCAIOMCA NOMeEPU MOWHOCHU.
O0HaKo onpedeneHue ORMUMATIBHOZO0 MECHIONONONHCEHUA U PA3Mepd KOHOEHCAMOPO8 8 CUCIEMAX PACHPedeNleHus A6NAeMCA
cnodxcnoit 3a0auei onmumuzayuu. Imobvr onpedenums OnmMuUMAIbHIL pazmep U PACROJIOdCeHUE KOHOEHCAMopa, Uenegyro
dynkyuio, Komopaa o6vINHO onpedenaemca HA OCHOGe 3aMPAm HA YCMAHOGKY KOHOEHCAMOpa U NOmeps MOU{HOCIU, Cledyem
MUHUMU3UPOBAMYL 6 COOMEEMCMEUU ¢ IKCHIYAMAUUOHHbIMU O0ZPAHUYeHuUAMU. Jlannas cmamvsa npeonazaem HeOAGHO
Pa3padomannblii  Mema’l6PUCMUYecKuii  Memoo, HA3bIGAEMbLI ONMUMUSAMOPOM UZPbl 6 KOCMU, ONA OnpedeneHus
ONMUMANBHO20 PA3MeEPA U PACRONONCEHUA KOHOEHCAMOopos 6 pacnpedenumenvrol cemu. Onmumu3amop uzpvl 6 KOCmU — IMO
Uzpo6oii Memoo ORMUMUIAUUU, OCHOGAHHDLI HA NPAGUAAX Uzpbl 6 Kocmu. bubdn. 27, Tabn. 3, puc. 3.

Kniouesvie crosa: pa3melieHre KOHIEHCATOPOB, ONTHMHU3ATOP UIPbI B KOCTH, CHCTEMbI pacripeiesieHusl, aATOPUTM ONITHMH3AIHH.

Introduction. Capacitor banks are widely used in
distribution systems for power loss reducing, voltage
profile improving, feeder capacity releasing, reactive
power compensating and power factor correcting. To get
the maximum profit, capacitors should be optimally
placed in distribution systems. Therefore, optimal place of
capacitors should be determined with the help of an
optimization technique. There are different objective
functions and several solving methods for capacitor
placement problem. These suggested objective functions
are: minimize the power loss, minimize the capacitor
installation cost, improve the voltage profile, reduce the
burden on existing lines, maximize the network stability,
and etc [1]. In general, capacitor placement problem is a
hybrid optimization problem which should be effectively
solved by a superior optimization technique. These
techniques can be divided into four classes: analytical,
numerical programming, heuristic and artificial
intelligence techniques [2]. Heuristic techniques are quick
and practical tools, which reduce the total search space
and can result in a solution close to the optimal place of
the capacitor with confidence [3]. In recent decade,
metaheuristic algorithms have received a significant
attention to solve the optimal capacitor bank placement
problem. Compared with the common search techniques
that require continuity, convexity and differentiability of
the problem under investigation, metaheuristic algorithms
do not require the derivative information and use
stochastic rules to solve the problem. in this regard,
capacitor placement problem has been solved by
metaheuristic algorithms such as: genetic algorithm (GA)
[4], immune system (IS) algorithm [5], particle swarm
optimisation (PSO) [6], tabu search (TS) [6], memetic
algorithm (MA) [7], graph search algorithm [8], teaching—
learning-based optimization (TLBO) [9], and ant colony

(AC) [10]. Other algorithms are also proposed to solve the
capacitor replacement problem such as spring search
algorithm (SSA) [11, 12], orientation search algorithm
(OSA) [13], Donkey Theorem Optimization (DTO) [14],
Following Optimization Algorithm (FOA) [15], binary
orientation search algorithm [16], and group optimization
(GO) [17].

Paper contribution and purposes.

Due to the sufficiency of the metaheuristic
techniques in optimization problems, in this study, the
performance of a newly suggested metaheuristic
technique which named dice game optimizer (DGO) is
evaluated on capacitor placement problem. DGO is a
game-based algorithm, which simulates rules of dice
game and the searchers are a set of players.

This study proposes the dice game optimizer to
obtain the optimal CBs placement and sizing in
distribution systems. The proposed method aims to realize
the following benefits:

1) studying the penetration of CBs to enhance the
technical and economic issues of distribution systems;

2) technical objective is power loss reduction;

3) economic issue is considered as minimizing the
costs of CBs;

4) applying the proposed method to standard radial
distribution system;

5) increasing the awareness of the importance of
penetration of CBs for enhancing the operation of
electrical systems.

The rest of this paper has been organized as follows.
Capacitor placement problem is defined In Section 2.
DGO is introduced in section 3. Section 4, presented
simulated results, and finally conclusion is given in
Section 5.
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Problem formulation.

Objective function.

Since the major object of capacitor placement is to
reduce the total losses and bring the buses voltages within
the permissible bound while minimizing the total cost, so
the objective function is defined as

n
OF =k, Ploss + D K50, (1)

Jj=1
where OF is the total cost of the distribution network ($),
k, is the equivalent cost per unit of power loss ($/kW),
Py, is the power loss of the distribution network (kW),

n is the number of buses, Qj is the size of the capacitor

installed at bus j and kj-' is the corresponding cost per

kVar.

