«ELECTRICAL ENGINEERING & ELECTROMECHANICS»

National Technical University «Kharkiv Polytechnic Institute»

Co-Founder — State Institution «Institute of Technical Problems of Magnetism of the NAS of Ukraine»

SCIENTIFIC & PRACTICAL JOURNAL

Journal was founded in 2002 by

INTERNATIONAL EDITORIAL BOARD
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

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

Batygin Yu.V.
Biré O.
Bolyukh V.F.
Dolezel I.
Féliachi M.
Gurevich V.1.
Kildishev A.V.
Kuznetsov B.I.
Kyrylenko O.V.
Podoltsev A.D.
Rainin V.E.
Rezynkina M.M.
Rozanov Yu.K.
Shkolnik A.A.
Yuferov V.B.
Vinitzki Yu.D.
Zagirnyak M.V.
Zgraja J.

Professor, NTU "KhPI", Ukraine

Professor, University of West Bohemia, Pilsen, Czech Republic

Professor, University of Nantes, France

Csinourso

Ph.D., Honorable Professor, Central Electrical Laboratory of Israel Electric Corporation, Haifa, Israel
Associate Research Professor, Purdue University, USA

Professor, SI "ITPM NASU", Kharkiv, Ukraine

Professor, Member of NAS of Ukraine, Institute of Electrodynamics of NAS of Ukraine, Kyiv, Ukraine
Professor, Institute of Electrodynamics of NAS of Ukraine, Kyiv, Ukraine
Professor, Moscow Power Engineering Institute, Russia

Professor, SI "ITPM NASU", Kharkiv, Ukraine

Professor, Moscow Power Engineering Institute, Russia
Ph.D., Central Electrical Laboratory of Israel Electric Corporation, member of CIGRE (SC A2 - Transformers), Haifa, Israel
Professor, National Science Center "Kharkiv Institute of Physics and Technology", Ukraine

Professor, GE EEM, Moscow, Russia

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

HALIOHANBbHA PEQAKLINHA KONErA*

KnumeHko B.B.
Cokon €.1.

Po3soB B.1O.

Fpeuko O.M.
BapaHoB M.I.
BoeB B.M.
Benpuk H0.M.
Fpu6 O.T.
F'ypuH A.l'.
OaHbko B.I'.
Xemepos I'.I'.
KpaBueHko B.l.
Minux B.1.
MuxannosB B.M.
OmenbsiHeHko B.I.
Mywno I'.B.
Pe3uHkin O.J1.
Pynakos B.B.
CockoB A.l'.

Tkauyk B.I.
LLinHkapeHko B.®.

rofioBHUM pegakTop, npodecop, HTY "XMI"
3aCTYMHUK FONIOBHOTO pegakTopa,
uneH-kop. HAHY, pektop HTY "XII"
3aCTYNHUK FONIOBHOIO pefakTopa,
uneH-kop. HAHY, aupektop AY "ITMNM HAHY"
BignoBiAanbHUM cekpeTap, K.T.H., HTY "XMI"
A.T.H., HOMKI "Monwig" HTY "XMI"

npodcbecop, HTY "XMI"

npodcbecop, HTY "XII"

npocpecop, HTY "XMI"

npocpecop, HTY "XMI"

npodcbecop, HTY "XMI"

npodcbecop, HTY "XII"

npodecop, aupekrop HAMKI "MonHig" HTY "XMI"
npocpecop, HTY "XMI"

npodcbecop, HTY "XMI"

npodcbecop, HTY "XII"

npodecop, OHTY, Opgeca

npocpecop, HTY "XMI"

npodcecop, HTY "XMI"

npodecop, XHYMI imeHi O.M. BekeToBa,
XapkiB

npocpecop, HY "IlbBiBcbka lNMoniTexHika"
npodpecop, HauioHansHWiA TEXHIYHWA YHIBEpCUTET
YkpaiHu "KUiBCbKuiA NONITEXHIYHWI IHCTUTYT"

NATIONAL EDITORIAL BOARD*

Klymenko B.V.
Sokol Ye.l.

Rozov V.Yu.

Grechko O.M.
Baranov M.l
Boev V.M.
Vepryk Yu.M.
Gryb O.G.
Guryn A.G.
Dan’ko V.G.
Zhemerov G.G.
Kravchenko V.I.
Milykh V..
Mikhaylov V.M.
Omel’'yanenko V.I.
Puilo G.V.
Rezynkin O.L.
Rudakov V.V.
Soskov A.G.

Tkachuk V.I.

Shynkarenko V.F.

Editor-in-Chief, professor, NTU "KhPI"

Deputy Editor, corresponding member of
NAS of Ukraine, rector of NTU "KhPI"

Deputy Editor, corresponding member of
NAS of Ukraine, Director of SI "ITPM NASU"
Executive Managing Editor, Ph.D., NTU "KhPI"
Dr.Sc. (Eng.), NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, Odessa National Polytechnic University
Professor, NTU "KhPI"

Professor, NTU "KhPI"

Professor, O.M. Beketov National University
of Urban Economy in Kharkiv

Professor, Lviv Polytechnic National University
Professor, National Technical University

of Ukraine "Kyiv Polytechnic Institute”

* UneHw HaujoHanbHOI peaakLUiiiHoi konerii npaLioloTb y NpoBigHUX * Members of National Editorial Board work in leading Ukrainian
YKPaiHCbKNX HAyKOBMX, OCBITHIX Ta AOCMIAHULBbKMX YCTaHOBaX

Anpeca pepakuii / Editorial office address:
Kadbenpa "Enektpuyni anapatun”, HTY "XMI", Byn. Kupnuyosa, 21, m. Xapkis, 61002, YkpaiHa

Dept. of Electrical Apparatus, NTU "KhPI", Kyrpychova Str., 21, Kharkiv, 61002, Ukraine

scientific, educational and research institutions

Ten. / phone: +380 57 7076281, +380 67 3594696, e-mail: a.m.grechko@gmail.com (Ipe4ko Onekcanap Muxannosu4 / Grechko O.M.)

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

© National Technical University «Kharkiv Polytechnic Institute», 2016
© State Institution «Institute of Technical Problems of Magnetism of the NAS of Ukraine», 2016

Printed 29.08.2016. Format 60 x 90 %. Paper — offset. Laser printing.

Edition 200 copies. Order n0.66/172-04-2016.

Design of cover by Vyrovets L.P. e-mail: vsv_2007@ukr.net
Printed by Printing house «Madrid Ltd» (11, Maksymilianivska Str., Kharkiv, 61024, Ukraine)



S

s
&2 ELECTRICAL ENGINEERING & ELECTROMECHANICS m

Nt

HLOW
243

it

L7
2,
7,

Scientific and practical journal

2016/4
TABLE OF CONTENTS

Electrical Engineering. Great Events. Famous Names

Baranov M.I. An anthology of the distinguished achievements in science and technique. Part 33: electromagnetic
compatibility and protection from action of powerful electromagnetic interference of radioelectronic, electrical

engineering and electric POWET EQUIPIMENT ...........iiiiiiiie ettt sb et b e et b et b e et e b e et e sbe e ebe b neate s 3
Electrical Machines and Apparatus

Vaskovskyi Yu.M., Melnyk A.M., Tytko O.I. Electromagnetic vibration disturbing forces at the eccentricity

OF FOLOr OF TUFDOGENEIALON ... ...eveieiiit ettt bbbttt b bbb bbbttt b et et b et et nb et et b et 16
Pantelyat M.G., DoleZel 1. Finite element technique for solution of thermo-contact problems and its application

in numerical analysis of devices working with indUCtioN NEALING ...........ccveiiiiiiii e e 22
Shevchenko V.V. Influence of manufacturing quality of laminated core on a turbogenerator exploitation term........... 28

Electrotechnical Complexes and Systems. Power Electronics
Budashko V.V. Increasing control’s efficiency for the ship's two-mass electric drive.............ccocooveiiiiciiiiciiciees 34
Tugay D.V. Three-phase energy supply systems simulation for the total power losses components assessment........... 43
High Electric and Magnetic Field Engineering. Cable Engineering

Batygin Yu.V., Chaplygin E.A., Sabokar O.S. Magnetic-pulse car body panels flattening. Theoretical aspects and
[S1= T 1otz LN =TT TR SRPSSSRS 54

Shchebeniuk L.A., Antonets T.Yu. Investigation of losses in insulation of high-voltage power cables with XLPE
L1 ESIT] =LA o] o OSSR SPPPR 58

Power Stations, Grids and Systems

Zaitsev R.V., Kyrychenko M.V., Kholod A.V., Zaitseva L.V., Prokopenko D.S., Khrypunov G.S. Calculation

of operating parameters of high-voltage power take-off system for the photovoltaic facility.............c.ccocvvivniviiiicinnnns 63
Information

Petrushin V.S. Methodics, software and laboratory equipment for an innovative electrical engineering discipline ..... 69

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.4



Electrical Engineering. Great Events. Famous Names
UDC 621.3: 537.8

doi: 10.20998/2074-272X.2016.4.01

M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 33: ELECTROMAGNETIC COMPATIBILITY AND PROTECTION
FROM ACTION OF POWERFUL ELECTROMAGNETIC INTERFERENCE OF
RADIOELECTRONIC, ELECTRICAL ENGINEERING AND ELECTRIC POWER
EQUIPMENT

Purpose. Implementation of brief analytical review of basic scientific and technical achievements in area of electromagnetic
compatibility (EMC) and protection from destabilizing and striking action of powerful electromagnetic interference (PEMI) of
natural and artificial origin of radioelectronic, electrical engineering and electric power equipment. Methodology. Scientific methods
of collection, analysis and analytical treatment of scientific and technical information in a sphere EMC and such areas of
knowledge’s as radioelectronics, electrical engineering and electric power engineering. Results. A brief scientific and technical
review is resulted modern positions problems EMC and protection of equipment firom action on them PEMI. It is shown that PEMI
can result in failures in-process and death of examined equipment. Annual harm in the industrially developed countries of the world
firom the striking affecting of PEMI modern equipment with integral microcircuits and semiconductor devices can make ten of
milliards of USD. The basic methods of protection of equipment are resulted from PEMI and protective devices (PD), intended for
the increase of effectiveness of modern equipment to the action of external PEMI. Principles of work of the resulted PD and their
basic technical descriptions are described. Originality. On the basis of materials of scientific monographs, journal publications,
normative documents and internet-reports systematization of basic PD, in-use presently in an area EMC and protection of different
equipment from the hazard agency of external PEMI is executed. Practical value. Popularization of scientific and technical
knowledge’s in an area EMC and protection of modern equipment from a dangerous action on them PEMI. Formulation of
important for society scientific and technical problems and tasks, arising up in an area EMC and providing of the reliable
functioning of modern equipment in power electromagnetic interference. References 50, figures 25.

Key words: electromagnetic compatibility, equipment, powerful electromagnetic interference, protection of equipment from
electromagnetic interference, protective devices, review.

Ilpueeden Kpamxuii ananumuyeckuii 0030p OCHOGHBLIX HAYUHO-MEXHUUECKUX OOCMUNCEHUI 8 00nacmu I1eKmpomMazHumHol
COGMECMUMOCIU MEXHUUECKUX CPEeOCHE, Memo008 U yCMPOUCME 3au{umsl paouoINeKmpoHHoz0, INeKMpPoOmexHuuecKkozo u
INEKMPOIHEPZEMUUECKO20 000PYOOCARUA OM 6HEUIHE20 6030€lCMEUA HA HE20 MOULHBIX UMAYIbCHBIX ITEKMPOMAZHUMHBIX
nomex, co0epicauiux 6blcOKUE HAnPANCEHUA, OOIbUILE IMOKU U CUTIbHbLE J/leKmpomazHumusle nona. bubin. 50, puc. 25.
Kniouesvie cnosa: 3JIeKTPOMAarHUTHAsI COBMECTHMOCTD, TEXHMYECKHe CPeACTBA, MOLIHAs 3JeKTPOMAarHUTHAs NOMeXa, 3aluTa
TeXHHYECKHX CPEeJCTB OT 3JICKTPOMATHHTHBIX IIOMeX, I0MeX03a1UTHbIE YCTPOcTBA, 0030p.

Introduction. Uninterrupted operation of the engineering, radio engineering, electricity and electronics,

modern diversified electronic, electrical and power
equipment, to provide linking practical implementation
are important for a variety of industrial production and
technologies, strategic military-technical objects and
everyday citizens of any country in the world
electrotechnological processes are directly related to the
implementation of strict requirements for its
electromagnetic compatibility (EMC) and protection from
destabilizing the second and the harmful effect of external
powerful electromagnetic interference (PEMI) of natural
and artificially origin [1-3]. It is necessary to remind the
reader that is currently under the EMC of equipment
refers to the ability to operate the vehicle with a given
quality at a given electromagnetic environment (EME)
and not cause harmful on the amplitude-time parameters
(ATP) of electromagnetic interference with other
equipment [3]. We point out that in the field of EMC, the
term «electromagnetic interference» means one or other
electromagnetic process, which impairs or may impair the
functioning of the equipment, as well as adversely affect
the vital functions of the living organism [3]. As for the
equipment concepts, then under it in the EMC field refers
equipment, apparatus, product, component parts, the
functioning of which is based on the known laws of such
on-scientific and technical disciplines like electrical

which in its composition contains various electronic
components and circuits that perform the following
functions: generation, conversion, transmission, reception,
storage and switching magnetic and electrical quantities
[3]. It should be noted that in the field of EMC the
interference immunity of the equipment means the ability
of the equipment to maintain a given quality of operation
when subjected to external electromagnetic interference
with regulated values of ATP, given the relevant
regulations [3]. Under electromagnetic resistance
(interference resistance) of equipment in the solution in
the EMC field applications means the ability of the
vehicle to provide a predetermined quality function and
its operation only until certain ATP levels affecting it
PEMI specified in the relevant national (international)
standards and published scientific and technical literature
[4-14]. Continuously expanding worldwide scope of
application in the equipment highly sensitive to the effects
of PEMI microprocessor devices for control, registration
parameters, information exchange and automation of
technological processes objectively lead to increased
relevance of EMC problems in modern technology [3].

1. Main sources and types of PEMI. First of all, we
note that [5, 15, 17] under PEMI refers to such

© M.I. Baranov
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electromagnetic interference, the impact of which on the
vehicle is the absence in them interference funds not
related to the principles of action and the construction of
protected device violation of their normal functioning,
temporary glitch device operation (reversible failure) or
failure (irreversible failure). Sources occurrence PEMI are
divided into two main classes: the first class — the sources
of natural origin; the second class - the sources of
artificial origin [5, 15]. The main types of PEMI caused
sources of natural origin, are [2, 3, 7, 10, 13-17]: lightning
discharges (lightning) in the atmosphere, characterized in
the microsecond time domain amplitude of current
flowing in the dozens (hundreds) kA; a powerful
electromagnetic pulse (EMP), formed in the Earth's
atmosphere by a high-channel lightning and changing in
the microsecond time range; discharges of static
electricity at its potentials tens (hundreds) of kV,
occurring in the initial stage in the nanosecond time
range. The main types of PEMI caused by man-made
sources, according to [4-9, 11-15, 17-19] include:
switching overvoltage amplitude of tens kV and short-
circuit currents amplitude of tens kA, resulting in the
millisecond time range in industrial electrical network
frequency (50/60) Hz and the contact networks of railway
and urban electric transport; discharge large pulse
currents amplitudes in the tens (hundreds) kA and high
electromagnetic fields with electric field strength up to
(10%-10%) kV/m and magnetic field strength up to (0.3-30)
kA/m generated in the nano- and microsecond timeframes
by high (extrahigh) voltage electrical installations
intended for scientific and electrotechnological purposes;
a powerful EMP generated in the Earth's atmosphere by a
nuclear explosion, and changing in the nanosecond time
range; a powerful EMP generated in the microwave range
of the new type of weapon - electromagnetic weapons,
based on non-traditional physical principles of its
construction and use.

2. Main methods of devices protection from
PEMI. According to [2, 15, 17, 18], the main methods of
protection from the action on modern devices PEMI are:
first, the structural method and, secondly, the method of
circuit. We emphasize that these methods of protection of
devices against PEMI not affect the principles of
operation and construction of the devices itself. With their
practical use of all the device protection from external
electromagnetic disturbances are outside the protected
electronic components and electrical circuits of devices.
Internal «interference» in the vehicle to be protected in
the application of such methods to protect them from the
action of external PEMI does not happen. The most
common methods of practical implementation of the
structural protection of the devices from PEMI the
method is the use of electromagnetic screens located
around the device protected and grounding devices (GD)
which discharge occurring interfering electrical potentials
and currents in the ground [3-5, 7, 15]. The method of
circuits for protection of devices from PEMI involves the
use in hazardous areas and the approach paths to the
following electrical equipment protected [1-7, 15, 18-21]:
protection  dischargers; surge arresters, varistors;
clamping diodes; combined circuits; protective filters,
interference  compensation  devices;,  devices  for

electromagnetic isolation of circuits; resistive circuits.
Here below the technical features and capabilities of these
methods and modern safety devices of the PEMI impact
on devices.

3. Electromagnetic screens utilization for the
equipment protection against PEMI. Microelectronic
and microprocessor technology, communication devices,
control systems, information processing and transmission,
as well as generating a voltage pulse device (currents) and
electromagnetic fields (EMF) special forms and ATP and
low-current low-voltage converter equipment are shielded
from the effects of external PEMI using metal shells of
rectangular, cylindrical, spherical and other geometric
shapes [3-7]. Theory of device shielding from external
electric and permanent magnetic fields and pulsed EMF
variables currently developed for metal shells at a high
level [3, 21-23]. The main parameter characterizing the
electromagnetic shielding effectiveness of the device
when exposed to EMF screen attenuation A, is defined in
decibels according to the following expression [5, 15, 21]:

A, =201g(Ey / E;)=201g(Hy / H;), €))
where Ey, H, are respectively the strengths of electrical
and magnetic fields acting from outside on the screen and
device protected by it; E; H; are respectively the
strengths of electrical and magnetic fields penetrated
through wall of the screen into its internal area (screening
area against EMF) and acting directly on the protected
device.

As a rule, the value of strengths E, and H,
presenting in (1) are set. The strength values E; and H; can
be determined from the calculated ratios, given, for
example, for the quasi-stationary mode of penetration of
low- and high-frequency EMF different spatial orientation
in the non-magnetic and flat, cylindrical and spherical
screens in [3, 21-23]. We recall that in the steady-state
approximation theory provides screens at finding
solutions to Maxwell equations using a single limit
consisting in the fact that the wavelength of entering the
EMF shield should be much more basic geometric
dimensions of the screen used. From (1) it follows that at
Ey/E=Hy/H=10> screen attenuation of 60 dB numerically.
This attenuation of external PEMI through the use of a
metal screen corresponding geometric and electrical
parameters is sufficient for reliable operation in the
standard mode of virtually any of the protected equipment
from the above mentioned contact technology. To
enhance the screen effect (increase in (1) the numerical
values of the ratios Ey/E; and Hy/H;) when electromagnetic
and magnetostatic shielding protected the vehicle as
additional screening tools in the areas of screens
irregularities (for example, covers, hatches, vents, etc.)
are applied electrically conductive sealing gaskets,
conductive waveguide attachment, honeycomb grille,
electrically conductive, thin conductive mesh and other
screen elements [4, 15, 24].

Note that to create a screen, the attenuation of the
field coming from outside electromagnetic interference,
can be used metal building with protected devices
including steel reinforcement of its concrete elements,
equipotential conductors and grounding system [3]. In
practice, you must strive to create around the screen
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protected devices with a maximum value with respect to
(1) screen attenuation A.. To this end, all metal
engineering communications (e.g. pipes, ventilation ducts,
the shell of cable products, etc..) entering a building with
protected equipment, fittings, metal box doors and
windows of the building part of the building should be
repeatedly galvanically (electrically) connected to each
other, the metallic screen and grounding circuit [3].