Power loss calculation.

In an assumed IT model of the network in which I
branch is attached to k& bus in one hand and to the m bus
on the other hand, & bus is closer to the root bus that is the
net power goes from k& to m bus. Fig. 1 represents the
power flow through the series impedance of the branch.

Pl + @} P +jQ.,
Pi_+£Q[ PEQI
— ] — —> P +jQ;,
P+ R +jX; :
Ve Vo
L, Al Yi Yi
Pt 2 2 PL + gk

Fig. 1. IT model of a network

These flows are represented in (2) and (3),
elaborately

P =BL+Bf P, )
Q=Q£+Q£—Qé—%$§, 3)

where L, F and [ subscripts represents the load, the flow
and the injection respectively. Branch i let the power flow
near bus k. This passage can be formulated as

v P2 4+0?2
R=r=r s R @)
m
2o,y RO Y,
Q=0 Vi =0+ Xim——— Vi~ ©)
Vo 2

In order to calculate the power flow quantity in each
branch of tree, it is computed recursively in a
backward/anti clock-wise direction. Thus, the bus m
complex voltage is computed as

v, :[Vk _BR +*QiXi}_j{Pi X _*QiRi‘|' (6)

Vie Vie

The strategy of finding the magnitude and angle of
all buses voltages of the tree is to compute this complex
voltage in a forward direction.

This computation is done iteratively again and again
till the voltage difference at loop breaking points

(breaking points of the tree) is placed within the
acceptable limit. Hence the branch I active power loss
(Py,) is measured as

"2 2
B+ 0
Vi

Accordingly, quantities of the system net active
power loss is

(7

i

N
PL=XP,. ®)
i=1
Dice Game Optimizer [18]. Optimization

algorithms is applied by researchers in various science
such as energy [19, 20], power engineering [21-23],
energy carriers [24, 25] and protection [26].

DGO is a game based optimization algorithm, which
simulates rules of the old game named dice game. In
DGO the initial position of the players is created
randomly on the playing field (problem definition space).

In (9), the position «d» of player «i» is shown as xld

X; =(xl-l,...,xl~d,...,xl-"). )

After the formation of the system, the rules are
specified. Players compete with each other to determine
the winner according to the rules of the game.

Calculation of each player’s score.

In order to simulate the score of each player, a
fitness function is used. It assigns higher score to the
player with a better location. This parameter is computed
according to

Score, = Nﬁti _ﬁt(playerbest) ,
Zﬁtj - ﬁt(playerworst)
Jj=1
where Score; is the score of player /, fit; is the value of the
fitness function, N is the number of players, playery. is
the position of the best player and player,,, is the
position of the worst player.
These positions are indicated as
player,q; =location of min(ﬁt j)& je {1

(10)

(an
(12)

: N} ,
player,,,; = location of max(ﬁtj)& Jje {1 : N}.

Tossing dice for each player.

At this stage of the game each player tosses a dice
once. A dice number is a discrete number between 1 and 6
that represents the number of player’s guide of each
player. The number of dice for each player is specified as

Dice; =K & K e{123456}, (13)

where Dice; is the dice number for i-th player. This
number is specified by K.

Selection of the Guide’s players for each player.

For each player, based on the number of dice (K),
guide players are selected randomly among the players.
These players are specified as

k _ .
XGu[dei =X Xk,

(14)
where X ém. 4o, 18 the position guide player number k of

player «i».
Update of the position of each player.
Now X" is calculated as
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Dice; )
X = xbd X5 — x4 ion|Score; — Scoreg, J(15)
0 k & i Guidey

Guide;
k=1
where r; is the random number with normal distribution in
the interval [0-1] and Scoreg,ze, 1s the score of guide

player number k.

Simulations and results. The case study that is
considered in this paper is a 12.66 kV and 33-bus
distribution network shown in Fig. 2. The total active and
reactive loads of this system are 3715 kW and 2300 kVar,
respectively. In this network, the power losses are
201.8925 kW. The system information has been adopted
from [27]. The standard capacitors information is shown
in Table 1. The performance of DGO is compared by the
results obtained by PSO, which this comparison is
specified in Table 2.

23 24 25

26 27 28 29 30 31 32 33
| | | } |

|
(IJ 10 11 12 13 14 15 16 1|7 18
|

——
-
- A~
'S
—un
—
_\]R
— o]

19 20 21 22

Fig. 2. Schematic of the 33-bus radial network

Table 1
Standard capacitors information
Jj 1 2 3 4 5 6
Q]c , kVar 150 | 300 | 450 | 600 | 750 900
k? ,$kVar | 050350253 |0.22]|0.276 | 0.183
Table 2
The simulation results of DGO and PSO
Index Uncompensated Algorithm
DGO PSO
Annual cost, $ 33917.94 22573.54 | 22861.93
Network loss, kW 201.8925 131.5359 | 132.4847
Net saving, $ N.A 11344.40 | 11056.01
Avg. time, s N.A 53.43 58.39

Over 30 independent runs, the best performance of
DGO is 22573.54 $ while PSO reaches to 22861.93 $. It
is clear that DGO gives better results than PSO. In solve
the capacitor placement by DGO, the power losses are
131.5359 kW while in the solve the capacitor placement
by PSO the power losses are 132.4847 kW. Table 3 lists
the installed kVar at each bus of the network.

Table 3
Optimal capacitor placement results
DGO PSO
Bus number | Capacitor (kVar) | Bus number | Capacitor (kVar)
11 600 2 900
24 450 7 450
30 600 15 300
33 300 29 450
— - 31 450

Based on the DGO result, the value of the installed
capacitor at buses 11, 24, 30 and 33 is 600, 450, 600 and
300 kVar, respectively. In this case, the 33-bus

distribution network is compensated by 1950 kVar of
capacitor. According to the PSO result, the value of
installed capacitor at compensated buses 2, 7, 15, 29 and
31 is 900, 450, 300, 450 and 450 kVar, respectively. This
means that the 33-bus distribution network is
compensated by 2550 kVar of capacitor. Voltage profile
of 33-bus distribution network shown in Fig. 3.

1 o\" . : i 0\. E .

5 DGO
0997 A | "Qq. & PS50
.! Y Uneom.
0.98+ ® o n
] an
\ 48
0.97 s "
E .\l .y
-_;‘ 0.96 '\'; g " "
E . | -g
L] o8
3 095 .'!.-_'
- =aEts
LR

3 w 15 I 5 30 33
Bus Number

Fig. 3. Voltage profile of the 33-bus radial network

Conclusion. This paper proposes a new
methodology for capacitor placement in distribution
networks in order to power loss reduction and modify the
voltage profile. The proposed methodology, which has
applied here, is based on a new metaheuristic
optimization technique, named dice game optimizer. In
the simulation, it is looked that the results obtained by
dice game optimizer are more precise than the results
reported in the current literature. The convergence rate of
dice game optimizer is good and it is looked that dice
game optimizer solves the problem in less computational
time than the other investigated techniques. As regard
dice game optimizer is an efficient and rather simple
algorithm, it would be suggested for various applications
of power system engineering problems.
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GEOMETRIC AND ELECTROPHYSICAL PARAMETERS OF ARMATURE WINDING
OF ELECTROMECHANICAL CONVERTER OF INERTIAL ENERGY STORAGE FOR
SUBURBAN TRAINS

Purpose. To establish analytical expressions of machine constant and electromagnetic parameters for a specific circuit of the
armature winding of an electromechanical converter of an inertial energy storage device, which is a DC electric machine with a
semiconductor switch and excitation from permanent magnets. Methodology. For research the theory of electrical circuits is used
to create a mathematical model of the processes of electromechanical energy conversion in an inertial storage device. The plots
method is used to find the mutual inductance of the armature winding coils, which are presented in the form of infinitely thin
single-turn contours of rectangular shape, located in three-dimensional space. Results. Mathematical models of the processes of
electromechanical energy conversion in an inertial storage device are obtained reflecting the relationship between the exchange
energy and drive power with geometric and electrophysical parameters of both the energy accumulator and the system of its
electromechanical converter. A connection of the parameters of machine constant, active and inductive resistances with the
configuration, wiring diagram and the geometric dimensions of the armature winding has been established. The wiring of
sections in the phase of the armature winding depends on the required value of the voltage and current of the machine. The
possibility of regulating the voltage of the drive by switching on and off the working phases of the system of electromechanical
converter, as well as by changing the angle of the load is shown. Originality. Mathematical models are obtained that relate the
indicators of the energy of exchange and the power of the drive to the geometrical and electro physical parameters of both the
energy accumulator and the system of its electromechanical converter. A feature of these models is operating with an average
value of induction and machine constants when determining the electromotive force and electromagnetic moment. Practical
value. Recommendations are developed for determining the machine constant and electromagnetic parameters of
electromechanical inertial energy storage devices. This allows to evaluate the properties of devices of this type in the modes of
storage and delivery of energy during their operation on board the rolling stock. References 7, table 1, figures 5.

Key words: inertial electromechanical energy storage, electromechanical converter, armature winding, machine constants,
active resistance, inductive resistance.