4. Grounding devices utilization for the
equipment protection against PEMI. The use of GD is
one of the most common methods of equipment
protection from the influence of their work interference
(the induced) of voltages and currents, caused by
exposure to these external PEMI and secure environment
equipment service [3, 15, 25]. Therefore, in modern
conditions the equipment GD considered by us, especially
for electric power facilities, must comply with the
requirements in the field of EMC and electrical safety of
people [26]. These requirements are intended to perform
application tasks and equipment protect their staff from
PEMI, mainly arising, in particular, due to switching on
power in electric networks of power frequency (50/60)
Hz, and the impact of the lightning surge currents [27].
GD usually comprises a grounding conductor is rigidly
connected to the grounding part of the device (e.g., with a
metal screen housing of the equipment) and grounding
made of a recessed metal which is in contact with the
ground. Components of GD designed to drain into the
land of the induced electromagnetic interference in a
metal case, screen equipment charges and potentials,
reduce stress touching the metal chassis-screen device and
step voltage near the protected device (e.g., control
cabinet in the territory of the electric power facilities as a
substation) to safe levels [3, 15, 25-27]. Currently, GD for
electric power objects (EPO) in many of the world
countries is normalized, mainly for the grounding
resistance values (from fractions to tens of Q), building
on the GD (from hundreds of V to tens of kV) and touch
voltage (tens to hundreds V) [27, 28]. The numerical
values of these standardized parameters depend strongly
on the structural GD performance, the electrical
parameters of the soil in which the memory of the
grounding and electrical parameters of the protected
object (e.g. power object to such parameters include a
valid value short-circuit current, the response time of
relay protection, voltage class, etc.) [28-30]. Long-term
practice of operation of various electrical and power
equipment as a part of industrial energy systems shows
that the quality and performance of the character it
depends essentially on EME GD and respect for him
EMC requirements [3]. As a useful technical information
on the GD in the power sector, we note that in [31] was
introduced long held practically tested at power in
Ukraine method of electromagnetic diagnostics (EMD),
the state of their GD. When the EMD GD is running at
under voltage electricity equipment control of structural
memory execution is carried out, as a rule, by an
induction method [26, 31].

According to [3, 15, 27] in solving problems of
electrical safety personnel and EMC are three types of
grounding used for equipment: the first type -
grounding of lightning protection intended to divert into

the ground pulse current of lightning is usually
characterized for its impulse components for up to 500
ps normalized amplitude up to 200 kA and long lasting
components to 1000 ms averaged amplitude of 200 A [8,
13, 14]; the second type - protective grounding used to
ensure the safety of the operating personnel of
equipment by galvanic connection of the metal parts of
electrical equipment which in normal operating
conditions, have practically zero potential, and in the
emergency mode of operation may be under stress, to
the contour of the ground; the third type — working
grounding, designed to create a reference equipotential
level in electrical circuits and equipment systems,
providing the required conditions for the normal mode
of operation. In practice, while ensuring effective
protection of EPO from the harmful effect of external
PEMI applied the concept of the band to protect their
equipment and therefore a holistic approach in the use of
memory, providing for the installation in different zones
of the protected EPO and equipment simultaneously the
three types of grounding [3, 15, 26, 27].

5. ATP of main overvoltages at equipment
protection against PEMI. According to [3, 18] and the
requirements of GOST R 54149-2010 [32] on the quality
of electricity in the air dangerous paths (cable)
transmission lines, communication lines and control,
«suitable» to the equipment EPO from lightning and
switching in electricity may occur lightning impulse with
an amplitude U, up to 10 kV at the entrance to the
building with protectable equipment (and with amplitude
U,, up to 6 kV in the internal wiring of the building with
equipment) and switching to the amplitude of U, up to
45 kV overvoltage (Fig. 1).

Ll

a b
Fig. 1. Lighting (@) and switching (b) overvoltages of aperiodic
form at the entrance to the building acting on the equipment (for
a—1/50 ps; U,=10 kV; the horizontal scale — 25 ps/cell;
for b —250/5000 ps; U,=4.5 kV; the horizontal scale — 2500
us/cell) [18]

Network voltage «gaps» and «bursts» are possible.
These «gaps» and «bursts» of the voltage in the
equipment power supply network can be caused by
emergency situations (open neutral when, instead of 220
V may appear voltage up to 380 V) and congestion in the
electricity grid caused by connection (especially in
winter), large the number of electric heaters. In the latter
case, the equipment voltage power network instead of the
required 220 V may continuously be in the range (160-
180) V [18]. Fig. 2 shows the possible surge of the «gaps»
and «bursts» in the power supply voltage.
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c

Fig. 2. Overvoltages in the supply network of protected devices

caused by the «gap» (¢) and the «burst» (d) for 10% of supply
network voltage [18]

In addition, the dangerous paths of the above lines,
«suitable» to the technical building with protected
equipment, because of their exposure to the switching
damped sinusoidal currents in EMP said electromagnetic
nature may experience high «ringing wave» type surge
frequency up to 0.1 MHz U,, amplitude up to 4 kV or at a
frequency of 1 MHz at U, up to 2 kV [18].

o ;....‘

W\/\/Ww f\/vvvm

!
k|

e J
Fig. 3. Overvoltage of «ringing wave» type frequency up to 0.1
MHz with amplitude U, up to 4 kV (e, the horizontal scale — 10
ps/cell) and frequency of 1 MHz with amplitude U, up to 2 kV
(f, horizontal scale — 1 ps/cell) in dangerous paths lines entering
the building with protected equipment [18]

When choosing protection devices against
interference with the equipment you must not forget about
the possible surges in the electrical grid caused by short
«burstsy» feeding device voltage from 220 to 380 (Fig.
4,2), as well as the transient interference voltages
aperiodic time form 5/50 ns with an amplitude U,, up to
2.5 kV (Fig. 4,h), «coming» on dangerous paths before us
line to the entrance of the building with protected
equipment [18]. Using the above data for the ATP major
surge arising in «suitable» to the building with the
equipment paths, consider further possible ways of their
limitations.

We mention the fact that in 2012 at the Research and
Designing Institute «Lightning» of the NTU «KPI» the
generator of standard aperiodic switching voltage pulses
of positive (negative) polarity temporary form 205/1900
us with amplitude of up to 2000 kW was created that
meets the current requirements of today interstate [9] and
is designed for field testing of full-scale power generation
facilities to the electric strength of the outer (inner)
insulation [33].

g h
Fig. 4. Overvoltage in the mains protected and due to short-term
«bursty» are inside equipment building supply mains voltage
from 220 to 380 V (g) and overvoltage in a dangerous path
«suitable» to the entrance of the building with equipment caused
by nanosecond pulse interference temporary form 5/50 ns (4,
U,=2.5 kV; the horizontal scale — 50 ns/cell) [18]

6. Some peculiarities of protection of low- and
high-current equipment against PEMI. Disconnection
of overvoltages (currents) of short-circuit and switching
overvoltages (currents) in the industrial power supply
low- and high-current devices or acting on their impulse
currents (overvoltages) of lightning by electromechanical
switches (EMS) it would probably be the simplest and
most reliable protection of the equipment from the action
on the they overvoltages from data PEMI. However, the
work is especially low-voltage electronic circuits and
related electronic and other electrical equipment at the
indicated times and external PEMI by EMS operation in
hundreds of ms is absolutely impossible. To implement
the protection of such equipment their application of only
EMS is not enough. In this case, to protect low- and high-
current devices circuits by threatening them fast transient
electromagnetic  processes caused by emergency
situations (e.g., short-circuit, switching, lightning strike
and other factors), in the «appropriate» to them networks
of power supply, cables, and the resulting they need such
interference protection devices (IPD) which are able to
disable (limit to safe levels) specified overvoltage
(currents) for the dozens (hundreds) of nanoseconds. We
will try to consider the following basic IPD suitable for
the protection of the low- and high-current device circuits
of the action of overvoltages caused by external PEMI of
different nature.

7. Dischargers application for the equipment
protection against PEMI. Most current IPD on the first
(rough) restrictions stage affecting the protected devices
overvoltaged contain two-electrode gas-filled high-
voltage (less air) gaps [3, 15, 18, 34, 35]. Gas-filled surge
arresters (Fig. 5) installed near the places of input power
buses, potential equalization and grounding in the
protected objects from the vehicle. Their task is to ensure
the protection of the vehicle from the effects of the
possible overvoltage by reducing them to a small level.
Voltage their trip due to time-dependent characteristics of
the ignition fuses is difficult to determine. They have
sealed glass (ceramic) body filled with noble gas (argon
or neon) [3, 35]. Metal electrodes in their discharge gap
covered with a special thin layer of activator. They are
capable of switching current pulses time 8/20 ps with
amplitude of up to 40 kA. In order to ensure the spread of
small bit DC, these gaps are in a weak radioactive coating
[3, 35].
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Fig. 5. External view of low-power gas-filled surge arresters
(type P-103, and others) that can «skip» pulse currents 8/20 ps
with amplitude of up to 10 kA [35]

After the ignition of gas-filled voltage arrester
between their first electrodes decreases to the glow
discharge voltage (up to 100 V) and then with increasing
switching current — to the electric arc voltage (to about
(10-20) V) [3]. This type of arrester is triggered in the
microsecond range (response time for their best designs
up to microseconds). The AC voltage circuits they arc
with accompanying shock itself unable to extinguish. In
low-voltage networks DC arc like gas arrester extinguish
independently [35].

Fig. 6 is an external view of the gas-filled surge
arresters type the GDT, able to dissipate relatively high
heat, «introduced by» in PEMI chain. Gas-filled
dischargers GDT are used in telecommunications
equipment, telephones and radio transmission equipment.

Fig. 6. External view of gas-filled dischargers GDT used in
remote control and radioengineering [35]

It should be emphasized that own electric capacity
of these gas-filled surge arresters is extremely small. So
they cannot make a material misstatement of the useful
electric signal. [35] Fig. 7 is an overall view of powerful
lighting protection dischargers (RF) that can protect
expensive electronic equipment from the direct effects of
lightning current discharges [36].

Shown in Fig. 7 lighting protection dischargers are
able to «pass» through itself and then sent to the standard
grounding aperiodic current pulses 10/350 us lightning
amplitude to (50-100) kA [36]. The main objective of
these fuses when the vehicle protection PEMI is to limit
the lightning surge to a residual level prescribed by it
(from 1 to 2.5 kV) [35, 36]. Fig. 8 is an external view of
foreign lighting protection dischargers with some of the
best specifications [35].

Fig. 7. External view of powerful lightning protection
dischargers used in the protection of electronic equipment
against overvoltage caused by a direct blow to it of lightning
(from left to right: P-77-1B and P-59 type) [36]
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Fig. 8. The appearance of powerful lightning protection
dischargers COMBTEC VV 335 and COMBTEC VS 335 type
switching pulse currents 10/350 ps lightning amplitude of up to

40 kA and limiting lighting overvoltages for electrical
equipment to the level of 1 kV [35]

Fig. 9 presents a «line» of LV lighting protection
dischargers (LPDL) developed by «EMSOTECH»
Company (RF) [18, 37], designed to protect low-voltage
bushings (220/380 V) in the building of low-voltage
windings of transformers, autonomous energy sources
(e.g., diesel-generators) and cable insulation from the
effects of lightning and switching surges. These LPDL
can reliably switch the lightning current pulses of a
standard form of temporary 10/350 ps with an amplitude
1,25 to 100 kA [18, 37].

-
Qad

Fig. 9. External view of powerful LV lighting protection
dischargers PI'3H type (from left to right: PT'3H-3/100-220 for
1,=100 kA; PI'3H-3/50-220 for 1,=50 kA; PI'3H-3/25-220 for

1,=25 kA; kKEMSOTECH» Company, Kaluga, RF) [18, 37]

On the basis of these dischargers PI'3H-3/100-220
(see Fig. 9) by specialists of the Russian <KEMSOTECH»
Company were created panels lightning protection, low-
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voltage type I[II'3H (Fig. 10) which in 2010 found their
practical implementation of the new system of lightning
protection modern radio-complex of the RF to recognize
space objects, the external view of which is shown in Fig.
11[18].

Fig. 10. General view of the panel low-voltage lightning
protection redundant type I1I'3H-P-3/100-220 (£,,=100 kA;
discharger type — PI'3H-3/100-220; impulse breakdown voltage
of each of eight dischargers — 4 kV; RF) [18, 37]

= v F = ¥

Fig. 11. General view of a unique radio-optical recognition
complex of space objects (RF) equipped with a number of
lighting protection panels type III'3H-P to protect against direct
strokes of lightning in its elements [18, 37]

8. The use of overvoltage protective devices for
the equipment protection against PEMI. Currently,
non-linear overvoltage protective devices (OPD) are one
of the most effective means of protection from various
devices PEMI [38]. OPD (Fig. 12) is a high-voltage
electrical apparatus designed to protect power grids of
medium and high grade AC power frequency voltage and
therefore we are considering switching from electrical and
atmospheric (storm) surge. This unit can be called
«discharger without spark gaps» [38]. Unlike traditional
valve dischargers with spark gaps and carborundum
resistors OPD does not contain spark gaps and consist
only of the nonlinear resistors column ( «pelletsy»)
performed on the basis of zinc oxide and enclosed in a
porcelain or polymer casing. The design of the OPD

allows their production in the form of one-column and
multi-column devices.

-

Fig. 12. General view of widely used in power industry
one-column OPD with polymer tires, providing reliable
protection of their nonlinear resistors weatherproof [38]

The main element of the nonlinear resistors in OPD
is a varistor performed usually in the form of «tablets» of
zinc oxide (ZnO) with an outer sheath of glyptal enamel
boosting its throughput current value [38]. Varistor
material based on said oxide mixed with other metal
oxides is a semiconducting structure consisting of a
plurality of series-parallel connected p-n junctions [38].
This material, as compared with the resistor material in
valve arresters has an increased capacity and highly linear
current-voltage characteristic (CVC). It is because of this
CVC varistors and, accordingly, the OPD can be
energized for a long time, which provides a high level of
protection of electric power equipment [38].

In normal operating mode, the current through the
OPD is capacitive in nature and amounts to a few tenths
of mA. If you have PEMI and therefore the impact on the
non-linear resistors surge arrester their working material
goes into a conducting state with low resistance, thereby
limiting further growth overvoltage to a level safe for the
protected electrical insulation and other equipment [38].
At the same time through the arrester can «pass» pulse
currents with amplitudes of tens of kA. With the
disappearance of the overvoltage OPD returns to its
original non-conducting state. The values of operating
voltages for OPD vary widely — from 3 to 750 kW [38-
40]. The main places of installation of high-voltage
arresters are open (closed) at the power distribution
devices and approaches to buildings with equipment.
Known in the world of manufacturers of such arresters are

[38, 39]: «Dervasil» (SICAME Group, France);
«Siemens» (Germany); «ABB» (Switzerland);
«SevZapProm» (RF). In Ukraine, the forefront of

manufacturing technology in the OPD 3-150 kV voltage
class for the needs of the electric power company took ES
«Polymer» (Artemovsk, Donetsk region) [40].

Fig. 13 is an external view of single- and multi-
phase surge OPD designed to protect consumers of
electricity, powered by electric networks with the
frequency (50/60) Hz, surge, switching surge, differential
surges and high frequency noise [41]. OPD in this case is
established between the phase and earth or neutral
conductor and earth. This necessarily requires a
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grounding wire for the subsequent «reset» pulse of heat
from PEMI in grounding.

In actuality, the importance and the urgent need for
greater use of OPD in the industrial power generation,
high voltage (low voltage) electrical, remote control and
electronics indicates that according to the American
company «General Semiconductor» financial losses in the
US industry of today only on the harmful effect on its
development surge infrastructure (current) from the
considered PEMI up to 10 billion USD per year [42].

1

—
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Fig. 13. A general view of one (left) and three-phase (right)
OPD used in electric alternating voltage (current) of power
frequency (50/60) Hz during input switching, main switchboards
and equipment of apartment billboards residential buildings
(manufacturer - «Schneider» Company, Germany) [41]

9. Varistors utilization for the equipment
protection against PEMI. As we know, the varistor is a
semiconductor  resistor whose resistance varies
nonlinearly by an applied voltage thereto [38, 43].
Earlier in the Electrical and Electronics Engineering
used varistors fabricated based on silicon carbide.
Currently, commonly are used zinc oxide varistors for
different values of power dissipation [3, 38]. The
varistor has a symmetrical non-linear CVC. With
increased acting voltage its resistance  drops
dramatically. Therefore, at a voltage pulse action on the
varistor electric potential appearing on it may be limited.
This physical property is used varistors when used in
relation to the external electrical circuits protected
equipment (Fig. 14) as a protective device against
overvoltage limiting PEMI. Varistors respond to their
appearance on the pulse voltage for a nanosecond.
Therefore, they have a short response time — (20-50) ns.
While gas filled surge dischargers are activated in the
microsecond time range (>1 ps) [3, 18, 44].

Fig. 15 shows the combined interference waveform
of current i and voltage u of a powerful varistor type
Protec BR 150/320 (manufacturer — company «Iskra-
protection»; Slovenia) tested the effects of «the incident»
at him a standard impulse current of 10/350 ps of artificial
lightning [3, 13].

r\rblnterference
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Fig. 14. IPD circuit with two voltage arresters against
interference — discharger and varistor (P — high-voltage
discharger; B — high-voltage varistor; Rp ,Lp — active resistance
and inductance of decoupling element in two-line electrical
circuit of the IPD) [3]

For ease of processing of experimental data in Fig.
15 u voltage waveform interference on said varistor has
been shifted to the right by one cell with respect to the
waveform interference current flowing through it i. From
the data in Fig. 15 it shows that the interfering current i
across the wvaristor is almost linear decrease in its
amplitude of about 21 kA [3]. Voltage u on the test
through the varistor 400 ps after the interference
amplitude of about 4 kV and accordingly the start of the
overvoltage (current) assumes the value of about 1 kV. In
was to remain almost unchanged duration of interference
pulse current i u simulated lightning voltage across the
varistor. However, some distortion in the shape of the
voltage pulse interference u in Fig. 15 «made» wire
connecting the varistor to our potential and grounded
electrical conductors tested protective circuit. In this
connection, the wire connection must be carried out in
practice is extremely short in length [3]. A common
disadvantage of varistors used in power networks with
voltages 220/380 device to protect against overvoltage is
relatively high residual voltage limitation (1 to 2.5 kV). In
this regard, in their application required the second stage
overvoltage limitation [3, 38].

T

Fig. 15. Combined lightning current waveform interference i of
aperiodic temporary form 10/350 ps affecting the varistor
voltage and u interference the varistor (the vertical scale for the
current — 3.7 kA/cell, the vertical scale for the voltage — 800
V/cell; the scale horizontal for time — 200 ps/cell) [3]

As shown in Fig. 14 protective circuit is necessary to
coordinate the arrester varistor parameters P and B. This
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coordination can be done through the use of elements of
their isolation, as might be used resistors and inductance.
The use of coils for decoupling dischargers and varistors
is very limited [3]. Typically, such elements as are used
wire junction equipment mains. According to the data of
[3] between the overvoltage discharger P and powerful
high-voltage varistor B the length of the network cables
power supplied to the vehicle, should be about 10 m. The
length of the wires of the network between the varistor B
and protected the device should be at least 5 m [3].

One of the advantages to the gas-filled dischsargers
varistors is that they are not short-circuited when
triggered circuit. Therefore, varistors elements as IPD are
used in many power circuits of the device. A relatively
large electrical capacitance varistor limits their use in
high-frequency electrical circuits (in this case, due to such
parasitic capacitance value of the additional attenuation
and distortion of the desired signal can occur) [3, 38].

10. Limiting diodes utilization for equipment
protection against PEMI. Most sensitive to the effects of
surge voltages (currents) induced by EMP natural
(artificial) origin, as well as caused by switching and
atmospheric (lightning) processes at the «appropriate» to
the building of a protectable equipment wires and cables,
are the devices connected to them with integrated
microcircuits (IMC) and semiconductors. It is known that
the minimum energy, causing unrecoverable damage
sensitive action PEMI semiconductor devices and IMC
ranging from 107 to 107 J [7, 42]. In addition to the gas-
filled dischargers and metal oxide varistor one of the main
security features are also TVS (Transient Voltage
Supressor)-diodes [3, 42]. In the domestic literature they
are called «suppressor» or «diodes for transients
suppression». TVS-diodes are often confused with Zener
diodes [42]. Note that the TVS-diodes have been specially
developed for the first time in the United States to protect
electronic equipment from various equipment influence
on it powerful overvoltages. Silicon Zener diodes
intended for voltage control and are not designed to work
with large circuits pulsed electric loadings. Abroad TVS-
diodes known under the following names: Transil, Insel,
Transzorb, etc. We note that the response time for
asymmetrical TVS-diode is on the order of 107 s, and for
balanced - about 5-10° s [42]. Pulse currents limit for
them ranged from a few to hundreds of amperes and
voltage limits - from a few to hundreds of volts [3, 42].
Another important characteristic of these diodes is a
typical capacitance of p-n junction, is up to 100 pF [42].
This allows the use of TVS-diodes for protection of
communication lines with the current frequency to 100
MHz from surge, as well as many radio-frequency
circuits, which include sensitive to transient
electromagnetic processes of semiconductor devices and
IMC. The principle of the TVS-diode which has a
pronounced non-linear current-voltage characteristics is
explained in Fig. 16. In normal operation of the protected
circuit (electrical load) TVS-diode «invisible» and it does
not affect its operation. In the event of over-voltage pulse
to the TVS-diode, the amplitude of the voltage exceeds its
avalanche breakdown, he «opened» and «misses» by itself

on the ground threatening the protected device electric
current. At the same time he also carries out and limiting
«comingy surge voltage to a safe level [3].

The principal feature of the TVS-diode of the gas-
filled dischargers is that their breakdown voltage is below
the voltage limit. For arresters same voltage electrical
breakdown of the insulating gaps significantly higher
discharge sustain voltage. Therefore, when using the
TVS-diode protected circuit are not shunted after passing
through their p-n junctions powerful impulse noise
current.

Overvoltage Limited

pulse overvoltage pulse
+ T
o

T
Current corresponding to ATVS Protected
overvoltage load

kY

Fig. 16. The simplest electrical circuit explaining the physical
principle of TVS-diode operation [42]

11. Utilization of combined IPD for the
equipment protection against PEMI. In practice, the
protection of many of the devices from the harmful
effect they have found application PEMI multistage
surge arresters that use both in the same IPD we have
described above the gas-filled dischargers, varistors and
metal oxide TVS-diodes. In such protective circuits used
high performance of some elements and reduces the
influence of other elements on the shortcomings of such
circuits functioning of the process. Fig. 17 shows the
vehicle three-stage protection circuit with overvoltages
decoupling elements [3, 7].

o - Y Vg o
L, A
P 1 v, B 1 U, D l Uy

Fig. 17. Schematic diagram of the combined equipment
protection with semiconductor devices and IMC from interfering
overvoltage and overcurrent (P — gas-filled discharger;

B — metal oxide varistor, D — counter included limiting
TVS-diodes; L1, L2 — decoupling inductances) [3, 7, 15]

When the input to the protection circuit according to
Fig. 17 pulse overvoltage or conductive interference TVS-
diodes are activated first (fine protection) ensuring high
speed IPD (up to nanoseconds) [3, 42]. These diodes are
capable of passing pulse current interference 8/20 us with
amplitude of 0.6 kA at a voltage of its avalanche
breakdown to 6 V [3, 42]. In this part of the current PEMI
diverted to the ground, and at the entrance of the
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protected equipment voltage Uy is limited in accordance
with the CVC used TVS-diode (up to 10 V). Further
increasing tension on isolated element L, triggers the
varistor B, the discharging of the current interference is
also on the ground and limiting interference voltage Ug to
around 100 V [3]. Then increase the voltage on the
decoupling inductances L; and L, triggers arrester P
(coarse protection), in addition to discharging ground
current interference. Due to the separation of thermal
energy in the spark gap F and the low value of the
remaining voltage on it (up to 20 V) facilitates the work
of the varistor B. At the same time, a varistor in a certain
extent, protect the gap from P electrothermal effect on its
working elements PEMI current and possible destruction.
The limiting voltage Up at the discharger P is about 1 kV.
Thus, the combined IPD (see Fig. 17) can be realized a
significant decrease in overvoltage caused by external
PEMI. At the time, this conclusion was confirmed
experimentally by the author [45]: three-tier application
under consideration device protection scheme PEMI
lightning origin enabled through the use of 1,5KE6,8A
type TVS-diode (Uy~6.8 V), MOV type FNRO7K820 (
Up~135 V) and the gas-filled spark discharger type
LSA140 (Up=1.1 kV) to reliably protect from direct
(indirect) impacts RS-485 communication interface
lightning line for providing information interaction in a
complex EME electronic computing means radio
engineering complex , designed and developed in
Ukraine.

12. Filters utilization for the equipment
protection against PEMI. In the field of EMC and
equipment protection from interference, most problems
arise from penetration PEMI the protected electrical
equipment through the communication circuit, and power
management. Therefore, protection of the vehicle power
supply networks in the world paid much attention. Fig. 18
is a general view of the German line filter (LF) type
FMW2-41-B/1, intended for the protection of industrial
power supply circuits in the workplace and at home
against pulse PEMI [46]. Schematic diagram of the SF is
shown on top of its metal casing monitor. According to
Fig. 18 electrical parameters of the LF are: input
capacitance — 15 nF; inductances — 0.8 mH; output
capacities — 2.2 nF.

Fig. 18. External view of the line filter for protection against
pulse PEMI (current — 6 A; voltage — 250 V; frequency — 50/60
Hz; manufacturer — «Schurter» Company, Germany) [46]

Fig. 19 is a external view of another modification of
the German LF used in suppressing PEMI coming by
power network wires [3].

Fig. 19. External view of the line filter for the PEMI suppression
B84115-E-B30 type (current — 6 A; voltage — 250 V; frequency
— 50/60 Hz; manufacturer — «Epcos» Company, Germany) [46]

Typically, LF are a low pass filters (LPF) installed
in the power supply circuits of most electronic devices.
Fig. 20 is an external view of the inner «filling» EMI-
filter used for the protection of automation equipment
from the effects of high-frequency PEMI [47].
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Fig. 20. External view of the EMI-filter (with open plastic
cover of the insulating housing LPF) for protection
against impulse interference of automation and control
devices (current — 10 A, voltage — 260V, frequency —
50/60 Hz) [47]

Fig. 21 shows a circuit diagram of a interference
protection EMI-filter used for suppressing PEMI in
automation and control circuits [47].
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Fig. 21. A circuit diagram of the EMI-filter to for the protection
against pulse interference of automation and control circuits

13. Correctors, compensators and relays-voltage
circuit breakers utilization for the equipment
protection against PEMI. In cases where the mains
voltage supply of computer equipment and information
(CEI) is reduced to a level of 200 V or less, or increased
to a level of 240 V or more, which leads to malfunction
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CEIl, in order to protect the equipment from external
PEMI commonly used voltage correctors (VC). Fig. 22
shows the external views of IPD KH type developed by
«EMSOTECH» Company (Kaluga, RF) [18].
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Fig. 22. External views of voltage correctors type KH-T-63-b
(i, power — 63 kW; load current — 95 A) and type KH-T-40-C
(j, power — 40 kW; load current — 60 A) [18]

To protect the supply of higher harmonics and
unloading neutral in three-phase networks CEI power
compensators applied voltage distortion (CVD). Fig. 23,k
is a external view of one type of such compensators type
KWH-25-11 (power — 25 kW, the load current — 40 A)
[18]. To compensate for the «failures» of the voltage in
the power network using triggered after 200 ms
compensators of «failures» voltage (CFV) in CEI supply
network caused by the influence of her external PEMI
[18]. Fig. 23,/ is an external view of one type of such
compensators type KITH-T-40-b (power — 40 kW, the
load current — 60 A) [18].

k /

Fig. 23. General views of the power compensator applied
voltage distortion type KMH-25-1 (k, power — 25 kW; load
current — 40 A) and compensator of «failures» voltage type
KITH-T-40-b (/, power — 40 kW; load current — 60 A) [18]

Specified in this section IPD (VC, CVD and CFV)
effectively protect modern CEI, avionics and
electrotechnological equipment, which are critical to a
change in power supply voltage to the (20-40) % of the
nominal level.

Fig. 24 is a general view of the voltage relay VOLT
CONTROL RN-104 type (40 A) produced in Ukraine and
intended for disconnection from the network of household
power supply (industrial) electronics up to 9 kW to the
desired delay in unacceptable voltage fluctuations in its
electricity network with automatic insertion after restoring
network settings [48].

Fig. 24. External view of the domestic voltage relay type VOLT
CONTROL PH-104 (current — up to 40 A; voltage — (160-280) V;
delay time — (5-900) s; Ukraine) [48]

14. Electromagnetic isolation of external circuit
utilization for the equipment protection against PEMI.
One of effective methods of reducing the influence of
external PEMI on the functioning of the equipment inside
the building is the external electromagnetic isolation of
electrical circuits, «suitable» to the protected building
with device or «exhaust» of it [3, 15, 19]. The main
methods of electromagnetic isolation of external electrical
circuits of considered equipment concerns [3, 15, 19]:
application of decoupling inductances are often
implemented at the expense of the electrical parameters of
«suitabley» to the device protected power supply wires; the
use of an isolation transformer, installed in the gaps of
electrical circuits and grounding circuits; installation in
the gap the pair of phase and neutral conductors of the
longitudinal choke; use bifilar choke with ferrite rings;
application in the chain breaks optoelectronic circuits
(e.g., optocouplers, optocoupler diode, transistor
optocouplers, optical fiber communication lines, etc.).

15. Resistive circuits utilization for the equipment
protection against PEMI. Currently, in the protection of
powerful high-voltage capacitor bank energy content in
hundreds kJ of fault currents and micro-millisecond
duration and amplitude of up to hundreds of kA, capable
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of causing destruction explosion-punched high-current
electrical discharge capacitors with metal and insulating
housings have been used new resistive circuits [49, 50].
Fig. 25 is a general view of a fragment of a powerful
high-voltage capacitive energy storage (CES) single-
module performance developed by the Research and
Designing Institute «Lightning» of the NTU «KPI» and
intended to form in laboratory conditions on a low-
resistance and low-inductance electrical load major
components of pulse current artificial lightning with
standardized ATP [49] and which was used to protect the
resistive circuit capacitors from its fault currents on the
basis of the type of resistors TBO-60-24 Q.

3 1 =

Fig. 25. General view of of a fragment of a powerful high-

voltage CES single module performance at a rated voltage

of £ 50 kV and rated stores electric energy 420 kJ with its

parallel-connected capacitors type MK-50-3 in the amount of

112 pieces. and rigidly mounted on their findings of high-

volume constant high voltage protective graphite-ceramic
resistors TBO type-60-24 Q [49]

The above protection scheme based on the use of the
composition of high voltage graphite-ceramic fixed
resistors type TBO-60 with value of resistance from 24 to
100 Q installed directly on the high-voltage output of
individual capacitors. In [20, 21] were brought
engineering and technical advice on the construction of
such protection schemes and approximate ratio calculated
by the choice of the protective resistors depending on the
developer used a high-voltage pulse technique of
constructing principle (single or multi-module version)
powerful electrical capacitor banks.

Conclusion. The solution of the global problem of
EMC and protection against the harmful effect of PEMI
of natural and artificial nature of radioelectronic,
electrical and power equipment requires for the successful
achievement of the above objectives more active and
widespread use on general industrial and domestic levels
of effective IPD in various designs.
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ELECTROMAGNETIC VIBRATION DISTURBING FORCES AT THE ECCENTRICITY
OF ROTOR OF TURBOGENERATOR

Electromagnetic vibration disturbing forces in different variants of the rotor displacement from an axis of the stator bore is car-
ried out. Investigation for TG type TGV-200-2 by finite element method in COMSOL Multiphysics is carried out. The field
mathematical model of static and dynamic eccentricity is described. The amplitude vibration disturbing forces are greatest, when
a static eccentricity direction coincides with an axis of the stator winding phase is shown. The diagnostic features static and dy-
namic eccentricities are formulated. The most value of forces in the point with minimal air gap is shown. The diagnostic features
static and dynamic eccentricities and the method of diagnostic eccentricity are formulated. Diagnostic feature of static eccentricity
is to change the amplitude Maxwell stress tensor is established. The dynamic eccentricity diagnostic features are appearance in
the spectrum of vibration disturbing forces rotating and multiple harmonics. References 8, tables 3, figures 6,

Key words: turbogenerator, field mathematical model, electromagnetic vibration disturbing forces, Maxwell stress tensor,
eccentricity, damage of rotor, diagnostic feature.

B cmampue uccnedosano rnexmpomazHummnsie sUOPOBOIMyUialowIe Culbl Mypoozenepamopa npu nanuuuu deghekma pomopa.
Hcceneoosanus evinonnenst ons mypoozenepamopa muna TI'B-200-2 memooom KoHeuHbIX INEMEHMOE 8 RPOZPAMMHOM Obeche-
yenuu COMSOL Multiphysics. Onucano nonesyro mamemamuieckylo Mooejib Cmamuiecko20 U OUHAMUYECKO020 IKCYUEHMPUCU-
mema, KOMopas RO360AAEH CMOOEIUPOGAMD CUZHANbL OAMYUKA 6UOpAuUll Kak Qynkyuu peanvhozo epemenu. Bvinonneno
cepuio pacuenog INeKmpomMazsHUmHbIX CUl RPU PAZTUYHBIX 6APUAHMAX CMewenus pomopa ¢ ocu pacmouku cmamopa. Iloka-
3aHO, YMO HPU G03HUKHOGEHUU IKCUCHMPUCUMEMA HAONI00AENC CYUeCMEeHHOe YeeludeHue GUOPOBOIMYMAIOUUX CUTl U
Haubonbwee 3Havenue cuil oyoem ¢ mouKe ¢ MUHUMATILHBIM 6030YUIHBIM npomedcymKkom. Beedeno noevie ouaznocmuueckue
napamempul U nPeodnoHceHo MemoOUKy ouaznocmuposanus Ikcyenmpucumema. Ha ocnoge nposedennozo mamemamuueckozo
MOOenuposanus yCmaHnog1eno, Ynmo OUazZHOCMUYeCKUM RPUHAKOM CIMAMUYECKO20 IKCUEHMPUCUMEMA AGTIAEMCA UIMEHEHUE
AMRIUMYObl MEH30PA MAZHUMHO20 MANCEHUA, A NPUSHAKOM OUHAMUYECKO20 IKCUECHMPUCUMEMA — HAluYue 8 CheKmpe eupo-
GOIMYUAIOUUX CUTI 000POMHOU U KpAamHbIX ell 2apmonuk. buobn. 8, Tabdmn. 3, puc. 6

Kniouesvie cnosa: typodorenepaTop, moJjieBasi MaTeMaTmdeckasi MoJesib, 3JIeKTPOMATHUTHbIe BHOPOBO3MYIIAIOIIHE CHJIbI,

TEH30Pp MATrHUTHOI'0 THKCHUS, IKCHUCHTPUCUTET, Ile(l)eKT poropa, JHATHOCTHYECKH NMpU3HaK.

Introduction. Recently the problem of timely moni-
toring and diagnostics and eliminate injuries powerful
electric machines is particularly important due to the
aging fleet of existing machines and the increasing num-
ber of cases of an emergency stop with significant eco-
nomic losses. In particular this applies powerful synchro-
nous turbogenerators (TG), which are widely used in
thermal and nuclear power plants. Particular attention is
paid to TG rotor which is complex and node design.

In recent years in Ukraine and abroad, studies of the
physical processes that occur in the presence of synchro-
nous generator rotor their defects [1-8]. By defects rotor
may also include uneven of air gap (AG) between the
stator and rotor (eccentricity). This failure can occur as a
result of manufacturing defects, and in the operation of
TG. When the rotor eccentricity refers displacement axis
rotor stator bore axis [4]. There are: a) static eccentricity
(SE) in which the AG configuration for rotation of the
rotor remains unchanged, i.e. the minimum and maximum
period do not change their position; b) dynamic eccentric-
ity (DE), in which the minimum and maximum of AG
rotates with the rotation of the rotor.

TG rotor eccentricity appearance leads to a distor-
tion of the magnetic field in AG, the occurrence of elec-
tromagnetic forces sided magnetic attraction, of additional
higher harmonics of the field, increase local overheating.
In the array of rotor turbine flow eddy currents that lead
to significant heat damage and structural elements of the
rotor (grooving wedges bandage rings).

The eccentricity of the rotor may be the installation
of the rotor TG or during its operation (as a result of wear

of bearings, offset supports, flex shaft, etc.). Significant
identify the nature and magnitude of the eccentricity of
the rotor in the synchronous generator without the with-
drawal of the mode of operation is a relevant and complex
engineering task of solving the effectiveness of which
depends on the amount of electricity generated, durability,
efficiency and safety of TG.

There are many methods for detecting and diagnos-
ing damage of electric machines, the main ones are the
methods of mechanical, vibration, electromagnetic diag-
nostic method for the analysis phase current range and
others [1-3, 6]. The feasibility of selecting one of these
methods for diagnosing rotor eccentricity of the TG due
to their reliability and sensitivity of diagnostic parameters,
the complexity of technical implementation, the cost of
hardware and methodological support and other factors.
The comparative analysis of these methods has shown
that the solution SE and DE of the TG appropriate to use
the method of vibration diagnosis, due to the simplicity of
implementation and high reliability of the identification of
defects. To determine the diagnostic features is necessary
to study electromagnetic forces that change the appear-
ance of the SE or DE.

The goal of the work is to study methods of
mathematical modeling of electromagnetic vibration dis-
turbing forces under static and dynamic eccentricity of the
TG and to determine diagnostic features for diagnosing
these types of defect. The modeling is performed using
the finite element method implemented in a software
environment COMSOL Multiphysics. Diagnosis is sug-
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gested to conduct on the basis of spectral analysis of func-
tions of tensor magnetic stress tensor using fast Fourier
transform (FFT).

Problem definition. Mathematical model involves
solving equations of the electromagnetic field in the core
of the TG and definition vibration disturbing forces in the
selected stator point where conventional vibration sensor
is placed. Given the considerable axial length of the core
of the TG compared to the long pole graduations, just
consider the field in two-dimensional approach in cross
section. We shall consider quasi-static processes, suggest-
ing that all field functions change in time for the harmonic
law. In general, the basic equations of the electromagnetic
field is relatively complex amplitude of the magnetic
vector potential, which has only one spatial (axial) com-

ponent A, , in the stator coordinate system is as follows:

Az_jw/”/Az+:u7wR(er0tAz):_/u7€xts (1)
where J,, is the density of external currents (in our

case, this is the density of current in the stator slots, which
is set to correspond to the stator windings circuit); @ is
the angular frequency of changes over time of the mag-
netic vector potential; wg is the angular frequency of the
rotor rotation; y is the electrical conductivity; R is the
radius-vector of an arbitrary point of the rotor. The angu-
lar frequency changes over time magnetic potential and
angular rotor speed depends on the choice of coordinate,
which implemented the solution. For synchronous ma-
chines without eddy currents in the stator and rotor cores
equation (1) takes the following form:

AAZ = _:uj ext - (2)

Field sources are external currents densities of three
phases of the stator winding:

JAext = Imun/Sn,

T Bogy = Ltin|cos (-27/3)— jsin(-2z/3))/S,,  (3)

JC oy = Ltin|cos (~4a/3)~ jsin(-4a/3))/s,,,
where [, is the amplitude of the current in the phase of the
stator winding; u, is the number of series-connected
conductors in the stator slot; S, is the sectional area of the
stator slot.