Mema. Bcmanognenns aHanimuynux 6upazié MAWUHHUX HOCMINHUX [ eeKMPOMAZHIMHUX napamempie 01sa cneyugiunoi
cxemu 00MOMKU AKOPA eNeKMPOMEXAHIYHO20 Nepemeopiosaya inepuiiinozo Haxonuuyyeaya emnepeii y 6u2naodi odepHeHol
eNeKMPUYHOI MAWUHU ROCMITINO20 CIMPYMY 3 HANIGNPOGIOHUKOGUM KOMYMAmMOpOM i 30y0)1HceHHAM 6I0 NOCMINUHUX MAazHimie.
Memoouka. /[na npoeedenns 00Cni0NHceHb BUKOPUCHAHA MEOPia eNeKMPUYHUX Kill, MemOoO OiNAHOK O 3HAXO0ONCEHHA
63A€MHOT IHOYKMUBHOCMI KOMYUIOK 00MomKuU aKopAa. Pezynemamu. Bcmanogsneno 36'a30Kk napamempie mMawunHux nocmiinux,
AKMU6H020 ma iHOYKMUBHO20 ONOPI6 3 KOHizypauicio, cxemolo 3'€COHAHHA | 2eOMeMPUYHUMU PO3MIDAMU 0OMOMKU AKOPA.
Haykosa nosuszna. /[lna cneyugiunux cxem AKIPHUX OOMOMOK CUCHIEMU €1eKMPOMEXAHIUHO20 NEPEemEOPEeHHA eHep2ii
IHepyiliHUX HaKOnuuyeauié 3HAUOCHI AHANIMUYHI GUPA3U MAUWUHHUX ROCMINHUX | e1eKMPOMAZHIMHUX napamempis, AKi
BGU3HAYAIOMb NOKA3ZHUKU eHepeil 00Miny i nomymycnocmi nakonuuyeaua. Ilpakmuune 3nauennsn. Pozpooneni pexomenoauii wj00o
GU3HAYEHHA MAUWUHHUX ROCMITIHUX | e1eKMPOMAZHIMHUX NAPAMEmpie iHepYIliHUX e1eKMPOMEXaHiuHUX HAKoOnuuyeauie enepeaii
003607110Mb OUIHUMU 8TIACIMUEOCHIE RPUCIMPOIE MAKO20 MURY Ha Gopmy pyxomozo ckaady. bion. 7, Tabn. 1, puc. 5.

Kniouosi cnoea: iHepuiiiHui eneKTpOMexXaHiYHMIi HaKONMMYyBa4y eHeprii, eJeKTpoMexXaHiYHMiIl NepeTBOpPIOBaY, 00OMOTKa
SIKOPS1, MAIIMHHI NOCTiliHi, aAKTUBHUI onip, iHIYKTUBHUI omip.

Leny. Ycmanoenenue ananumuyecKux GbIPANCEHUN MAUWUHHBIX NOCMOAHHBLIX U INEKMPOMAHUMHBIX RAPAMEMPOE OlA
cneyugpuueckoli cxemovl 0OMOMKU AKOPA IIEKMPOMEXAHUUECKOZ0 NPeodpazoeamenn UHEPUUOHHOZ0 HAKONUMENA IHEPIUU 6
euoe 00pauiennoll I1eKmpuiecKoii MauuHbl NOCMOAHHOZ0 MOKA C NOAYRPOEOOHUKOEHIM KOMMYMAMOPOM U 8030YHCOEHUEM OM
nocmoanuvix maznumos. Memoouka. /lna nposedenus uccned06anuil UCnOIb306aAHA MeEOPUA INEKMPULECKUX Ueneil, Memoo
YUACMKOE ONA HAXOHCOEHUA 63AUMHON UHOYKMUGHOCMU KamyuieK o0momku akopa. Pesynomamwl. Ycmanoenena ceéaswp
napamempos MAWUHHBIX ROCMOAHHBIX, AKMUBHO20 U UHOYKMUBHOZ0 CORPOMUBTIERUI ¢ KOnpuzypayuell, cxeMoil coeOuHeHus u
2eomempuueckumu pazmepamu oomomku akopa. Hayunas nosusna. /[na cneyuuueckux cxem aKopHsix 00MOmoK cucmemvl
INEKMPOMEXAHUYECKO20 NPeoOPA306AHUA IHEPZUU UHEPYUOHHO20 HAKONUMENA HAWOeHbl AHANUMUYECKUE GLIPANCEHUSA
MAWUHHBIX ROCHMOAHHBIX U INEKMPOMAZHUMHBIX NAPAMEMPOs, KOMOpble Onpedensaiom noKa3amenu IHepeuu oomMeHa u
mowgpocmu  nakonumensa. Ilpakmuueckoe 3nauenue. Paspabomannvie pekomendauyuu no onpedenenur) MawUHHLIX
HOCIMOAHHBIX U INEKMPOMAZHUMHBIX NAPAMEMPOE UHEPUUOHHBIX INEKMPOMEXAHUECKUX HAKORUMeNell IHePul NO360aI0Mm
OUEeHUmMb C60IICMEa YCmPOoIiCMe MaKozo muna Ha 6opmy noOGU}cHo20 cocmaea. bubn. 7, Tabn. 1, puc. 5.

Kniouesvie crnosa: MHePIHHOHHBIH 3JIEKTPOMEXaHHYECKHil HAKONUTE/Ib YHEPrHH, JIeKTPOMeXaHHYeCKHii nmpeodpazoBaTeb,
00MOTKA SIKOPSI, MALIIMHHBIE MOCTOSIHHBI, AKTHBHOE CONMPOTHBJIeHNE, MHIYKTHBHOE CONPOTHBJIEHHE.