Equation (2) is complemented by homogeneous
boundary conditions of the first kind in the line of the
outer surface of the stator yoke which limits the calcu-
lated area:

A| =0. 4
el 4)

The value of u at each point calculation area where
the ferromagnetic materials present is determined by the
corresponding magnetization curves. The components of
magnetic induction in the Cartesian coordinate system
defined by relations:

B, =04, /oy, B, =04, /ox, ()

Vibration disturbing forces density is proportional to
the magnetic stress tensor that has the physical dimension
of the pressure (N/m”). Modules of normal and tangential
components of magnetic stress tensor are expressed as:

L (32 %2 L (52 %2
T =Z(Bn _BT 1, TT:;(B” .BT 5 (6)

n

respectively normal (directed along the vector normal to
the surface at a given point) and tangential (directed
along the tangent to the surface at a given point) projec-
tion of magnetic induction. Normal and tangential com-
ponents of the magnetic induction determined through
induction projection vector in Cartesian coordinates by
the expression:

B, = E’ycosa + B,sina = (yéy + xéx)/R§ ,
B, = B,cosa — Bysina = (yE’x - xéy )/R§ , ™

where x, y are the projections of the radius-vector on the
axis of the coordinate system; R is the radius of the bore

of the stator. Further deals radial vibration occurring by
the action of the normal component of the magnetic stress
tensor.

To take into account changes over time of the tensor
model involves changing the configuration time calcula-
tion area while moving the rotor relative to the stator.
Moving of the rotor are simulated by changes of coordi-
nates x, y of points of the rotor. Changes Ax, Ay of rotor
coordinates by a time Az are given by the following for-
mulas:

{Ax:cos[coR -(t+At)]-x—sin[coR -(t+At)]-y—x;
Ay =sin[og - (¢ + A1)]- x+cos[wg - (1 + 4)]- y - y. ®)

The time interval 7 on which analyzed signal analy-
sis is carried out corresponds to one period is one com-
plete revolution of the rotor — for bipolar TG
T = (0 ... 0.02) s. Number of calculation steps is 200,
meaning that one time step is 10~ s. During one step back
rotor relative to the stator a third of the rotor division that
meets the conditions of accuracy.

A model of static and dynamic eccentricity. Rela-
tive value of the eccentricity is determined by the
formula:

§max — §min

- §max + §min ' (9)

where Omax, Omin are the maximal and minimal values of
AG, respectively. In this paper the static and dynamic
rotor eccentricity are considered at shifting its axis rela-
tive to the axis of the stator bore by two coordinates X
(horizontal eccentricity) and Y (vertical).

To simulate the eccentricity using the above-
mentioned field mathematical model that takes into ac-
count the rotation of the rotor at the time. Fig. 1 shows the
displacement of the rotor axis stator static («¢) and dy-
namic (b) eccentricity. In this model, SE simulated dis-
placement axis of the rotor relative to the stator geometri-
cal axis by the amount AR which generally is decomposed
into bias coordinates of the center of the rotor on the YV
axis on the value of AY = AR'sina (Fig. 1,a), and the dis-
placement coordinates on the X axis equals
AX = AR-cosa.
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Stator Stator

Fig. 1. Models of static (a) and dynamic (b) eccentricity

Calculated area includes two sub-areas: fixed, which
includes a stator and a moving containing a rotor. The
border between the two subregions is in the middle of
AG, and with uneven refers to sub-areas of the stator. DE
is modeled by geometric displacement of axis of the rotor
relative to the axis of rotation on the value AR. This move
all points of the rotating subregion by the coordinates X
and Y are the same and the equation of motion will match
the expression (8). Note that at DE to the calculated rotat-
ing subregion rotor not only, but also uneven AG are
included.

Mathematical model (1-8) can simulate the signals
of conventional vibration sensors (vibration acceleration
sensors) as a function of time. To this end, points 1, 2, 3
of conventional location of sensors (Fig. 2) by the expres-
sion (7) is calculated normal component of magnetic
stress tensor (MST) as the value of the acceleration is
proportional to value of the magnetic disturbing force.

Results of investigations. Investigations are con-
ducted by the example of the TG type TGV-200-2. Based
on the above described mathematical model further inves-
tigated magnetic disturbing forces arising due to normal
component tensor magnetic tension (ceteris paribus tech-
nical condition of the stator). As you know, one sensor
setting is not sufficient to determine whether the SE be-
cause of vibration investigated crowns on teeth in the
stator bore three points 1, 2, 3. Fig. 2 shows a picture of
the distribution of the magnetic vector potential and mag-
netic flux density at time t = 0.02 s in the active zone of
the TG.

2:5
C Iy
2
15
1
0.5
B 3 8

Fig. 2. Distribution of the magnetic vector potential
and magnetic flux density with calculated points

Modeling was performed for nominal operation
mode of the generator with good condition (no SE and
DE) and when defective (presence of eccentricity). SE
was simulated by displacement of the rotor along Y coor-
dinates with the angle a = 90°. Fig. 3 and Fig. 4, respec-
tively, in these three points on the crowns of teeth of the
stator depicted settlement functions of the magnetic stress
tensor over time in the presence of SE and DE
(for € = 0.25 when the rotor displacement along the axis
of symmetry phase A). Figures shows that the signals of
the 1st and 2nd sensors shifted between a time phase that
meets their spatial shift of 90° along the stator bore. The
numbers on the charts correspond to the designation of
calculated points.

. 7,,-10°, N/m?
1(SE) 3(SE) 2(SE)

1,3 (without SE)

2 (without SE

0 0,01 £, 8

0,02

Fig. 3. MST functions at calculated points at presence of SE

7,,-10°, N/m?
1(DE) 2(DE) 3(DE) 1,3 (without DE)

‘ \ / 2 (without DE)
6 7t

1\

4 423
.‘ r.’

0 0,01 £, s
Fig. 4. MST functions at calculated points at presence of DE

0,02

From the results of spectral analysis for different
values of SE (¢=0.1, &=0.2 and £&=0.25) we can see increas-
ing amplitude harmonic 100 Hz respectively of 10, 15 and
30%. Comparison of MST when SE shows that when AR
=25 mm (¢=0.25) in point 3 of the largest AG amplitude
of MST decreased 1.4 times and at point 1 —increased
1.37 times. This effect is clearly seen from the graphs at
the DE when the rotor rotates value of AG is constantly
changing, and MST function is asymmetric and obviously
that will have additional spectrum harmonic multiples
rotating frequency.
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In view of the above, an effective method of analysis of
the time functions of electromagnetic vibration disturbing
forces is determination of their spectral composition using
fast Fourier transform. Fig. 5 shows the amplitude of MST at
SE depending on the value of ¢ for different variants dis-
placement of the rotor relative to the stator winding phase
zones. Note that different variants of displacement of the
rotor axis of rotation were conducted at a fixed position axis
phase zone A which coincides with the modeling of a hori-
zontal axis. MST amplitudes are shown in three points of
location of sensors (points 1-3). The results of mathematical
modeling showed that if SE when AR = 25 mm (e=0.25)
amplitude of the fundamental harmonic electromagnetic
forces increased by 32 %. Also present spectrum vibration
disturbing forces components that create vibrations at fre-
quencies of 200, 300, 400 Hz are respectively 15, 18 and 12
% relative to the fundamental harmonic.

Thus, the most dangerous is eccentricity when the
eccentricity direction coincides with the axis of the stator
phase. So, Fig. 5,a shows that even at € = 0.1 amplitude of
vibration disturbing forces increases by 13 %.

Shift along the axis of symmetry of the phase A
7,105, N/m’

Shift along the phase zone AX

7,105, N/m?
mp3
mp.2
p.1

Shift along the phase zone BY
7,105, N/m?

HHHHHHHHHHHHHH =p.3

mp.2
p.1

mp.3
mp.2
p.1

Fig. 5. Amplitudes of magnetic stress tensor vs eccentricity
factor

Figure 6 for the DE case shows amplitude spectra of
MST for 50 Hz (a), 150 Hz (b) and 250 Hz (c).

From Fig. 6,a,b one can see that the amplitude of
each harmonic of the rotation frequency of 50 Hz and
aliquot to it 150 Hz are 12 % (at €=0.1), 25 % (at £=0.2)
and 30 % (at €=0.25) of the basic harmonic 100 Hz. These
results can be the basis for the formulation of appropriate
diagnostic features and determining the presence of a
defect.

T'n'losaN/rn2

1 6

----- ) 2
f=250Hz .~ T T, Hw/m

T ———
———

Fig. 6. Amplitudes of magnetic stress tensor spectrum
frequencies vs value of eccentricity
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Important technical assessment of the state of the
generator with the appearance of damage provides analy-
sis of changes in total harmonic vibration of all, character-
ized by RMS. Change factor of RMS of the MST spec-
trum ks 1 describes ratio of RMS of the MST spectrum
of the damaged TG to RMS of the MST spectrum of the
unhurt TG and is calculated as follows:

N 2 N
krms_T= .Z 'zl
1=

i=1
where N is number of accounted harmonics in spectrum; i
is the number of harmonics; T s T no fwu are the ampli-
tudes of the i-th harmonics of MST in spectra of vibration
sensor signal regarding damaged and unhurt TG.

Table 1 shows the range of RMS of MST spectrum
calculated in point 1. Legends AX, BY and CZ corre-
spond to the rotor displacement along the axis of the cor-
responding phase zone, marking AA meets at the location
of the sensor in the area at minimum AG at the rotor dis-
placement along the axis of symmetry of the phase A of
the stator winding. Table 1 shows that the overall level of
vibrations of electromagnetic origin at the SE is the larg-
est when the direction of eccentricity coincides with the
axis of the stator winding phase (in this case with a verti-
cal axis). Electromagnetic vibrations under other phases at
SE (AX, BY, CZ) decrease.

T.

2
i_no_fault| (10)

Ti_fault

Table 1

Ration of the RMS change of MST spectrum at eccentricity
E AA AX BY CZ
0.1 1.111 0.912 0.904 0.93

SE 0.2 1.326 0.954 0.899 0.838
0.25 1.329 0.967 0.851 0.8
0.1 1.015 1.012 1.01 1.01

DE 0.2 1.079 1.038 1.02 1.074

0.25 1.123 1.065 1.035 1.112

Therefore, to determine the maximum vibration sen-
sor must be installed opposite phase stator winding axis.
When installing the wrong sensor measurement results
will indicate the reduction of vibrations that will not re-

veal the presence of SE. At DE total level of vibration is
independent of the direction of eccentricity. However,
despite the fact that the vibrations of electromagnetic
origin is less than the SE, you need to take into account
the fact that there are vibrations of mechanical origin
associated with fluctuations in the center of mass of the
rotor. Therefore, the total vibrations can be more than the
vibrations at the SE.

Generalize the results of mathematical modeling by
introducing diagnostic parameters at different values of
AG and direction of displacement of the rotor relative to
the stator winding phase zones. Table 2 shows the diag-
nostic feature ks which allows to diagnose the occurrence
of SE based on measurement of the amplitudes of sensor
signals.

ké':Tfault/Tnojault . (11)

Table 3 shows the value of diagnostic feature k.
characterizing the ratio of the difference of the amplitudes
of MST in the first and second points (k) and the first
and third points (k.;3) according to the amplitude of NTM
in the first point at different values of the coefficient of
eccentricity.

keu:TTl—Tle; kel3=TTl_TT13. (12)
Tl Tl

The obtained diagnostic parameters are given in Ta-
ble 2 and 3. The results allow to formulate a reasonable
method of diagnosing eccentricity. To determine the SE
we must mount at least two sensors, for example, the top
and bottom of the vertical axis, as the most likely direc-
tion of displacement of the rotor along the vertical axis. A
comparison of the signals of two sensors will help diag-
nose the occurrence of eccentricity. To diagnose DE it is
enough to mount one sensor vibration because with this
type of defect of AG at one point is not permanent. After
measuring the sensor signal is decomposed in Fourier
series and if there are harmonics of the signal multiple
rotating frequency, it can be argued the presence of DE.

Table 2
Diagnostic feature k;
Phase zone of the stator winding relatively that AG between stator and rotor, J, mm
the rotor displacement was modeled 75 30 90 100 110 120 125
AA 1.371 1.356 1.126 1 0.802 0.74 0.716
AX 0.873 0.933 0.94 1 0.992 0.958 0.982
BY 0.857 0.906 0911 1 0.984 1.01 1.021
Ccz 0.764 0.806 0.91 1 1.016 1.125 1.145
Table 3
Diagnostic features k., and kg3
Phase zone of the stator winding relatively that the ko1 | ko3 ke12 | ke13 ke1n | ko3 |
rotor displacement was modeled e=0.1 £=0.2 &=0.25
AA 0.207 0.281 0.365 0.452 0.379 0.473
AX 0.140 —0.065 0.219 —0.037 0.215 —0.136
BY —0.119 —0.091 —0.291 —0.125 —0.516 —0.202
Cz 0.063 —0.128 0.045 —0.410 0.084 —0.514
Conclusions. the direction of the static eccentricity of the geometrical

1.In the event of static eccentricity in the zone of
minimum air gap a significant increase of vibration dis-
turbing forces is observed, whose analysis can diagnose
damage to the rotor. It is shown that the coincidence of

axis of one of the phases of the stator winding, increased
vibration is maximized. This fact is expedient to consider
when phase stator winding arrangement relative to the
horizontal axis turbine generators in the manufacturing
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process, taking into account the most likely direction of
occurrence of static eccentricity caused, for example,
gravity, and so on.

2. In the event of dynamic vibrations of electromag-
netic origin eccentricity is less than the static eccentric-
ity, but the mechanical vibration component associated
with fluctuations in the center of mass of the rotor,
makes a significant contribution to the overall level of
vibration. Diagnostic features ks, kej», ke13 are intro-
duced on which can be built a system and method of
diagnosing eccentricity.

3. A diagnostic feature of static eccentricity is chang-
ing of amplitude of vibration disturbing forces in the zone
of minimum air gap. The spectrum of harmonic of 100 Hz
at static eccentricity within €=0.1; 0.2 and 0.25 in the
zone of minimum air gap increases respectively by 10, 15
and 30 %. Diagnostic features of dynamic eccentricity are
the appearance in the spectrum of vibration disturbing
forces of rotating and multiple harmonics.
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FINITE ELEMENT TECHNIQUE FOR SOLUTION OF THERMO-CONTACT
PROBLEMS AND ITS APPLICATION IN NUMERICAL ANALYSIS OF DEVICES
WORKING WITH INDUCTION HEATING

Purpose. To develop an effective approach for the numerical solution of transient thermo-contact problems and present a typical
example of its utilization regarding devices working on the principle of thermoelasticity produced by induction heating and spe-
cific technological processes intended for assembly and disassembly of systems containing shrink fits. Methodology. A finite ele-
ment technique for solution of 2D multiphysics (electromagnetic, thermal and structural) problems is developed, taking into ac-
count temperature dependences of material properties and continuous variations of the contact surfaces. Modeling of the contact
interaction between two parts is based on the concept of a special contact finite element having no thickness. The functional for
the temperature problem is supplemented with components corresponding to the thermal conductivity of this contact layer. The
heat generated due to mutual sliding of both parts can also be taken into account, but the heat capacity (specific heat) of the con-
tact layer is neglected. Using a special 1D 4-node finite elements a system of equations for the description of the thermo-contact
problem is obtained. Originality. Relatively simple analytical formulae for calculation of the contact thermal resistances occur-
ring in specific parts of electrical machines are known. The paper offers an alternative approach for the numerical solution of
transient thermo-contact problems based on the concept of a special 1D contact finite element having no thickness. Results. The
presented technique is applied for the computer simulation of assembly and disassembly of a shrink fit using induction heating.
Conclusions regarding the choice of technological modes are made. Comparative computations for drills made from hard alloy
and alloyed tool steel are carried out. References 8, figures 6.

Key words: induction heating, thermoelasticity, multiphysics problems, numerical analysis, finite element method.

Onucana memoouKka pewienus Memoo0OM KOHEUHbIX IIEMEHINO06 MYIbMUPU3UUECKUX (INEKMPOMAZHUMHbIX, MEN08bIX U MeXd-
HUYeCKUX) 3a0au ¢ y4emom 3aeUcUMOCHell CEOIICHE MAMEPUATIO8 OM MEMREPAMYPbl U USMEHEHUA KOHMAKMHbIX NOGEPXHO-
cmeii. IIpeonoscennlit ROOX00 UCNONBL306aH 0114 YUCTIEHHO20 AHATIU3A YCIPOICME, (PYHKUUOHUDYIOWUX HA Da3e A6IeHUs mep-
Moynpyzocmu 6 npoyecce UHOYKUUOHHO20 HAZPEGA U OPUSUHATILHBIX MEXHOI02UYECKUX NPOUecco8, NPEOHA3HAYEHHBIX O
cOopKu u pazdoopku KOHCMPYKYUIL ¢ HanpaiceHHbimu nocaokamu. Ilpumenenue pazpadomannoii memoouKu npounIiocmpupo-
6ano Ha KoHKpemnom npumepe. Ilpuseden ananu3z nonyyennvix pesynromamos. bu6n. §, puc. 6.

Kniouesvie ciosa: AHAYKINOHHBII HArpeB, TEPMOYNPYTroCcTh, MyJIbTH(HU3NYECKHE 3aa4H, YHCIEHHBI aHAJIN3, METO] KOHe4-
HBIX 3JIEMEHTOB.

Introduction. Investigation of behavior of numer-
ous electrical devices in different operation regimes often
requires considering relevant multiphysics phenomena of
electromagnetic, thermal and structural origins. In many
cases, multiphysics analysis of such devices must also
include the influence of thin insulation layers and contact
thermal resistances for obtaining more realistic results.
Thin layers occur, for example, in the form of various
bandages [1], contact resistances (of thermal origin) play
a significant role in different shrink fits [2] and devices
for a number of industrial purposes [3].

Relatively simple analytical formulae for calculation
of the contact thermal resistances occurring in specific
parts of electrical machines are presented in [1]. These
can directly be used as material parameters during the
solution of the temperature problem.

The paper offers an alternative approach for the nu-
merical solution of transient thermo-contact problems.
Currently the proposed technique is used for solving such
problems in 2D Cartesian and axisymmetric systems. A
similar technique for solving 3D problems is being devel-
oped nowadays. The aim of the paper is to describe this
technique in detail and present a typical example of its
utilization.

Formulation of technical problem. Many modern
industrial technologies are based on the principle of in-
duction heating. The paper, however, will focus on its
application in production of shrink fits for specific pur-
poses. Typical is, for example, setting the disks on shafts,
fixing high-speed machine tools, or connecting pipes by

fixing sleeves, which always represent connecting of two
metal parts with an interference whose value is decisive
for the transferrable mechanical force or torque.

The process of manufacturing shrink fits starts with
induction heating of one of the parts, which leads to in-
crease of its dimensions. Then it is connected with an-
other part and the whole system is cooled. The shrink fit
is obtained after cooling. A typical example of fixing a
drilling tool in the chuck is depicted in Fig. 1.

P

shank

inductor

chuck

[

Fig. 1. Arrangement of drilling machine:
I — heating of chuck and inserting of shank into it
II — cooling of system and fixing of shank in chuck
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From the physical viewpoint, the process represents
a strongly nonlinear and nonstationary multiphysics prob-
lem characterized by mutual interaction of magnetic field,
temperature field and field of thermoelastic displacements
(and corresponding strains and stresses). Another aspect
to be involved in the model is the contact problem that
plays an important role when quantifying transfer of heat
between both connected parts.

The numerical solution of the model should provide
a sufficiently accurate idea about the whole process and
mainly the steady-state parameters of the system under
investigation.

Continuous mathematical model. The mathemati-
cal model of the process consists of three partial differen-
tial equations (PDEs) describing three involved physical
fields and relations describing the contact problem.

Magnetic field. Distribution of magnetic field in the
system may be described using several formulations [4].
When using, for example, the magnetic vector potential
A, the above field obeys the equation

curl(icurlA) + }/a—A =Jexts (1)
Y7 ot

where u is the magnetic permeability, y stands for the
electric conductivity and J represents the current den-
sity applied to the inductor. The boundary condition along
a sufficiently distant artificial boundary is of the Dirichlet
type and reads 4 = 0.

The eddy currents produced by time-variable mag-
netic field in electrically conductive bodies (whose den-
sity is given by the second term on the left-hand side in
(1)) give rise to the volumetric Joule losses wy (the influ-
ence of magnetization losses being neglected)
oAl

ot
whose magnitude decreases roughly exponentially with
the distance from the surface of the heated body.

In fact, the complete solution of (1) is practically un-
feasible due to relatively long time of the heating process.
That is why the model was simplified by considering the
magnetic field harmonic. Now (1) can be rewritten in
terms of the phasor 4 of the magnetic vector potential A
in the form

) 2)

wy =7

curl(curlé)+ J-oyuA= A oyt , 3)

where j=+/—1 and ® denotes the angular frequency.

The computations must be now, however, carried
out iteratively, and at every step the permeability p in any
element containing ferromagnetic material has to be ad-
justed to the real value of the local magnetic flux density.

Temperature_field. The temperature field 7T is de-
scribed by the equation [5]

div(AgradT) = pcp?a—f— wy, 4)

where A is the thermal conductivity, p denotes the mass
density and c, stands for the specific heat at a constant
pressure.

The boundary condition on the surface of system is
given by the formula

oT
_ﬂa:agen(T_Text)’ )

where n denotes the outward normal, ¢, is a coefficient
generally quantifying both convection and radiation and
Tex: stands for the temperature of sufficiently distant envi-
ronment.

Thermoelastic problem. Mechanical status of structural
parts of the considered devices is described by the following
system of three-dimensional tensor equations [6]

ot fji=0,
1

gij :E(Ui’j +uj,i)’ (6)
E v

o =—(&:: +——38:.e s

v 1+v(’f 1-2v i)

where oj is the tensor of mechanical stresses, &; is the tensor
of mechanical strains, u is the vector of mechanical dis-
placements, f'is the vector of the external volumetric forces,
E is the temperature-dependent modulus of elasticity of the
material, vis the temperature-dependent Poisson ratio of the
material, J; is the Kronecker delta, and e = g4 (k =1, ).

The first part of (6) is the system of equilibrium eq-
uations describing the correlation between the mechanical
stress tensor

011921031
0jj =| 012022032 (7
013023933
and given volumetric forces components f.
The second part of (6) is the system of cinematic

equations representing the correlation between the strain
tensor
£1142131
&jj =| £1262263 (®)
£13623633
and components u; of the mechanical displacement vector.
The third part of (6) is the constitutive equations
presenting the correlation between the mechanical stress
tensor oy and strain tensor &;.
In the system of equations (6) the following tensor
and vector operations are used
_ oo ij _ aul. _ Ou j 9
i = M T it O
X ox j axl'
where i = 1,2, 3 and j = 1, 2, 3 are the indices of the co-
ordinate axes.
In the axisymmetric case, the mechanical deformed state
of the device is described by the system of equations [6, 7]

86rr_|_6'tzr_(';rr_
or oz r

ot oo T
I'Z+ ZZ+ Iz

(&)
% +fr =0;

+f,=0;
or Oz r /2 (10)
ou, Ou
Brr =g, T
Ou, Ou, u,
= —4 ;8 =—,
Vre oz  or N7

where o;,, 0., 0y, 7;. are the radial, axial, circumferential
and shear mechanical stresses, respectively, &,, &, &o, /-
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are the radial, axial, azimuthal and tangential mechanical
strains, respectively, u, and u, are the radial and axial me-
chanical displacements, and f;, f; are the given radial and
axial forces, respectively.

In order to simulate the mechanical state of the
structure under consideration, elastic, plastic and thermal
deformations are generally considered. Therefore, the
strain tensor g; is presented as a sum of the elastic &,
plastic &/ and thermal &;" components [7], thus

i =& +€l]p+€l]T (11)

i l.'ie
The elastic strains are described in the following
way [6]

1
where k=1, .
The thermal strains are represented in the form
& =aAlsy, (13)

where a is the temperature-dependent coefficient of the
temperature expansion of the material, and AT is the dif-
ference of temperatures.

Irreversible and, therefore, unacceptable plastic de-
formations described by tensor &/ are not considered in
this paper.

Final remark. Many material parameters are signifi-
cantly dependent on temperature. Mentioned can be, for
example, electric conductivity, magnetic permeability,
thermal conductivity, specific heat, coefficient of linear
expansion, etc. All these dependences (as far as they are
known) are included in the computations.

Numerical solution. Magnetic field is solved in a
classic way using second-order finite element method.
The discretization mesh must cover not only the system,
but also its relatively large neighborhood. It is calculated
independently and takes into account only temperature
variations of the electric conductivity y and magnetic
permeability . The mesh remains the same in the course
of the calculations, the geometric changes due to thermoe-
lastic dilatation are neglected.

Solution of the temperature field is carried out by an
algorithm based on the generalized Crank—Nicolson me-
thod that respects the temperature variations of parame-
ters A and pc,,.

The solution of the thermoelastic problem by the fi-
nite element method uses at every time step a linearized
Lagrange variational equation for increments [7] in the
form
[[(a07 8¢, + 0" 5An, — AF 5w, ) r-dS = [ AP SAu;r-dl +
S, I,

+Jj(oy5Aeij —Fié'Aul-)r-dS—jPié'Auir-dl =0;
5 I

0 0

j j (457 8hey; +0¥ 5An; — AF! Su; yrdS j AP SAu;rdL +
SO LO

j j (07 5Aey; — F' 5u; yrdS - JPi5AuirdL, (14)

So Ly
where Sy and L, are the surface and boundary of the me-

ridian cross—section of the structure, o’ and Ao’ denote
the components of the stress tensor and their increments,

Ae; and Az stand for the increments of the linear and
nonlinear parts of the strain tensor, Au;; are the increments
of components of the displacement vector, f* and Af" are
the components of the volume loads (for example gravita-
tional) and their increments in one time step and, finally,
P' and AP’ denote the components of the surface load and
their increments.

Unfortunately, in the devices under consideration,
from time to time it is necessary to take into account the
exchange of heat inside the gap between individual struc-
tural parts of the device. This exchange is realized
through the contact zone that varies in time and that must
be determined in the course of solution of the thermoelas-
tic problem. There are several possibilities to take into
account the dependence of the contact thermal conductiv-
ity K, on the contact pressure p..

In many cases it is enough to use only two values of
K, For p.=0 (absence of the contact) we put

K,(T,p.)=K, , for p.<0 (presence of the contact)

K,(T.p)=K; .
Here, K,,' is a relatively small value (or even zero)
describing the heat conductivity of the contact layer

through the ambient environment, while K, =A/h,

where A is the thermal conductivity of the layer, and 4
denotes its roughness.

For more accurate computations it is recommended
to use more complicated empirical formulae such as that
given in [8].

Even when the mechanical problem is considered to
be linear (without plastic deformations), searching of the
unknown contact domain (or domains) between both parts
in each step is realized by means of an iterative process.

Contact problem. Modeling of the contact interac-
tion between two parts is based on the concept of a spe-
cial contact finite element having no thickness. The func-
tional for the temperature problem is supplemented with
components corresponding to the thermal conductivity of
this contact layer. The heat generated due to mutual slid-
ing of both parts can also be taken into account, but the
heat capacity (specific heat) of the contact layer is ne-
glected. Using a special 1D 4-node finite elements we
obtain a system of equations for the description of the
thermo-contact problem.

The functional of the temperature problem for the
contact layer can be written in the form [7]

I :% I[K,,(S#,a,,XTQ ~T P+ 0[S 400,01 + Q(S#,a,z,v)Tz]rOdP
L,

K

- _[ql(S,u’o-n)TerdT - _[qZ(Sy’O-n)TZFOdT +

Llll L‘/Z

+ _[OCl(Su’O-nITI _Tw(Sy’o'n)]TerdT +
L

@]

+ _[a2 (S,w On ITZ_ Ty (S,u »Op )]TZrOdf’

Ly

(15)

where K, (S ﬂ,an) is the contact thermal conductivity

(not the contact thermal resistance), which can be esti-
mated as a ratio «thermal conductivity of material of the

layer» / «thickness of the layer», S, are the subdomains

(«macro-elements») made of different materials, o, is the
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normal contact pressure, 77,7, are the surface tempera-
tures of contacting parts (bodies), Q(S ﬂ,an,v,) denotes
the internal heat source arising due to relative sliding of
surfaces at the given friction, v, stands for the relative
velocity of sliding contacting surfaces, ¢;,q, are the heat
fluxes into the contacting bodies, respectively, T, , o,

denote the temperature of the medium and heat transfer
coefficients for the first and second bodies, respectively
and 7, is the distance from the contact point to the z-axis
(for the axisymmetric problem) or the thickness of the
subdomain (for the planar problem).

The internal heat sources due to mutual sliding of
both parts are calculated as follows

Q:Gnvrff’ (16)
where f; is the coefficient of friction between both sur-
faces.

These sources can be distributed between both con-
tacting parts (bodies) by using the corresponding veloci-
ties v,; and v,, of sliding for both surfaces

O =0,V ffs O =0,V ff (17)
to take into account boundary conditions of the 2™ kind
for both surfaces at the contact point.

Taking (17) into account, the variation of the func-
tional (15) can be written in the form

ol = I[Kn(syfanXTZ_nxﬁ2_&i)]r0d7_
LK
- qu(S#,o—n)éTlrodr—i-
qu

+ Ial(Sﬂ,anlﬂ —Tw(Sﬂ,O'n)]éT]rod‘[+
L

a]

+ Ianvlf/-éﬂrodr—

LK
- jqz(S#,O'n )6T2r0d2'+
L‘IZ

+ Iaz(Sﬂ,aanz —Tw(Sﬂ,a,l)]éTerdT+
Ly,

+ J.Unl/széY'zrodT =0
L

(18)

K

The temperature distribution in the 1D 4-node finite
element can be represented in the form

h(2)=Tyi(t)+Tj9;(7) 5
Ty(7) = Tyngi (2) + Tja0; (7)., (19)
where T;;,T;5,7;,T;, are the nodal temperatures on the

contact surfaces of both bodies, respectively, and
@;(7),9,(7) are the coordinate functions
T;— T—1T:
9T =~ 9;(0) = — (20)
Tj —7; T 7;

Substituting (19) into (20) and collecting terms at
the same variations, we can obtain a system of equations
for the thermo-contact element as follows

AT+ A Ty + 4 T+ A jq Ty = by
A, ;T + AL + A T + A jn L = b

AjiTi+Aj T +A4; ; T+ A; j0 T =by; (21)

Ajri T+ Ajpyin T + Aj T+ Aj T =0
where

Aeg = j K, (8,0, 9F (D)rg(t)dz +
L

K

[er(Sun0m) pR (Do (D)
L

o]

At = sk == [ Kn(S00) 07 (D (D)
L

K

Agigen = [ Kn(S0) R (D (D)d 7 +
L

K

+ [@x(8,,0,)0F (O (D)

La,

Ay =A== [ Ky (8,,0,) 0000 (g (D)7 +
L

K

+ [1(8,,00) 90, (O (D)
Ly,
i1, i1 = Aji :—JKn(Sﬂ,Un)(ﬂi(T)wj(T)Fo(f)df+
L

K

+ [aar(S00) 0100 (I (2)drs
L

a2

A A = A. =A4.

i,j+l = i+l,j i+l =

=~ [Ku(S4-0) 0:(D)p; (D)o (1)
L

K

by = jal (S 1s )T (S 420, 1 (D) (2)d T +
L

aj

+ [018,.0) 0@ (@)dr+ [0,V fron (D)o (D)7
L L

q1 K

bt = [ @30S0 (S, 0,0k (D)1 (1)d 7 +

Ly,

J+Li

[0S us o)1 (D)o (D)7 + (22)

L‘] 2

+ [o, (VoS o @y (D)

LK
where k =1, j;

After discretizing the model consisting of (15) — (22),
it remains to cope with the displacements and mechanical
strains and stresses along particular sliding surfaces (see
Figs. 2 and 3).

At the points of the interpenetration of contact sur-
faces in the normal direction with condition

1 2
U, —u, —5,1 < 0; (23)

where ui,,u,% are the displacements of the contact sur-

faces and 9, is the width of the gap in the direction of the
normal, we introduce sufficiently high contact stiffness C,
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in the normal direction in order to prevent the surfaces
from penetrating each other. Should friction be taken into
account, we further introduce an analogous tangential
stiffness C,.

r n
A
2
on,
AN\
1 T
z

Fig. 2. Contact length L; and gap J, between contacting
bodies 1 and 2

n
r
A Lk
2
um.,u .
1
uni’u
T
1 11
um’ 7]

> Z

Fig. 3. Nodal displacements of the contact surfaces

The stresses in the contact layer are now given by
the formulae

1.2 1.2
0,=C,(u,—u;,=95,); o, =C,(u; —u; —o,). (24)
As far as the condition o, f < |o-,| of slipping is
satisfied, the tangential stresses are expressed as
: 1 2
Or = Unff sign(u; —uz —6;), (25)

where u',, u?, are the shifts of both surfaces and &, is their
difference at the beginning of the contact. In the zone of
slipping the tangential stiffness is equal to zero and the
functional is supplemented with the work of the friction
forces on the corresponding shifts.

Ilustrative example. A typical example is solved
concerning the problem of assembly and disassembly of
high-speed machine tools. The basic axisymmetric ar-
rangement of the system is depicted in Fig. 4, together
with the principal dimensions. The interference between
the two connected parts is 0.01 mm.

During the process of assembly the chuck spindle
has to be heated by the inductor until the internal diameter
of the bore exceeds the diameter of the shank. The drill
shank is then put into the bore and the system is cooled
until we obtain a shrink fit.

On the other hand, the process of disassembly is
characterized by fast heating of the system that causes
different displacements in the chuck (that are relatively
high) and in the drill shank (much lower). In a short time
the pressed joint is released and the shank can be drawn
out of the hole.

chuck inductor drill shank

~

50

I T T T T TTTTTTTT

10[7 17 A
- N
2211220 e e
0 20 40 60 80 100 120
AB =40 mm
Fig. 4. Basic disposition of investigated system (dimensions in mm)
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y4

The chuck is made from steel. Comparative compu-
tations for drills made from hard alloy and alloyed tool
steel are carried out, the inductor remaining the same.

The principal data of the problem follow (at the
room temperature 7 = 20 °C):

o steel chuck: electric conductivity 59 =3.2 - 10° S/m,
thermal conductivity Ay = 47 W/mK, heat capacity
PCr20 = 4-10° J/m’K, coefficient of linear thermal expansion
amo = 2107 / K, modulus of elasticity E» = 2-10'"" Pa,
Poisson ratio v=0.3.

e Hard alloy: electric conductivity 159 = 2.8:10° S/m,
thermal conductivity 4,0 = 85 W/mK, heat capacity
PCp20 = 2:10° J/m3K, coefficient of linear thermal expan-
sion amy = 0510° / K, modulus of elasticity
Ey =5.3-10"! Pa, Poisson ratio v=0.25.

e Alloyed tool steel: electric conductivity 79 = 2.5-10°
S/m, thermal conductivity 4,y = 37 W/mK, heat capacity
PCp20 = 3.2-10° J/m3K, coefficient of linear thermal expan-
sion o = 1.1'110° / K, modulus of elasticity
E»y=1.9-10"" Pa, Poisson ratio v=0.3.

e Field current density J., = 28.275 A/m?, f= 1 kHz.

e Cooling by forced air: & =200 W/m’K.

The contact mechanical problem is the main part of
numerical analysis. Fig. 5 and 6 represent the calculated
distributions of temperature and contact pressure at vari-
ous time instants of the assembly and disassembly proc-
esses for drills made from hard alloy and alloyed tool
steel. The maps were performed for the cross section
z = 85 mm. Some preliminary results can be found in [2].
The most important conclusions follow:

e Regarding assembly for both of materials (hard alloy
or alloyed tool steel) of the drill: the chuck has to be
heated during 3.5 s. Maximal temperature in it is 228 °C,
maximal difference through the thickness is 86 °C.

e Regarding disassembly:

- Drill made of hard alloy: complete disassembly of
the joint takes place in about 4 s after switching on the
inductor. Maximum temperature in the chuck is 231 °C
(external edge of its face), in the drill is 85 °C.

- Drill made of alloyed tool steel: duration of treat-
ment is about 4.25 s.
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Fig. 5. Temperature distribution along joint radius (z = 85 mm)
at various time levels (in s):
up — assembly, bottom — disassembly.
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Fig. 6. Contact pressure distribution at various time levels (in s):

up — assembly, bottom — disassembly
—drill made of hard alloy, - - - drill made of alloyed tool steel
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Conclusions. A 2D finite element technique for so-
Iution of multiphysics (electromagnetic, thermal and
structural) problems taking into account contact interac-
tion between structural parts is proposed. The contact
problem solution is based on a concept of a special 1D
contact finite element (layer) having no thickness. The
presented technique is applied for the computer simula-
tion of assembly of a shrink fit.
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V.V. Shevchenko

INFLUENCE OF MANUFACTURING QUALITY OF LAMINATED CORE
ON A TURBOGENERATOR EXPLOITATION TERM

The problem of calculating the flexural deformation of the laminated core of the stator turbogenerator is examined. The evalua-
tion of the effect of gluing the core sheets on its bending stiffness based on the compliance of the insulating cover sheet of active
steel. An impact of pressing effort on the relative movement of the package of sheets is determined. An effect of wear of the insu-
lating layer between sheets of laminated core on its reliability is determined. Conclusions are drawn on how to determine the pos-
sibility of extending the life of turbogenerators on the basis of the data obtained. References 8, table 1, figures 5.

Key words: laminated core, flexural deformation, stator of turbogenerator, flexural stiffness, insulation coating, pressing, time
of exploitation.

Paccmompen pacuem uzcubnoil oegpopmayuu wiuxmosanHozo cepoeyHuKa cmamopa mypoozenepamopa. Boinonnena ouyenxa
GIUAHUA CKIACHKU JUCMOE CEPOCUHUKA HA €20 U3ZUOHYIO HCECHMKOCMb C YUemomM ROOAMAUGOCHU U30IAUUOHHO20 NOKPLIMUSL
IUCMOG AKMUBHON CMAU, 3HAYEHUA YCUNUA NPecCO6KU NAaKema HA OMHOCUMeENbHOe nepemeuienue nucmos. Onpedeneno
GNUAHUE UBHOCA USOTAUUOHHOZO C/I0A MeHCOY TUCMAMU WUXMOBAHHO20 cepOeUHUKa Ha e20 HadexcHocmb. Coenanvl 66160001,
KaK Ha OCHOGAHUU NOJIYYEHHBIX OAHHBIX YCIMAHOGUMb B03MOICHOCHb NPOOJICHUA CPOKA IKCHIYAmayuu mypoozenepamopos.
bu6n. 8, Tabmn. 1, puc. 5.