Introduction. The use of energy storage devices, batteries, flywheels, and superconducting magnets), only
both in the traction network and on the rolling stock of the first three types are now implemented [1-3].
railways, is one of the effective means of saving energy = Moreover, on the prototype suburban rolling stock — only
resources and protecting the environment. Of the four of inertial type, which is an aggregate that consists of a
types of storage devices known to date that are suitable
for these purposes (two-layer capacitors, lithium-ion © H.V. Omelianenko, L.V. Overianova, A.S. Maslii
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cylindrical flywheel connected on one shaft with a
synchronous electric machine [4].

A  more compact design of the inertial
electromechanical energy storage device (IEMESD) takes
place when the electromechanical converter, representing
a DC machine with a thyristor switch, is located inside a
hollow cylindrical flywheel. The design of such a storage
device was previously developed at NTU «KhPI» for the
traction network of the subway [5]. However, its
parameters and performance are selected in such a way as
to interact with the load — the traction network, as a rule,
with insignificantly changing voltage.

The operation of IEMESD on electric rolling stock
(ERS) is characterized by other conditions for the process
of energy exchange between the storage device and the
load — traction motors. Here, in the braking and
acceleration mode of the ERS, significant changes in the
nature and level of voltages on the traction motors and the
storage device take place. The use of IEMESD on rolling
stock makes it possible to utilize the braking energy and
use it after that to accelerate the train, which provides an
efficient energy-saving technology of electric transport.
The accumulated energy circulates in the traction electric
drive system, which saves up to 30% of the energy spent
on traction [6].

Therefore, the study of the parameters of such drives
in the conditions of their operation on the ERS is today a
promising direction.

In the papers, the authors investigate IEMESD
which is a combination of a flywheel and an
electromechanical energy conversion system (EMECS),
which is taken as a reversed DC electric machine with a
semiconductor switch on IGBT transistors and excitation
from permanent magnets (Fig. 1). Along with the
magnetic system of the inductor, the configuration,
connection diagram, and geometrical dimensions of the
armature winding are decisive in obtaining the required
power of EMECS.

The goal of the work is the establishment of
analytical expressions of machine constants and
electromagnetic parameters for specific circuits of
armaturer windings of an electromechanical converter of
an inertial energy storage device.

The mathematical model of EMECS storage
device. A mathematical model of the processes of
electromechanical energy conversion in EMECS connects
its geometric and electrophysical parameters with power
and energy indicators, and also determines the operating
properties of EMECS in various operating modes.

An expression relating the rotational speed of the
rotor n, to the geometric and electromagnetic parameters
of the storage device is obtained on the basis of the
equation of equilibrium of moments.

The relationship between the voltage u, and the
current i, in EMECS as a component of the instantaneous
values of electromagnetic power is obtained from the
equations of equilibrium of voltages in the armature
winding.

The mathematical model that describes the processes
in the EMECS of the storage device in the modes of
energy storage and delivery has the form:

dnn — CmnBsrin .
dt 7 ’
750’ (1)
di, _u, —CeyByn,sinld—Ri,
dt L, ’
dnn __ CmnBsrin .
dt b5 '
7507 @
di _ CpyBgn, sinf—u, —R,i,
dt L, ’

where C,,, C., are the machine constants; B, is the
average value of magnetic flux density; J is the moment
of inertia of the flywheel; 8 is the load angle between the
axis of the magnetic field of the inductor and the magnetic
field created by the armature current; R,, L, are the
resistance and inductance of the winding.

A P —mm §

oD '+ N
: HH—4
i L Y
17 b—
( R\l] ,
! Rnr
a

Fig. 1. Inertial energy storage:
a) battery design; b) EMECS scheme:

1 — vacuum casing; 2 — flywheel; 3 — ferromagnetic screen;
4 — permanent magnets; 5 — armature winding; 6 — stator
housing; 7 — shaft; 8, 9 — bearing units; H, D — overall height
and diameter of the storage device; R,,, R, — inner, outer radii
of the flywheel, / — height of the flywheel; w — rotor speed;
7 — pole division;
1k...4k — switches; K11, KI2, KI3, Kl4 — keys;

VD1, VD2, VD3, VD4 — diodes; CI, C2 — capacitors;

1, — source current; U — voltage at the terminals

The storage device parameters included in relations
(1), (2) are determined by the shape and dimensions of its
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rotor and stator, inductor excitation system, circuit and
configuration of the armature winding, and the level of
electromagnetic and mechanical loads of all the listed
drive components.

The paper pays attention to establishing the
connection of the parameters C,,, C.,, L, and R, with the
configuration, connection diagram and geometric
dimensions of the armature winding.

The configuration and connection diagrams of
the armature winding of EMECS. The armature
winding, being the determining element of the EMECS of
the storage device, must satisfy the following
requirements:

e provide the specified values of load voltage and
current at the terminals of the machine, corresponding to
the required power;

e provide satisfactory conditions for changing the
direction of current flow in phases, that is, the switching
process;

e possess the necessary mechanical, electrical and
thermal strength, with a minimum consumption of
material, as well as manufacturability.

The main element of the armature winding here, as
in conventional DC machines, is the section, which
consists of one or a number of series-connected turns. The
active sides of the section are located in two layers of
slots under the poles of different polarity at a distance of
pole division 7. According to the external shape of the
contours, the windings can be wave and loop.