Kniouesvie cnosa: NMHUXTOBAHHBINA CepAeYHHK, M3ruOHas Jedopmanus, CTATOpP TypOoreHepaTopa, M3rHOHAs KECTKOCTb,

H30JISIHHOHHOE MOKPBITHE, PECCOBKA, BpeMsl IKCILIyaTaluu

Introduction. The economic condition of the coun-
try makes it impossible to perform the timely replacement
of electrical equipment, which has worked on the techni-
cal specification operational time of the plant unit. There-
fore, the period of its work can be extended only by
means of modernization and/or partial replacement of
major components. Modernization of turbogenerators
(TG) is provided with the increase power in the installed
overall dimensions, sometimes performed with replace-
ment of refrigerant. Therefore, in the construction to be
upgraded it is necessary to consider the accumulated ex-
perience of manufacturing and operation, to exclude all of
the factors that lead to the destruction of the assembly
machines and units, especially, a stator core, for reliabil-
ity. Its destructions are the most frequent cause of crashes.

TG reliability and durability are reduced due to a
complex laminated core structure, vibration, electromag-
netic continuous variables, thermal and mechanical loads.
Due to the frequent destruction of the cores the research-
ers are looking for new design solutions for increasing
operational reliability TG. The new design is based on the
use of new materials and new techniques in the produc-
tion of technology, on the knowledge of data exploitation
and modern trends of development of the theory of the
creation of turbogenerators [1-3].

The aim of the article is to determine the effect of
TG stator core assembly technology to its reliability and
the definition of the possibility extending the service life
(impact gluing the core sheets on its bending stiffness,
impact of pressing forces on the relative movement of the
package sheet and wear of the insulating layer between
sheets of the laminated core).

The main text of the article. The design quality of
the laminated stator core determines its bending stiffness
and consequently affects the value of the radial vibration
and reliability. The works of many authors are devoted to
these issues, [4-8], which also show the results of the re-
search physical and mechanical properties of the insulat-
ing cover sheet steel. Also, the temperature coefficients of
the materials that are used, static and dynamic loads; the

presence, size, shape of ventilation ducts between packets
impact on it.

Consider the impact on the operational status of the
core circuit stacking the stacked sheets and the quality of
insulation coatings under the action of forces that cause
the flexural deformation and the relative movement of the
stacked sheets. Let us allocate part of the laminated core
package, where several floors (joints) fall. We represent
this part as a straight girder, which is made of rectangular
thick electrical steel sheets with a thickness / and isolated
coatings 9, Fig. 1.

\ | Sheet 1 |l
\ | \
T T4
f |Shee‘[2 \
Ll. Sheet 1 ! | 7
) |
’ |
M ‘ | '
\ | :
("
1 | ' \L M

I'n

/

Fig. 1. Laminated veneer lumber: /4 — thickness of the sheets
constituting the laminated board (package of the stacked plates);
M — moment of bending forces; H — width of the beam;

/ — length of the considered area (wave height); » — number the
joints, got in area under consideration

We believe in the calculations that the tension in all
the sheets is identical. We obtain under the law of pairing
shear stresses, that tangential stresses in the cross section
are shear stresses, which arise in the longitudinal sections.
It is suffice to consider the deformation of the strip in n
layers, when the sheets are stacked to overlap by 1/n part
of their length, because in the other layers of pattern the
same will happen.

© V.V. Shevchenko
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Use Zhuravsky formula for further calculations,
which allows you to determine the tangential stresses in
bending. These stresses arise from the external force P in
the points of girder cross section, which are at a distance /
from the neutral axis x, Fig. 2. In the beam appear normal
and tangent stresses, which are directed from the edge to
the edge of the law paired relationship.

We calculate the shear stresses that occur. Spend
two verticals through the beam cross section at a distance
dx from one another. Let us note a horizontal section at a
distance (4/2-y) of the neutral layer. That is, we select the
element with the size: dx, (h/2-y), b.

s dx
P X
! |
]
i
iy
S
|
= N, | N,
e b
N
N
N\
b S
dx ‘

Fig. 2. Model actions of on a girder of the external force F,
which is located at a distance / from the neutral axis x

We lay off on the axis x all the forces that act on the
system for drawing up the balance equations. The action
of elementary tangential force d7=N,—N,, which is equal
to the element (b-dx), is equal to d7=t-b-dx, is balanced by
the difference of normal forces (N,—NV;). Normal stresses
that act on the infinitely small side area dF, disposed at
the neutral axis y can be calculated:

M-y
o=—".
J

X

The force dN, that acts on the area element is equal to:

any =M g

z
On the whole side face of area F' the aggregate force
of N; will operate:
N =_[le = J‘M.dpzﬂ.jy.dpzM;Sz’
. ” J, J, . J

z

where S, — distribution of the tangential stresses a rela-
tively the neutral axis z; J, — axial moment inertia of the
regarded section.

Similarly, the force that acts on the next side face of

the selected element N,:
N, = (M+i'M)~SZ ’

dM - S,

z

where N, —N; =dT = =7r-b-dx.

z
We write down the value of tangential stress

e dM - S, =Q-SZ’ )
dx-J,-b J,-b
where O — transverse elemental force of the bending moment
that acts on the length of the fixed element (Q = dM/dXx).

The tangential stresses that arise in the material
above the neutral layer is directly proportional to the
transverse force, to the static moments square section un-
der consideration, and is inversely proportional to the
axial moment of inertia and its width. Then the distribu-
tion of tangential stresses over the cross section will be:

h
4

h 2
S. =F-. =h.| —— o + =
z Yo (2 y) Y 2

)]

Substitute the S, in the formula (1). Define a tangen-
tial stress in a selected element based on the fact that the
axial moment of inertia for the rectangular cross section is

_b.h3.

N V)
b [hjz 2]
. _ -y Q
2[2 60 (K2 5
b3l 4 A

J

LY X
12
The tangential stresses on the central axis with y =0
will be a half time more than average values in the sec-
tions, Fig. 3.

_ 60K 30 303
max U3 4 2 bn 2 F o2 md
}J
L‘Tmalej Tmid

0
i
yL‘

b

Fig. 3. The distribution of tangential stresses

The tangential stresses are the maximum value in the
neutral layer; the normal stresses are equal to zero. So the
tangential stresses are on the surface of the beam, only nor-
mal. It is believed that the transverse carved by area are level
and are rotated by the action of the bending moments. But
the tangential stresses distort the form of the deformation.
Elements of the material between the two cross sections
warp the proportion to the magnitude of these stresses. These
distortions effect a little on the value of longitudinal defor-
mation of the elements that make up the beam. This allows
the use of a formula for the normal stresses:

max
Omax =~ Mi < [G] :

z
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From beams of rectangular cross-section (Fig. 4,a)
an element of length dz is cut out (Fig. 4,b).

oY P
| } z
e Z - dz s
a
by=b,y
% Oz 7doy, F dr
N = N+dy el
P P Tyz T PR %
\\.?4%4.;44| T Me+dM o
vl dT 1/ »\ _ = Ty =
Mx( ] 4 e 3 z : L x
1 | 1 1 | =
| ! I !
0! 2 | |
| I
_______ L1 4
d- b) c)
Fig. 4. The scheme of calculating tangential stresses in bending
beam

Consider the balance of the top of the beams section,
where stresses arise due to the difference of bending mo-
ments. In order this portion of the beam is in equilibrium
(£Z2=0), in a longitudinal section of the beam there must
be the tangential force dT.

The equilibrium equation of the girder:

37 = Iazl -dF - j(azl +do.)-dF +dT =0.
F, F,

clip clip
Here
aM aMm i
dl = [do,y-dF = [ =%y -dF =25,
].X I)C
Fclip Fclip

where the integration is performed only over the severed
part of the cross sectional area of F;;, beams (the shaded

area in Fig. 4,c); Sﬁlip — static moment of inertia of cross
sectional area dF of about the neutral axis x:

¢ = [y ar.
F,

clip

Assume that the tangential stress (z,,), which arises
in longitudinal section beams, distributed uniformly over
its width (b,). Then:

dT=1,,b, dz.

Considering that z,, = 7,,, the tangential stress (z,) in
the points in the cross section beams at a distance y from
the neutral axis x, can be calculated:

cli . g¢lip
Ty, =€4—x-£,where ﬁ
z 1,-b, dz I.-b,

Longitudinal strain and stress have a major impor-
tance in the flexural deformation in a solid and glued
laminated tool bar, as shown in [8]. We can assume that
the tangential stress and normal stresses from deformation

X

:Qy’ TZ)/ =

along the other axes are missing: 0,=0.=7,,~7,.=7,.~0.

We believe that the core layers operate only shear and
that the longitudinal displacement of points r; (i = 1, 2,...
where n — number of the layer) on each sheet of thickness are
the same. We obtain from the equilibrium conditions for the
laminated section [7]:

R, G
E-h- - - =~ QR =Ry ~Ry);
X
’R, G
E-h- - = =~ @Ry~ R ~Ry);
X
.......... azRG @
E-h a 2l :E'(le Rt—l_Ri+1);
X
’R, G
E-h~a—2=g-(2Rn—Rn_1—R1),
X

where E — effective elastic modulus for the electrical steel
sheet in the longitudinal direction (Unge modulus),
E = 2:10° MPa; G — the shear modulus in the stacked
structure (in the «glued layer»), G =79,3-10° MPa.

We shall seek solution of the system of equations (2)
as the dependence:

Ri=Ayye", (3)
where A,(y)— the amplitude of the movement of the
stacked structure along the axis y; 4 — a constant which
depends on the material (first Lame parameter).

For a particular material A expressed by Unge
modulus £ and Poisson's ratio v:

B v-E

A+v)-(1-2v) "

After a few solution transformations the following
can be represented:

n—1
Ry = Aig + Byg - x+ D (A M By e, (4)
k=1
where Au(v) and Bu(y) — the function-coordinates of
points along the y axis y in a quantity 2n”.

The expressions for 4;, and B;, present with the use
of the coefficient By:

Aic = Boay; Bic = By'by, (%)
where a; and b — the numerical coefficients.

The solution of system (4) can finally be written:

R; = Ao(y)+ Bo(y)-x +

o Apx —Apx (6)
+Bo(y)~2aik (ag e +by e ).

k=1

The average cross-section of each sheet is not cor-
rected due to the symmetry of the tensions distribution.
Therefore, we can write for the case of even n:

Ry2(0,9)=0; Ryt (/n,y)=ay. (7

The function By(y) is a linear function of the coordi-
nates y according to the equation (10). The dependence of
the By(y) expressed in terms of stress, rather than through
the angular movement.

It can be concluded from the relation (6), which in
laminated beams, as in the continuous beams, tensions
adjustment section is distributed linearly. Then the func-
tion By(y) can be represented:

Bo(y) = C, (®)
where C — the coefficient of proportionality.

We determine its meaning, assuming that the bend-
ing moment along the length of the beam is constant:
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i=1

H/2 2
=2E-h- J n~C~y2~dy:u-ao,
0 6
where oy — the maximum value of the bending stress in
the continuous bar in the same section as laminated
beams, and the same value of the bending moment. Then:

20'0

10
o (10)
The shear stresses in the insulating layer will be the

greatest in the corners of the steel sheets, [8]:

= (R 0) - R, O)

n Hi2
By J‘ %ydy:
=1 o

®

c=220

o (11)
Thax == 5 [R1(0) - Ry (0)]

If we assume that the relative displacement along the x
axis for the two points of outer surface of located at a dis-
tance / from one another for a continuous beam at y = H/2 is:

ARy =——,
E
then laminated to the bar is the offset that can be pre-
sented subject to the availability of the axial displacement
of the joints of two successive sheets in a layer (the first
three summands), and the presence of the relative dis-
placement of the edges of the sheet (last summand):

AR=2R[ 0.2 |- pyl 0. - [0 2]+
2 2 2

ilj'n 8Rl~(x,%) (13)
+ _
i=l ¢ Ox
From equations (5), (6), (12) it follows that:
n n
D Ayx =0, D By =0. (14)
i=1 i=1
Then on the grounds of (9) and (13):
H
nlin 6Rl-(x,—) I/n )
2 =I”G°-dx: L as
i Ox 0 E

The ratio of AR/AR, characterizes increase flexural
laminated steel bar compliance compared with a solid rod
in the same cross-sectional. Consider the three schemes
laying steel sheets lapped by 1/2, 1/3 and 1/4 of the sheet
(respectively, n =2, 3, 4). Finally, we get:

D=2, AR 4,2 | 4G
AR, Al E-h-o
/ // 2G - o,
‘Tmax ‘Tmax Z—E'g’
Nn=3 MR 1,3 4 ,/ 3G
AR, Al E-h-8
/ // 3G- O
N (16)
Nn=4, AR =1+ 8 ,
AR, 1-(Ag +22)

4G 2G
X , A= ,
E-h-§ E-h-&
‘T/ _ 6G~60 ‘ vl 2G~60
MBS (4 +24) T BG5S (4 +24,)

Thus, the relative pliability laminated timber
(AR/ARy) are determined by the longitudinal length and
the thickness of sheet, method of laying, the strength
characteristics of steel and the thickness of the insulating
layer. The pliability decreases with an increasing length
of the sheet. This dependence to the insulation layer is not
present. And maximum tangential stress is proportional to
the maximum bending stress in the steel.

If laminated core packets are not glued and are
pressed only by uniform pressure po, the bending defor-
mations cause the slip of sheet steel in the area of junc-

tions (Fig. 5).
Ll
|

| ‘ Sheet 2 }
Sheet T I T H{

/

Fig. 5. The bar that is laminated and pressed

Sliding is present in zones 1 and 4 (in zones 2 and 3,
sliding is not) when sheets are stacked with overlapping
on the 1/2 of sheet:

e in zones 1 and 4:

82R1 :_2f~p0 azRZ _ 2'pr (17)
x> E-h = o2 E-h’
e in zones 2 and 3:
’R,  2G R 2G
=—— (R -Ry), =—2=— R, —Ry), (18
o2 E-h-5(l 2) P Ehé‘(l 2), (18)

where f— coefficient friction of sliding steel on steel.
Consider a turbogenerator TGV-225-2. Let us sub-
stitute in the formula (17) such values as E=2:10° MPa,
6=0,3 mm, #=0,5 mm, / = 40 mm, G=79,3:10* MPa. The
number of layers selected for calculation is equal to
n=2;3;4. The calculation results are shown in Table 1.

Table 1
The maximum bending stress in the laminated core
n H, mm AR/AR, Tmaxo kH/m?
2 1.0 1.027 900
3 1.5 1.024 800
4 2.0 1.023 400

The solution of equations (17) and (18) shown later
(the first index — the number of the sheet, the second — the
number of the zone where bending occurs):
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where & — the elastic deformation of the sample, which
causes a voltage (it equals the ratio of change of the sam-
ple size after deformation to its initial size).

Most commonly the relationship between stress and
deformation is linear (Hooke's law): o = ¢'E.

The values of the coefficients of equations (19) can
be obtained from the condition that the deformation is
symmetrical, using the boundary conditions (20) and the
conditions at the zones boundaries of sliding (21):

%| ) :%|
20
OR4| _OR| . 20
ox x—é ox x—é ’
R11|Sl:R12|32; Ria|s2= Rig 2
R21|s1:R22|s1; Ryl s2=Raoa] s2-
aR1 1 6R12 Ry, 6R14
| |s1’ |s2 - |
(21
5R21 6Rzz ORy) 5R24
|31: " |s1; |s2: |32;

G
—g'(Rn ~Ry))|s1 =S p;

G
—5 (R ~Ryg)|s2= 1P
where o — angular deformation (rotation angle of a bar
cross-sections at a height y from the middle cross sec-
tion), degrees:
S - po
a-y=——-(l+2x))-x —
yY=F (I+2x1)x

i
A
fpo-S-A Mg 2 M

; -(L+2xlj+
;L'f 2

2G| Mg 2.7

LS TR0 oy + (22)

G E-h
+m[l A I+A xlj
G 4

X2 :i—xl.
2

From the side of the equation (22), which is indi-
cated by (=), we will find:

A-1+4 (2212 -16 26
+ +

42 164% fpo-6-7

From here the maximum width the zone of sliding o is

determined depending on the pressing pressure p, and the

amount of the angular deformation bend of laminated ele-

ment for a specific material, whose parameters are given
values of E, G, f'and dimensions of the steel sheets (H, 4, J):

H /11
R Y
G-H

1|22 -16
+—- T+
A 164 fpo-o
Let us substitute into the equation (23) the value of

x; = 0 to obtain the coordinates of the lower point of the
zone of sliding y, (Fig. 2):
-5
1+ —|
4

_Jfpo-9S
a-G

If yo > h/2, that the sliding of sheet is virtually ab-

sent, and angular deformation o can be determined in this

X =- ca-y . (23)

24

(25)

case as:
a=a, =2 P00 [ A1) (26)

G-H 4
where a,, — angular deformation (rotation angle of the n-th

plate in a section of the rod at the height y from the mid-
dle cross section), degrees.
We introduce auxiliary coefficients:

2G-H s
fepo-6- 2 1622
The total bending moment M(a:) for the two sections of
adjacent sheets does not depend on the position of the point

of consideration (does not depend on the coordinate x).
Moment depends only on the angular deformations a:

H/2
M(a)=2h-E- j[aRl asz-y-dy=

a=

Ox
H/2
=4h-E- £Bo yedy+ yIOBo y-dy |= @7
2
e AT (——yoj
+161§—.2po(3a-y—2b)-\/(b+a-y)3|ﬁ/2.
For continu:us a bar of the same dimensions:
M, :#-ao. (28)

If necessary to consider only the a and the angular
deformation of the system there is no relative sliding, the
bending moment in the angular area of deformations can
be calculated:

3
M(a):M-a. (29)

3(4+A4-0)
The relative increase in the flexural suppleness lam-
inated element can be calculated as the ratio of M(a) to
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M, (based on the presence of the insulation between the
sheets and the possible the relative sliding of the sheets):
a E-h-H g
oy 3-M(x)
If in (30) substitute the value of M(«) from (29), the
relative change in the flexural compliance laminated ele-
ment can be represented by:
21y i
Q Al
Therefore, the relative change in the flexural com-
pliance laminated element does not depend on a.
Conclusions:

1. The results of the calculation of the flexural defor-
mation of the laminated core of turbogenerator based on
the compliance of the insulating cover sheet active steel
are obtained. These calculations allow making a conclu-
sion that the flexural rigidity of the core in the glued cores
of turbogenerators decreases slightly, no more than 3 %.
Therefore the modulus of elasticity of glued laminated of
the core is reduced by no more than 3 % compared to
module of monolithic steel. In the not-bonded cores in
which interconnection is provided only the pressing of
sheets, stiffness decreases with increasing the flexural
deformation.

2. The selection of the compaction pressure of the
laminated core should be carried out based on the possi-
ble slip of sheets when vibration occurs, also taking into
account knowledge of strength the adhesive layer and
safe limits of relative sliding. Correctly selected com-
pression effort reduces the relative sliding of the sheets
in the package:

e the relative sliding of the laminated core sheets ex-
ists on the width not more than 2 mm (bs<2 mm) in the
joint area when pressure of pressing is pe>1 MPa and a
amplitude of radial oscillations of vibration that do not
exceed A< 20 mkm. The effect of relative sliding sheet
decreases a little the bending stiffness of the core in this
case, not more than 1 %:

o the relative sliding of the core sheets is practically ab-
sent in this range of vibrations and with compacting pressure
Ppo = 1,5 MPa. Accordingly, weakening the pression in the
core leads to an increase of vibration, to a reduce of the
bending rigidity, to a reduce of the bending rigidity, to an
increase of the relative sliding sheets (up to 10 mm), to an
abrasion of insulating coating of sheet active steel, to the
connection of adjacent sheets, to increased losses in the steel,
to heat until the «fire in the steel». Gluing laminated core
sheets reduces the impact of this phenomenon.

3. Due to the presence the struts of radial ventilation
the uneven pressure distribution arises after pressing,
which can be neglected. This can be done, because this
unevenness may be compensated in the glued packages
with the help of binder materials, a shift steel sheets in
packs without gluing only in a narrow region near the
joints sheets sufficiently wide range of pressures. Ventila-
tion spacers which establish beside the joints of sheets
support the local increase of the pressure and decrease the

(30)
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slip zone. If the spacers are installed far away from the
joints of sheets, they reduce the bending stiffness of the
core and they extend the relative sliding zone.

4. Wear insulating layer between sheets of laminated
core can be neglected, because:

e during the exploitation the pressure pressing cores
decreases, which reduces the intensity of wear of the insu-
lating layer;

e in areas where an insulating layer is erased, the
products of wear are not removed but accumulated, and
continue to perform the insulation function;

e during an operating process, the lacquer polymeriza-
tion process that isolates, is continuing, which increases
gluing of active steel sheets, increases the bending stiff-
ness, reduces the vibration.

5. As a result it can be concluded that the period of ex-
ploitation of turbogenerators may be not less than 50 years,
and not 20-25 years as previously thought, [4, 5]. This con-
clusion can be fundamental in determining possibility of
extending the time of exploitation of the turbogenerators.
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V.V. Budashko

INCREASING CONTROL’S EFFICIENCY
FOR THE SHIP’S TWO-MASS ELECTRIC DRIVE

Purpose. For shipboard lifting and transporting machinery (LTM) with AC thyristor electric drives (ED) the problem of minimiz-
ing sway through the formation of the special law to change the principle of ED control over the lifting process is solved. Meth-
odology. This goal was achieved through the following objectives: analysis of current studies on the reduction of the negative
effects of load fluctuations, fixed on the suspension with variable parameters; determining the criteria to optimize the movement
of the lifting mechanism and transfer control laws under which the load fluctuations are reduced; develop the methodology and
experimental study of the main characteristics of the mobile model ED lifting mechanism with its load suspended from the per-
spective of both the parameterization of the control system (CS) as well as elements of ED. For realization of tasks in research
methods of mathematical modeling of dynamic processes on the computer, structural methods of control theory, experimental
studies in the laboratory setting have been used. Results. Based on analysis of current research can be concluded that the stability
of the ED of LTM to the disturbing points provided coincidence zero electric coordinates and speed deviation diametric plane of
the vessel from the vertical position. Criteria for optimizing CS used by the ED LTM mathematical description of its dynamics
differential equations to the estimated coefficients derived from the functions of state variables. The experimental dependence of
dynamic equations of motion of an object under the influence of disturbing forces in the coordinate plane allowed to parameterize
characteristic equation to the form, providing the solution to sustainability since the motor shaft of LTM. The functional circuit
of CS eliminates the aperiodic components in the control in compliance with the criteria of sustainability and quality of transients
by applying all-range regulator coordinate characteristics of forcing overcoming the dead zone and increase electric resistance as
the dynamic object. Practical value. Completion of the complex research may find practical application in the ED of ship’s LTM,
which will improve their performance, decrease between the operating and maintenance simple. References 15, figures 9.

Key words: ship's two-mass electric drive, control system, load sway, mathematical modeling, improvement, adaptability,
stabilization.

Ha ocnosanuu meopemuueckux u npaKmuueckux uccied08anuil 08yXmacco6020 3NeKmponpusoda cyo0oeoii zpy306oii cucmemsl
pegdhpudricepamoprozo cyona, 6 pabome pewieHa HAYYHO-MEXHUYECKAA NPOOIEMA YCOBEPUIEHCINBOBANHUA CUCHIEMbL YRPAGIEHUA
IEKMPONRPUGCOOOM, HAXOOAULE2OCA NOO PAZHOGEKMOPHBIMU 603MyWenuamu. Pezynomamom evinonnennvix uccnedosanuii A6.1-
emcsa 00veounenue ypagHenuil, ORUCLIGAIOUIUX NEPEeMEU|eHUs ZPY3a MEXAHUSMOM NOObeMA PAMKU OepHCamens naien, 6 cuc-
memy oughpepenyuansnovix ypasnenuii ¢ KoIpduyuenmamu, 3aeucamjumu om Konebanuii cyona. B meopemuueckoi wacmu
CUHME3UPOBAHO MAMEMAMUUECKYIO MOOEb IIEKMPOMEXAHUYECKOI CUCHEMbl MEXARUZMA NOObeMd, YO NO360UN0 UCCIE0-
6amb CROCOObI MUHUMU3AUUU Y2108 PACKAYUBAHUA PAMKU 0ePHCAmeNn NANNem U 6DEMEHHBIX UHIMEPEAN0s, HEOOX00UMBIX 01
cmabunuzayuu nepemMeuienus zpy3a 06yXmaccobimM 31eKmponpuso0omM Mexanusma nodvemda, Ymo 0ai0 603MOICHOCHI KOCBEH-
HO UMNIEMEHMUPOGAMb CUZHAN, CEAZAHHDLI CO CHOXACMUYECKOI NPUPOOOT MOMEHMA KONeOanus CyOHa, HA KOOPOUHAMHYIO
naockocmy IneKmponpueooa nodvema. Takdce ycosepuiencmeosan u UCce006an CHOCOO NAPAMEMPUYECKON ORMUMU3AUUY
Mamemamuyeckoi Mooenu 1eKMmpoMexXanueckoil cucmemst 6 yynkyuu yena packauusanusa zpyza. Ha ocnosanuu onpeoene-
HUA CMPYKMYPbL U AN20PUMMOE PAGOMbl ROGbIMEHA IPPEKMUGHOCIb CUCHEMbl YRPAGIEHUA OBYXMACCOBLIM INIEKMPORPUBO-
00M MeXAHUIMA NOOBEMA C MOYUKU 3PEHUA YMEHbUIEHUSA 6PEMEHI CIAdunu3ayuu nepemewaemozo pysa. butn. 15, puc. 9.
Knrwouegvie cnosa: cyaoBoil IBYXMACCOBbIH 3J1eKTPONPHBO/L, CHCTEMA YNPABJIEHUs, PACKaYUBaHHe IpPy3a, MaTeMaTHYecKoe
MO/Ie THPOBaHHE, YCOBEPIIEHCTBOBAHME, AIAIITHBHOCTDb, CTA0M/IM3aLHUS.

Introduction. There are a number of ship’s lifting
and transporting mechanisms (LTM) on which thyristor
electric AC or DC drives are set: powerful overhead
cranes, conveyors, high-performance column cranes. For
such mechanisms tasks to minimize load sway can be
effectively addressed through the formation of special
laws for motor control, as the control system (CS) is built
by a flexible technology. Currently, there are a number of
solutions that reduce mechanical vibrations of the load
[1]. These solutions are intended to limit accelerations in
the transient and obtain a smooth change of the controlled
parameter. These solutions include the use of master of
intensity, utilization of filters on regulators outputs, the
introduction of feedback by derivative controlled parame-
ters, change of regulators gear ratios, regulation of start-
ing and braking time [2]. When using the mentioned
methods, significantly limit of load sway is achieved by
significantly increasing the time of transients of load
moving which reduces the performance of mechanisms.
There is a need for the development of such control sys-
tems for LTM electric drives the use of which will most

effectively limit load sway at high performance of the
electric drive and the possibility of flexible mechanisms
control using regression methods [3].

Investigations are carried out as a part of the re-
search state budget work «Concepts, technologies and
ways of improvement of ship power systems (SPS) of
combined propulsive complexes (CPC)» of the National
University «Odessa Maritime Academy» (state registra-
tion number 0114U000340).

Problem definition. For ship’s LTM a special oper-
ating mode is such in which there is need for change a
control principle during the load lifting process that con-
nected primarily with permanent effects of environment
on automatic control object (ACO). Moreover, when
ACO is meant a subsystem formed for the following con-
ditions: CS allows purposefully to change the controlled
variables at some regular intervals; targeted adjustment of
controlled variables is assessed by measuring in real time.
Accident-free flow of various technological, industrial
and transport processes can be achieved only when certain
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essential for these processes physical quantities are
changed in some way. Task of respect the position is to
provide practical change of the controlled value according
to specified action when subjected to perturbation on the
control process. In general, any automatic control system
(ACS) can be build from two functionally complete sub-
systems: ACO and a unit of automatic control (UAC)
interconnected in accordance with the control principle.

ACS performing anti-sway functions are divided
into two main groups: with closed and disconnected con-
trol circuits [4]. The first ones are based on the feedback
signal from the current load, angular deviation, the posi-
tion of the electric drive elements and its speed measured
by additional sensors. Systems with open circuit are using
the warning of the fact of the controlled parameter out the
limit and their operation principle is based on the attempt
to eliminate the error before it occurs.

At present there are different approaches to mitigate
the release of load that moves from the steady state. In [5]
they apply an intellectual approach to the input of the
signal generated to prevent the sway, the so-called com-
pensation method with derivative proportional the con-
trolled parameter. The same control principle using a neu-
ral controller based on the principle of compensation of
the uncertainty was proposed in [6]. Control based on an
observer was developed and tested in a real bridge crane
[7]. In [8], at the investigation of two-dimensional model
of the gantry crane with a PD fuzzy-controller they used
detention of the feedback signal with compensation of the
generated input signal of the error.

The aim of the paper is improvement of efficiency
of the control process of ship’s lifting and transporting
mechanism electric drive as an electromechanical object,
the most dependent on the position of the ship’s plane to
reduce the duration of operational downtimes.

To achieve the mentioned goal, in the work it is nec-
essary to solve the following problems:

e to analyze current investigations on reducing the
negative effects of load sways mounted on hanger with
variable parameters;

e to define criteria of optimization of control laws of
motion for mechanisms to lift and move in which the load
sways are reduced;

¢ to develop a technique of experiment and investigate
the basic characteristics of a moving model of the electric
drive of the lifting mechanism with hanging on it the load
from point of view of parameterization of both the ACS
and UAC elements;

¢ on the basis of investigations to offer a functional
circuit of the ACS for movement of lifting and trans-
porting mechanism working in synergy, and show the
positive aspects of the application of the CS followed
by the prospect of their integration into any techno-
logical process associated with ship handling and op-
erational modes changes.

The object of investigations is control processes for
two-mass electric drive of the ship’s handling systems.

The subject of investigation is structural circuits and
transformation of automatic controls of ship’s load lifting
AC electric drives.

Methods of investigations. For realization of tasks
in research we will use methods mathematical modeling
of dynamic processes on the computer, structural methods
of automatic control theory, experimental investigations
in a laboratory setup.

At this stage should be noted that the destabilization
of the LTM movement depends primarily on the mis-
match of control processes inside the ACS with other
technological process on the ship as the object influenced
by the environment. And if we consider SPS of CPC at
the dynamic positioning (DP) mode, to do not take into
account destabilizing factors is the right way to unre-
solved problems of load sway in general [9, 10].

Analyzing, for example, stability by Lyapunov, it is
first need to pay attention to spatial equations describing
the CS considering disturbing environmental factors af-
fecting the CPC. That is, we can state necessity to im-
prove Lyapunov methods because stability definition for a
dynamic system, which is the ACS excluding the impact
on it of the CPC behavior does not make sense [11].

There are many criteria for ACS stability but for
CPC in general and in particular for the SPS as con-
trolled objects a nonlinear transient structure that im-
poses restrictions on the application of these criteria for
the time invariant nonlinear ACS for ship’s character-
ized 1is characterized. Therefore, while the second
Lyapunov method, on the other hand, infringes on versa-
tility, and it is a prerequisite to analyze stability of
nonlinear dynamic ACS, accurate solutions of its appli-
cation is nothing to wait because they may be out of
reach, and obtaining a successful result can be a daunt-
ing task, even — unfulfilled [12].

The next is the fact that for stationary linearized
ACS inherent a problem of optimizing the gear ratios of
regulators while respecting all electric performance of all
electric drive as a part of the SPS of CPC. This is
achieved by successive iterative reduction of gear ratios
by the Lyapunov method typically using differential equa-
tions written in matrix form of linear inequalities to en-
sure the performance of electric drive [13]. Numerical
examples show that the method is effective at identifying
ACS controllers with too reduced gear factors that satisfy
typical limitation of the performance, and as the main
method, it can be extended to handle nonlinear ACS and
controllers [14].

Fig. 1 shows a fragment of a handling systems of an
upgraded refrigerated ship designed to guarantee parallel
to the main on the upper deck technological process of
pallet loading.
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Fig. 1. A pallet handling system of a refrigerator ship: 1 — hydraulic installation; 2 — mounted metal trolley structure; 3 — mounted
metal dispatcher structure; 4 — cage; 5 — additional low plate;

6-8 — side doors; 9 - manhole cover of the upper deck; 10 — manhole cover of the 2nd/4th deck; 11 — manhole cover of the 3rd deck;
12 — cable of the support network of left-hand assembly; 13 — cylinder bracket on the deck; 14 — tray for cable chain; 15, 16 — cable;
17 — hitch; 18, 19 — left and right trolley drives, respectively; 20 — power cable; 21 — cable fastening bracket; 22 — cable clamps;
23 — extra-heavy connector; 24 — cable input; 25 — hydraulic cylinder; 26 — anvil for sensor; 27 — axle; 28 — plate for blocking
the internal trolley position; 29-31 — washer of the drive attachment Drivebeam; 32 washer; 33 — hexagonal self-locking nut;

34 — cylinder block head screw

The movement of loaded pallets is characterized by
transient modes that depend on the behavior of the ship,
so to describe it control laws for the lifting mechanism
with smoothly variable acceleration were used. Identifica-
tion of the ACS of the LTM for the pallet as stationary is
possible with the assumption that the mass of the pallet is
constant furthering its movement, so requirements are
imposed to total time of the cargo operation.

The actual load oscillation is a very complex process
that for practical calculations can be replaced by harmonic
vibrational motion. The rate of vertical movement of the
load is large enough. It should be borne in mind that the
ship has the oscillatory motion with frequency usually
lower than the frequency of oscillation of cargo. As a re-
sult, the speed of movement of the cable will be equal to
the algebraic sum of the rates of movement of cargo and

cable fastening points.

Solving the first and the second problems based on
the equations of motion of a rigid body a system of equa-
tions for the determination of the relative vertical move-
ment of the suspended frame of the pallet holder of the
refrigerator ship’s LTM (Fig. 2) was composed. Since
such a parameter as ship’s weight is decisive in the tran-
sient CPC and SPS in particular, the parameters of the
loading electric drive can be neglected. In this regard ac-
count of ship’s oscillations, change of the SPS and CPC
parameters is generally carried out based on the use of so-
called DMI-model models of ships depending on tonnage,
disturbing factors and gear factors of regulators for all
modes taking into account the ship transition to another
operating mode.

36
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Fig. 2. A diagram of movement dynamics of the lifting mechanism: m, — lift carriage mass; Fr— total driving force; W — friction
force of the carriage movement; 7 — tension force of the perimeter cables; 75, 75 — tension forces of the transverse cables;
G, — gravity of the lift carriage; G, — gravity of the cargo restrainer (pallet); G; — gravity of the cargo (pallet);
¢, — carriage rotation angle; o, ¢, 05 p — angles between cargo and cables; 6,  — deviation angles of corresponding cables from
initial position; s — vertical distance between points of cables fixing and cargo center of gravity; b, , — distances between points
of cables fixing; a,, — distances between points of cables fixing and cargo center of gravity
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where T} = kx Al +Px 4i; is the tension force of the perimeter cables; & = .

is the cable stiffness coefficient; E is

nxd?

the absolute module of elasticity of the hanger material; S = x ¢ is the sectional area of the cable; d is the cable
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diameter; c fill factor of the cable section; Alj =/ -/ is the perimeter cables expansion; /; is the perimeter cables

length  during movement; [y is the
iy = (31 —x2) X () = %)+ (¥1 —¥2)x (1 — V2)
\/(x1 —x3)% + (3 - 12)?

cient of energy losses;

perimeter

Tz,T3 = kXAlz,Al?, +BXAi2,Ai3
Alz,Al3,A15,Al6 = 12513915316 _120’13071505160 is the

cables length in the equilibrium state;

— is the velocity of the perimeter cables length change; f is the coeffi-

is the tension forces of the transverse cables;

length  change of the  transverse  cables;

ly,l3,15,lg = \/(xz,s —xA’C,xB,D)2 +( —yA’C,yB’D)2 is the length of the transverse cables during movement; /, /30,

I50, lso is the length of  the

transverse
(2x(xy5—x4,0sXp.p)* (X2 5 =X 4,0:%p.p)+2X (V2= Vu.c>VB.D)*(V2—Ya.c-VB.D)

cables in  the cargo  equilibrium  state;

Aiy, iy, Ais, Aig =

2 2
2x \/(xz,s —X4,0:%,0)" +(2=Yac>VB.D)

is the velocity

of the transverse cables extension; G is the gravity of the cargo restrainer of the pallet; G, is the gravity of the cross

o . 14~ %14
bar; mj is the pallet mass; 0, = arctan| ———

X25=X25

(x2.4=x4,0)B.D=Yac)—(x4c—Xpp)2=Yac)

j is the deviation angle of the perimeter cables from the initial posi-

tion; o ,,0¢ = arcsin
b X l2

(x2.4=xp.c)Vac—ypp)—(Xp.p—X4c)¥2—VB.D)

] is the angle between the cross bar and

cargo; op,0p = arcsin
bxl3

ship’s plane and cargo; a; , =

J is the angle between the diameter

2
b
h? +[%J is the distance between the gravity center and cargo fixing points in the

carriage; A is the vertical distance between the center of gravity and points of cargo fixing in the carriage; b, , are the dis-

tances between points of carriage fixing; Wp = IOOOXEX pXxx36%cyxnxbyyxh is the friction force at the cargo move-

ment; p is the environment density; ¢ is the coefficient of the acrodynamic force account; # is the overload capacity.

For the synthesis of the model of a two-mass electric
lifting drive we used tools of three packages of the
MATLAB system: basic Simulink (controlling and infor-
mation channel with PID-regulator of speed) as well as
specialized Sim-Power Systems (virtual blocks of the
power channel) and Simulink Response Optimization
(channel of optimization of built PID-regulators). In de-
veloping the model the recommendations and general
approaches outlined in [12, 15] (Fig. 3) are taken into
account.
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Fig. 3. Computer model of the experimental facility
in Matlab Simulink

Below are functional purposes of block of the
model, in parentheses are parameters that are introduced
into the fields of windows of elements adjustment: M —
induction electric motor with squirrel cage (rated power,
linear voltage, frequency, active resistance and inductance
of stator and rotor windings, mutual inductance, moment
of inertia, number of pole pairs); M, — block of load set-
ting (the value of static torque); VS1...VS6 — thyristors of
the thyristor voltage regulator (TVR) included two in each
phase and connected back-to-parallel (resistance in the
open and closed states, voltage drop on the thyristor); AVS
— a system of pulse-phase control (SPPC) (network fre-
quency, width of control pulses); ST — block of permis-
sion (zero signal) or prohibition (single) to the SPPC op-
eration; Sub — subsystem forming required range of angles
to control TVR thyristors (minimum and maximum val-
ues); AC — three-phase AC power network (linear voltage,
frequency, resistance and inductance of the source); OF —
circuit breaker (resistance in open and closed states); AQF
— control unit for the circuit breaker (switch on by a single
signal, switch off - zero); UV — block of sensors of power
supply voltage for synchronization of SPPC operation
(linear or phase voltages); LF — three-phase current limit-
ing reactor for EMC of the electric drive and electric net-
work (resistance and inductance); ER — block of required
speed setting (the value of the signal and the time of its
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coming); Al — setter of intensity to limit the acceleration
of the drive (rate of increase of the signal of the set
speed); AR — PID-regulator of speed (proportional, inte-
gral and differential components, limitations of output
signal); UR — speed sensor to form a negative feedback
(gear ratio); MMD — block of controlled parameters ex-
traction (speed and torque of the motor); SRS — block of
optimization of parameters of PID-regulator of speed (re-
quired parameters of the transient); Scope — oscilloscope
for visualization of monitored parameters (number of in-
puts, modeling time); To Workspace — block of speed
values output to the working area for further processing
(controlled parameter indicator); SW — key switching the
model operation modes (numerical value of the function-
ing setup); ASW — key control block (single input signal
commutes top input, zero - bottom).