The sections of the windings having electric and
magnetic symmetry, the adjacent sides of which are
located in different layers of the same slot, connecting
either counter-series or counter-parallel, form the phase of
the winding. The connection diagram of the sections in
the phase of the armature winding depends on the
required voltage and current of the machine.

Each phase is connected as a load in the diagonal of
the bridge current inverters, which, in turn, connected in
series, form the armature winding.

For example, Fig. 2 shows the windings of the wave
and loop types, the phases of which are formed by
counter-sequential connection of sections. Here the ends
of the sections K1, K2, K3, K4 are connected in series
with the ends of the sections K5, K6, K7, K8, respectively,
and the beginning of the sections N1 and N5, N2 and N6,
N3 and N7, N4 and N8 are connected as a load to the
diagonal of the inverters bridge type I, 2, 3 and 4,
respectively.

In Fig. 3 windings of wave and loop types are
shown, the phases of which are formed by counter-
parallel connection of sections. Here, the beginnings of
sections N1, N2, N3, N4 are combined into nodes by the
ends of sections K5, K6, K7, K8, respectively, and the
ends of sections K1, K2, K3, K4 also into nodes with the
beginnings of sections N5, N6, N7, N8, respectively . By
nodes N1 K5 and K1 N5, N2 K6 and K2 N6, N3 K7 and
K3 N7, N4 K8 and K4 N8 the phases are connected as a
load in the diagonal of bridge inverters /, 2, 3 and 4,
respectively.

Fig. 2. Counter-series connection of phases (a),
and wave type winding (b)

N1 Ks N2l [Ké N3 [K7 Na[ [Ks
Ki Ns K2 Ne K3 N7 Ka Ng

Q.i

Fig. 3. Counter-parallel connection of phases (a),
and loop type winding ()

From the above circuits it is obvious that:

e circuits of winding made of sections of the wave and
loop type, practically do not differ from each other;

e when phases are formed from sections at their serial
connection, it is possible to obtain higher voltage at the
input of the machine than with parallel connection, and
with parallel connection — a higher current;

e the number of sections in the winding phase is
determined by the number of poles of the machine.

Such winding connection circuits make it possible to
regulate the voltage during the operation of the storage
device by switching on and off the operating phases of the
EMECS, as well as by changing the load angle 6.

Analytical determination of machine constants
and electromagnetic parameters. The machine constant
C,, is determined based on the expression for the
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instantaneous value of the EMF induced in rectilinear
conductors of length [, moving in the magnetic field with
the value of B, with velocity V'

e=2Bgl,V . 3)

The effective conductor length here is determined by
the formula

2pwNsl,

Iy =L, )

where 2p is the number of poles; w is the number of turns
in the section; N, is the number of phases; /, is the active
length of the armature winding; a is the number of
parallel branches in phase.

Expressing the linear velocity V' through the rotor
speed n,,

pmy

V=—", 5
30 ()
and substituting (4), (5) in (3), we obtain

0,13pwN 4

o= M g sing. (6)
a
Relationship
2 p2 wN (1

C,, = 2T e , (7)

15a

which is determined only by the geometric parameters of
the machine and does not depend on the modes of its
operation, we call the machine constant C,,,.

The machine constant C,,, is determined from the

expression for the electromagnetic torque
D
M o= F, Ta > (®)

where D, is the diameter of the armature; F, is the
equivalent force acting on an effective conductor of
length /, with current i, in the magnetic field B,

F, =Byl ©)
where i, =I/a is the current in the parallel phase branch.
The effective conductor length is defined as

le=2pwNyl, . (10)
After substituting (10) and (9) into (8), we obtain
2pwN ¢l,D
em :%Bsrl‘ (11)
Relationship
2pwN ¢1,D
= (12)

determined only by the geometric parameters of the
machine and independent of the modes of its operation,
we call the machine constant C,,,.

The active resistance R, and inductance L, of the
EMECS are determined by summing these parameters for
individual phase elements, the equivalent circuits of
which are shown in Fig. 4. Since the parameters indicated
in this Figure significantly depend on the geometry of the
winding sections, one of the important questions for us
was the following: what calculation configuration to
replace the real configuration of the section? We took a
rectangle with sides 2a and 2b as the calculation
configuration. Moreover, side 2b was taken equal to the
pole division 7. The equivalence of the calculation

configuration and the real one was provided by increasing
the side of rectangle 2a by two lengths of the difference
between the length of the frontal part of the armature
winding /, and the pole division 7

(4 +5,)Zp
2R, )’

where 4, is the distance between the frontal parts of two
adjacent coil sides; b, is the width of the coil side in the
frontal part; Zp is the number of slots of the armature; R,
is the radius of the circle on which the frontal part of the
winding is located.

Iy = %tg[arcsin (13)

e Es ef1

Fig. 4. Equivalent circuit of:

a —two winding sections connected in series and belonging to
the same phase; b — two winding sections connected in parallel
and belonging to the same phase;
¢ — phase winding; R;, Rs — active resistance of sections;
L, Ls —inductance of sections; e;, es — EMF of sections;
M5 — mutual inductance of sections of one phase;

Ry, Ly, e — equivalent active resistance,
inductance, EMF of the phase, respectively

Thus, to calculate the active resistance and
inductance in the equivalent circuits of the armature
winding, a rectangle with dimensions 2ax2b was taken as
a section. Side 2b was assumed equal to pole division, and
side 2a was determined as the reduced length of the
armature

I,=1,+2(,-7). (14)

The calculation of the active resistance for the
armature winding at a parallel branches and cross-section
s, of the effective copper conductor of the winding with
specific resistance p is carried out according to the
following formula

N 2pwl!
R, = pf—Pza'
s,a

As for the inductance of both the phase and the
winding as a whole, both the intrinsic and mutual
inductances of the coils of the armature winding
contribute to its value.

The winding phase inductance is determined as

Nk-1
Ly =NgLi+Ng > My gony s
k=1

(15)

(16)

68 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.1



where N, is the number of coils in phase; L, is the
intrinsic inductance of the coil; M.y is the mutual
inductance of the coils in phase.

The intrinsic inductance of the coil is determined
according to the formula

L, zzﬂwz(a+b{ln 8ab b
7

h+hy a+b

x(0,693+ln(b+\/a2 b2 j]—

X
a+b (17
2 2
x(0,693+ln(a+\/a2 +b2 D+2—“"+b—
a+b
—0,5+o,224m};
a+b

where h; are h, are the height and width of the cross-
section of the coil section; yy = 47107 H/m is the
magnetic constant.

Parameters a and b are determined as:

a= i ;b= .
2 2

To find the mutual inductance of the winding coils,
we represent them in the form of infinitely thin single-
turn rectangular-shaped contours located in 3D space
XYZ and offset from each other by a distance of x;, y, z,
along the x, y, and z axes, respectively [7].

Connecting the beginning of the Cartesian
coordinate system with the geometric center of the
contour, which coincides with the middle turn of the first
coil of the winding, and assuming that the position of the
contour replacing the second coil of the winding is
oriented according to the coordinates of its center, we find
the mutual inductance between them according to
_ Mo gedly -dly
SR

hiy
where /; and [, are the contours of the first and second
winding coils, respectively; 7 is the distance between the
elements d/; and d/, along the OZ axis.

We use the method of plots. Since the numerator of
integrand (18) contains the scalar product of vectors, the
terms corresponding to the interaction of the parallel sides
of the contours /; u [, make a non-zero contribution to the
mutual inductance. We represent the double contour
integral as a sum

(18)

=104/ (19)
where /" is the sum of the integrals over those rectilinear
sections of the contours that are parallel to the x axis;
is the sum of the integrals over the sections parallel to the
y axis.

Taking into account the numbering of the contour
sections, we can write

1

[()2111+[12 +122 +[21,
2

1 =gt Iy + 1y + 13,

where [,, are the integrals over rectilinear parallel
sections of the contours, and here the index m corresponds
to the number of the section of the contour of the first
winding, and the index n corresponds to the number of the

section of the second winding. All these integrals have a
general form

)i =/j‘]i'2 d&'l 'd€2
" alaz\/(52—€1)2+A2+Zz

where ay, f), ap, [, are the limits of integration; & =x,
&=x, are the integration variables for sections parallel to
the x axis; &=y, &=y, are the integration variables for
sections parallel to the y axis; 4 — for sections parallel to
the x axis is taken as the difference of the y coordinates,
for sections parallel to the y axis is taken as the difference
of the x coordinates.

Assuming that the distance along the Z axis between
the coils is known and I'=A*+Z77 integral (20) can be
represented as

L =(az—al)1n{(a2‘“1)+\/(az—al)z+F:—\/(“2‘“1)2+F—
—(“2‘51)1“{(“2‘51)+\/(az‘ﬂ1)2+r}+\/(az‘ﬂ1)2+r—
S L [ PR BN P

+(ﬁz‘“1)ln{(ﬂz—“1)+\/(ﬂz‘al)2+F:‘\/(ﬂz—“1)2+F

The limits of integration for the integrals /,, are
presented in Table 1, where k£ is the number of the
integral.

; (20)

Table 1
Integral parameter values
Lyw | 01 | Bi o, b 4 k| j | Sign
Iy |—a| a | xqc X, te yytd-b 1|1 +
I | —a| a | xqc X, te Vs—d-b 211 -
Ly | —a| a| xec | xstc y—d+b 311 +
Ly | —a| a| xc X, tc yetd+b | 4|1 -
Ly |=b| b | y—d | y+d X—cta 1|2 +
Ly | -b | b | y—d | yo+d X, teta 2|2 -
Iy | D | b | yd | ys+d X, te—a 312 +
Iy |- | b | yd | ys+d XqCc—a 4 | 2 —

In view of Table 1, instead of formula (18) we can
write

2 4
Ms :&ZZ(—l)k+11;§1)~ @21
S

Based on the obtained relations, we find the terms of
mutual inductances in formula (16) using the example of
a four-phase two-pole machine with counter-parallel
connection of the armature phase coils.

The magnetic coupling diagram of this winding is
shown in Fig. 5,a. The mutual inductance between the
sections of the winding is presented in the form of two
components: slot M, and frontal M. If the contribution
of the slot part in the creation of mutual induction flows
between the sections is obvious, then the contribution of
the frontal parts is clearly illustrated in Fig. 5,b.
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Fig. 5. Full magnetic connections of the coils of the armature
winding (a), connections in the frontal parts (b)

Assuming that the proportion of mutual induction
between the frontal parts of the sections is proportional to
the length of their mutual overlap, we obtain the
following results. Firstly, it is obvious that when finding
the inductance of the armature winding phase, only the
flows of mutual induction of the slot parts of adjacent
coils are affected, and the frontal parts do not participate.
Secondly, when finding the total inductance of one coil of
the armature winding, the mutual induction coefficients of
the frontal parts are compensated, and the total inductance
of the coil is defined as

3 2 1
My =—=Mp——Mep+—My +
4 4 4 @
1 2 3
2M e, _ZMlch _ZMlch _ZMlch-
Mlz = ZMpch

As a result, for the case of counter-parallel and
counter-series connection of the coils, the expressions of
the equivalent phase inductance, respectively, take the

form:
Ly +2w*M
Ly = — (23)
k

L s = Ny (Lk +2wrM pch). (24)

Equivalent inductances of the winding of the
machine as a whole with counter-series and counter-
parallel connection of coils in phase, respectively, equal
to:

Lygps =N Ny (Lk +2wrM pch), (25)

LMpr _ N/ (Lk + szMpch) '

Ny
Results obtained. Using the example of a four-pole
electric machine of a test storage device, it is proposed to

(26)

establish a connection between the parameters of the
machine constants C,,, and C,,, the inductance L, and the
active resistance R, with the configuration, connection
diagram, and geometric dimensions of the armature
winding using the analytical expressions obtained above.

As the initial data for the IEMESD test model, we
take the value of energy that is released during stopping
electrodynamic braking of the ER2T electric train section,
consisting of head and motor cars, weighing 117 tons
from speed of 45 km/h to 0 km/h on a horizontal track
section 675 m long. This value corresponds to the
exchange energy of the designed storage system. For two
traction motors, it is 5.2 MJ. The system of
electromechanical energy conversion should provide the
issuance and reception of electrical energy at maximum
voltage of 700 V and rated current of 400 A.

Based on the level of exchange energy of the storage
device and the installation volume allocated for the
storage system on the rolling stock of a suburban electric
train, we take the following geometric dimensions of the
flywheel: the outer radius of the rotor is 0.225 m, the
inner radius is 0.11 m, the height is 0.335 m. The rotor
speed is 18550 rpm.

Based on the obtained relationships, geometric and
electromagnetic parameters were found for the
electromechanical energy conversion system of the test
storage device. This is a four-pole machine with a loop
winding, made according to the circuit of counter-series
connection of coils in phase, with the following geometric
parameters: diameter of the armature is 0.214 m; active
armature length is 0.255 m; the number of phases is 4; the
number of coils in phase is 4; the number of turns in the
coil is 2; coil dimensions excluding the frontal part are
0.253%0.168 m; coil cross-section is 80 mm?; «offset» of
the frontal part of the coil is 0.075 m. The geometric
constants C,,, u C,, are obtained: 1.75 m* and 0.182 m?,
respectively, as well as the active resistance of 0.005 Q
and the equivalent inductance of 3.05-10 H.

When choosing the geometric dimensions and
winding connection diagrams, it is necessary to be guided
by the following: obtaining high voltage value is possible
by forming phases from counter-series connected coils,
and of significant current by their counter-parallel
connection. If it is necessary to obtain the required power
components, it is also possible to realize mixed
connection of the coils in phase. The number of coils in
the phase must be a multiple of the number of poles of the
machine. In view of the fact that the stator does not
contain ferromagnetic, the armature winding should be
positioned closer to its outer surface, that is, to the source
of the magnetic field.

Conclusions.

1. The developed mathematical model of the inertial
electromechanical energy storage device reflects the
relationship of its indicators of exchange energy and
power with the geometric and electrophysical parameters
of both the energy storage and the electromechanical
converter system. A feature of the model is the operation
of machine constants in determining the electromotive
force and electromagnetic torque. The mathematical
model allows further study of the operating modes of the
inertial electromechanical energy storage device as part of
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the traction drive in the braking and acceleration modes of
the electric rolling stock.

2. A relationship has been established between the
geometrical dimensions of the coils, as well as the circuits
of their connection when forming the armature winding
with such parameters as the values of machine constants,
active resistance and inductance of both individual phases
and the armature winding as a whole.

3.1t is shown that obtaining the required power
components  (current and  voltage) of  the
electromechanical energy conversion system is provided
by the formation of phases from counter-series or from
counter-parallel connected adjacent coils of the armature
winding, the number of which in phase must be a multiple
of the number of poles of the inductor.

4. The proposed specific winding connection circuits
make it possible to regulate the voltage during the storage
device operation by switching on and off the operating
phases of the -electromechanical energy conversion
system, as well as by changing the load angle 6.
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