To process discrete numerical values of the experi-
mental speed characteristics taken from the working area
of the MatLab system and to determine factors of the
ACS transfer functions tools of the package Labview were
used. In our case the following values of factors were
obtained: by = 6.2334¢’, a; = 8726.8, a, = 0.98763¢,
a3 = 4.31234¢* — at approximation by the transient charac-
teristic of the 3™ order; K = 18, a, = 8.345¢”,
a; = 0.04567 — at approximation by the transient charac-
teristic of the 2" order.

The next step of investigations is determination of
dependences to calculate the components of PID-
regulator of speed by the gradient-less Powel method in
which computation of derivatives is performed by sim-
plified difference formulae which provides increased
speed of optimization. Appropriate formulae can be ob-
tained using classical technique similar systems with
subordinate regulation of coordinates taking into ac-
count the dependences (1).

For the third-order approximately, ignoring the part
of the polynomial of the denominator of the third degree:

a2 as — al
KP = . K[ = , KD - 5
acTuboKC aCTuboKC acTuboKC
1
Kp=—T—, K; = L Kp=— . (2)
acTHKKC acTuKKC acTHKKC

In the presented expressions K¢ is the coefficient of
the negative feedback by speed; T, is the time constant
taking into account operating speed of the TVR thyristors;
ac is the adjustable parameter of the speed circuit (stan-
dard value equals to 2). Calculated components of the
PID-regulator of speed are input to the adjustment win-
dow of the block AR parameters. At modeling of the
closed system TVR-IM we commutate the lower input by
the key SW. To obtain results of modeling without regula-
tor’s parameters optimization it is necessary to start the
process by the button of the model main window.

The main requirements for electric drives of lifting
mechanism based on the above analysis are: ensuring start
of lifting without an unacceptable shock in the cable, pro-
viding cable tension before the lifting, exclusion of re-

peated impact of the lifted load by ship. These require-
ments can be achieved in two ways.

The first way. The electric drive has two basic
speeds, low for the cable tension at the beginning of
movement (0.25-0.35 m/s) and high for the load lifting
equal to the average rate of the ship’s lifting in the direc-
tion of the load lifting or exceeds it. The high speed is of
1.5-2 m/s depending on the wavelength of the ship’s os-
cillation. The transition of the electric drive to high speed
the control system should carry out when the load will be
in the lowest point of the ship’s slope at the stretched ca-
ble. Here, the load begins to lift along with the beginning
of the lifting of the ship and, after a slack of the cable will
be chosen, continues to lift at a constant speed until the
time of the lift of the ship in the direction of the load
movement is over and if the following condition met

hO
v 21.3—, 3
I 7 (3)
where v, is the speed of the load movement, and

1.3h—0 ~1.
T

The adjustment range of speeds for lifting mecha-
nisms operating under this method should be 1/6+1/8.
Obviously, these mechanisms should be used for loads of
limited mass (less than 15 t) because at the increasing of
power of the electric drive the inertia of the system
increases.

The second way. Loading mechanism has a special
design with a cable or a mechanical differential and two
motors. One of the motors is traction, and another - speed.
Traction motor provides selecting the initial cable slack
with speed of 0.2 = 0.25 m/s, and then it switches to
maximum speed. At the same time high-speed motor
switches on connected to the mechanism by overtaking
clutch and click. Speed motor should ensure removing the
cable at speed of at least 24¢/T; — 0.5 m/s and acceleration
time when removing the cable idle no more than 7,/10.
After reaching the top point of lifting the ship the speed
motor stops and traction one continues to run at maximal
speed. This speed should be at least 0.5 m/s to avoid dy-
namic impact even when the ship lifting height will be
40 % above the previous height. Thus, the range of speed
control in this system is 1/2+1/3, and the speed motor can
be performed without the speed control device. System
with high-speed motor can be used for lifting any loads up
to several tens of tons. The disadvantage of such systems
is the complexity of the mechanism and low reliability
due to the fact that at fault of the handling device of the
speed motor the drop of cargo is possible.

Ships during loading and unloading operations feel
longitudinal and transverse pitching, period and amplitude
of which depend on the degree of agitation, and the de-
sign features of ships. Overload operations are carried at
vibrations only when they have reasonable parameters.
The sum of vertical displacement of the ship is within
2 = 5 m at the period of pitching 6 + 12 s. The condition
for safe landing of the load or its overload is to maintain a
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constant distance H, between the place of loading and
load at disconnected load lifting mechanism. The move-
ment of cargo relatively the ship's deck is described by
the complicated formula:
h():f(hl’h27h37tl9t2:t3’¢max’¢:¢)0’l)a 4)

where 4y, h,, h; are respectively the amplitudes of the
vertical ship’s displacement and the distance by height
from the LTM center of gravity to the ship’s center of
gravity; t,, t,, t; are the periods of corresponding ship’s
orbital movements; ¢,..., @, ¢ are the angles correspond-
ing the ship’s lurch with pallet restrainer, restrainer incli-
nation and phase shift of the ship’s pitching; / is the
length of the pallet restrainer boom over the ship’s board.

At such a complex movement of the load regarding
the ship's deck to maintain the stability 4, the mechanism
is complemented by a special compensating device as to
provide tracking using electric drive is practically impos-
sible. The implementation of such devices permits to use
for the described mechanisms usual electric drives com-
plemented by the necessary devices for ultimate protec-
tion and locking that prevent the movement of the load in
the danger zone with no surveillance. There are several
ways of reliable compensation of relative movement of
ships and cargo. The common feature of these methods is
the use of mechanical power sensor of automatic system.

Results of investigations. Fig. 4 shows the charts of
the speed of the electric motor using calculated coeffi-
cients of the PID-regulator for standard setting by uniden-
tified transfers function of the third (Fig. 4,a) and the sec-
ond (Fig. 4,b) order.

w, ls

5 éﬂ
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Fig. 4. Charts of the electric drive velocity at the system

approximation by transfer functions of the second ()

and the third (b) order

To adjust the components of PID-regulators by op-
timizing the transients it is necessary to run the model by
the button of the settings window of the optimization
block SRS (Fig. 3). After optimization we obtain the fol-
lowing results (Fig. 5,a,b).
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Fig. 5. Charts of the electric drive velocity at optimization
by speed for the second (a) and the third () order

In order to eliminate vibration processes in the elec-
tric drive by adjusting electric control algorithms that
ensure the stability of the process of movement of cargo
and to confirm the theoretical part, experimental investi-
gations were carried out on a laboratory facility the prin-
cipal diagram of it is shown in Fig. 6, and external view -
in Fig. 7.

w20V & - | (43
I

VDIV

{ ADbrake ADstan |
{winding  winding |

Fig. 6. Principal diagram of the laboratory facility: QF2, QF3 —
circuit breakers, CC — frequency converter; 4D — double-
winding induction motor; 7R — step-down transformer;

BE — electronic block; GSS — starting signal generator; UG —
rectifier; VD1-VD4 — rectifier diodes to supply the braking coil;
VS1-VS6 — power thyristors; R — resistor setting the braking
torque; R18 — resistor setting voltage on the /M windings;
1841 — control methods switch

Fig. 7. External view of laboratory facility: 1 — frequency
converter; 2 — double-winding /M; 3 — oscilloscope; 4 — current
sensor; 5 — load current adjustment

Fig. 8, 9 show graphs of transients before and after
optimization of electric drive control laws on the basis of
above theoretical material.

The results of mathematical modeling in MatLab
Simulink and experimental investigations on laboratory
facility confirmed the basic theoretical principles
initiated.

Conclusions. In the work solution of actual scien-
tific and technical problem of improvement of efficiency
of control process of electric drive of ship’s lifting
mechanism is carried out. The essence of the research is
theoretical generalization of disturbing effects on the
movement of the loaded pallet in the most dependent on
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the position of the ship plane that essentially define the
non-linearity of electromechanical object behavior, thus
reducing duration of operational downtimes.
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of the /M before optimization
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Fig. 9. Dependences of the rotating frequency and current
of the /M after optimization

Scientific results, conclusions and recommendations
are as follows:

1. Based on analysis of current research it can be con-
cluded that the stability of the electric drive of the lifting
mechanism to disturbing torques is provided at the condi-
tion of coincidence of zero value of electric drive’s elec-
tric coordinates and speed of deviation of ship’s diametric
plane from the vertical position.

2. Criteria for optimizing control system of lifting elec-
tric drive are used by mathematical description of its dy-
namics by differential equations with calculated coeffi-
cients derived from the functions of transients.

3. The obtained experimental dependences of coeffi-
cients of equations of dynamic object motion under the
influence of disturbing forces in the coordinate plane
allowed to parameterize characteristic equations to the
form providing the solution of the stability problem of

the torque on the shaft of the lifting mechanism electri-
cal motor.

4. The developed functional diagram of the automatic
control system eliminates the aperiodic components in the
control law in compliance with the criteria of stability and
quality of transients by applying the regulator for all
modes of coordinate characteristics with forcing of over-
coming of the dead zone and increasing the stability of the
electric drive as a dynamic object.

5. The carried out complex of investigations may find
practical implementation in electric drives of ship’s lifting
mechanisms that will improve their performance, de-
crease operational and maintenance downtimes.
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THREE-PHASE ENERGY SUPPLY SYSTEMS SIMULATION
FOR THE TOTAL POWER LOSSES COMPONENTS ASSESSMENT

Purpose. The goal is to optimize a structure of Matlab-model of the three-phase energy supply system with power active filter. The
mathematical model that describes the energy supply system modes of operation which contains additional losses is proposed.
Methodology. We have applied concepts of the electrical circuits theory, mathematical modeling elements based on linear algebra
and vector calculus, mathematical simulation in Matlab package. Results. We have developed two models of three-phase energy
supply system. The first one is based on a vector representation, and the second one on the matrix representation of energy
processes. Using these models we have solved the problem of maintaining unchanged the average useful power for 279 cases of
energy supply system modes of operation. Originality. We have developed methods of mathematical analysis of a three-phase
energy supply systems with polyharmonic voltages and currents in the symmetric and asymmetric modes. Practical value. We
have created Matlab-model of a three-phase energy supply system with automated calculation of a correction factor. It allows
reducing more than one order the time for energy processes elucidation in multiphase systems. References 11, tables 1, figures 13.
Key words: energy supply system, power active filter, the minimum possible losses, total losses power, three-dimensional
complex vector, Matlab-model of the three-phase energy supply system.

Lenw. ILenvio cmamvu asnsemca onmumusayus cmpykmypol Matlab-mooenu mpexgaznoii cucmemsl 31eKmpocHadHceHus ¢
CUIOBLIM AKMUGHBIM DUALMPOM C HOMOWBIO MAMEMAMUUECKOU MOOenU, ONUCHIGAIOUIEI DPEeMCUMbL PAdOMbl CUCHIEMbL
INEKMPOCHADIHCEHUA, 6 KOMOPHIX G03HUKAIOM O0nonHumenvHvle nomepu. Memoouka. /[na npoeedenus ucciedoeanuil
UCNOIb306ATIUCH NONONHCEHUA MEOPUU INEKMPUYECKUX Uenell, TIeMeHmbl MAMEMAMU4ecKo20 MOOeIUPO6anus, 0CHOGanHble HA
JIUHEHNHOU anzedpe U 6eKMOPHOM UCHUCTIEHUU, Mamemamuyeckoe moolenuposeanue 6 nakeme Matlab. Pe3ynomamoi.
Pazpabomanvt 06e modenu mpexghasnoii cucmemot I1EKMPOCHAOIHCEHUA, NEPEA, OCHOCAHHAA HA 8EKMOPHOM NPEOCHasieHUU,
a emopas Ha MAMPUYHOM RPEOCMABIeHUU IHEPZEMUUECKUX NPOUECCO8, C HOMOWbIO KOMOPHIX Oblia peuiena npoonema
nooodepicanus HeU3MEeHHOU CpeoHell NOIe3HOU MOUHOCIU HAZPY3KU 0 279 ciyuaes padomosl cucmemsl I1eKmMpoOCHADICEHUA.
Hayunasa nogusna. Ilonyuunu danvheituee pazsumue memoosl Mamemamu4eckKozo aHAIU3A Peicumos pabomsl mpexgpasnpix
cucmem INEKMPOCHAOHCEHUA C NOJUSAPMOHUYECKUMU HANPANCEHUAMU U MOKAMU 6 CUMMEMPUYHDBIX U HECUMMEMPUYHDIX
pexcumax pabomel. Ilpakmuueckoe 3nauenue. Co3oana Matlab-modens mpexgpaznoit cucmemvl INEKMPOCHADIHCEHUA C
ABMOMAMUZUPOBAHHBIM PACUEMOM HORPABOUHO20 KOIPduuuenma, no3eonawouian 6onee uem Ha NOPAOOK COKPAMUMDb 6DeMA
071 UCCIe008aAHUA IHEPZEMUYECKUX NPOUECCO8 8 MHOZOazHbIx cucmemax. bubn. 11, puc. 13, Tabm. 1.

Knrouesvie cnosa: cucreMa 3J1eKTPOCHAOKeHHS, CUJIOBOI aKTUBHBINA (UILTP, MUHUMAJILHO BO3MOXKHbIE MOTEPH, MOUIHOCTH
CYMMAapPHBIX OTEPb, TPEXMEPHBIH KOMILIEKCHBIH BeKTOp, Matlab-moaesis TpexdasHoii cucTeMbl 3J1IEKTPOCHAOKEHUS.
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Introduction. Understanding the operation of three- e S
phase energy supply systems (ESS) allows professionals @ Q ‘ dey By b e B —
in the field of power electronics to solve a number of ol \ ) Line e i el
problems related to the electromagnetic compatibility of _® e SR e ::” iy P | f%
electric power consumers from the industrial network as e / ree : _ ' - |
well as increasing the energy efficiency of such systems. "@ = —= ©
Complex solution of problems presented in the current Scurce o ol
conditions based on the use of the active filtering means - N N X
power active filters (PAF). In the systems of energy

supply of communal consumers, industrial plants, electric
vehicles adaptation of PAF of parallel type is increased PAF

[1, 2]. Despite the simplicity of the power circuit which is Fig. 1. Equivalent circuit of the three-phase ESS with PAF
a three-phase voltage inverter on the transistor modules,

PAF are complex dynamic systems able to adapt to
changes in the configuration and mode of operation of
three-phase ESS. The feasibility of using PAF to reduce
the losses in the ESS [3, 4] is due to the possibility of a
preliminary assessment of the total power losses in the
system before and after it is connected. The simplest way
to perform such an assessment is a computer simulation
of a three-phase ESS with PAF. This paper describes how
to create a computer model to investigate diversity of
power modes of the three-phase ESS with minimal time
overhead.

A complicated extensive three-phase ESS can
be replaced by a simple equivalent circuit shown in
Fig. 1 [5].

The scheme consists of three parts: a three-phase
sinusoidal power source of sinusoidal (or nearly
sinusoidal) voltages Source, a three-phase load Load and
connecting cable line Line with resistance linear wire R
and neutral wire resistance R,. The three-phase load in the
circuit of Fig. 1 may be any of: resistors, reactors,
capacitors batteries, nonlinear consumers, current and
voltage sources as well as the possible combinations of
the elements listed. It should be noted that the inductances
L and L, of the cable line in the equivalent circuit are
transferred in the load. Depending on the nature of the
load and the operating mode of the ESS three power
transmission modes are available: direct — energy is

© D.V. Tugay
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transmitted from the source to the load, reverse — the
energy is transferred from the load to the source, and
mixed mode - in the period of recurrence it is possible to
combine the first and the second modes. After the
contactor S4 switch on, the power active filter (block
PAF) is connected parallel to the load.

In [6] a universal formula to determine the total
losses power in the three-phase four-wire ESS through its
components is proposed

AP =208 _
Pusf
=APpin+ + APpu,S* + APq* + AP« + AP, i+ =
(1
= Alnin = + Alyda B = const,

where AP,,;,~ is the relative minimum possible power
losses determined by the absence of pulsations of the
instantaneous active power and the vanishing of the
instantaneous reactive power in three-phase ESS; AP+
is the relative components of additional power losses due
to the transient component of the instantaneous power of
the three-phase ESS; AP« is the relative component of
additional losses power due to the instantaneous reactive
power of the three-phase ESS; AP, is the relative power
losses in the neutral conductor calculated in the period of
repeatability caused by current flow in the neutral wire;
AP, is the relative component of additional losses
power due to the mutual influence of the electromagnetic
processes in the phase conductors and the neutral wire of
the three-phase ESS; AP, 44+ is the relative additional losses
power; P,y is the average calculated in the period of
repeatability useful load power the amount of which in
the course of the experiment must be kept constant.

Calculation of the total power losses components is
based on the concepts of modern theories of instantaneous
active and reactive power [7-9] on the nature of the
electromagnetic processes in three-phase ESS and
algorithms of PAF control using matrix transformations
of these theories. In the simplest case, if we consider the
ideal active filter (with zero internal losses) then when it
is connected to the three-phase ESS total losses in the
system will be equal to the lowest possible, i.e. the ESS
will operate with the highest possible efficiency [10]

1 1 1
77max=E+ Z_k_, 2)
se
kg = Psc/Pusf 3)

is the ratio of power of the three-phase resistive short
circuit of the ESS to useful load power.

In above-mentioned publications [5, 6] it was shown
that the validation of (1) is possible using the Matlab-
model of three-phase four-wire ESS which has properties
of universality and allows the calculation of power losses
components at different modes of the ESS. Combinations
of modes of three-phase voltage source, the nature of
three-phase load, the neutral conductor resistance value
and direction of the energy flow in the line wires allow to
obtain 288 ESS variants, while in 279 ESS variants there
are additional losses described by (1). The authors [5, 6]
were able to check about 30 ESS variants, the

investigation of which confirmed the validity of (1) but
was associated with significant time-consuming.

This work is dedicated to the creation of a universal
Matlab-model of the three-phase ESS and optimization of
its parameters for an accelerated assessment of the power
losses components in any of the 288 possible ESS
variants.

The structure of the three-phase ESS model.
Optimization of the structure of the Matlab-model of the
three-phase ESS may be carried out at the transition from
the circuit on Fig. 1 to the equivalent circuit of Fig. 2.

]
Usa Ua H .
» /_r\:\ S’.L—"l Al da Rs g s kr Ry
\_/ I — Ui

Ut

o}

/TB
-\ e

N

©

Hse

-~

Source

Fig. 2. Equivalent circuit of the three-phase ESS

The three-phase voltage source in this circuit
consists of two series-connected sources - symmetrical
sinusoidal voltage source uy,, Uy, U, and additional three-
phase voltage source u,, up, u. which is connected to the
ESS by opening the bypass contactor SU. With the
additional power source it is possible to specify amplitude
or phase asymmetry as well as the addition of the higher
harmonic components to the range of supply voltage. The
three-phase load is modeled by two blocks - a
symmetrical three-phase resistive load kR, and regulated
three-phase current source j,, j, j. Which is connected in
parallel with the symmetrical resistive load after SJ
contactor closing. Regulated current source provides in
linear conductors the necessary current shape that will fit
any linear or non-linear load with balanced or unbalanced
phases load. The proportionality factor k& which is
multiplied by the active resistances of all three phases is
necessary to maintain a constant value of average active
useful power of load P,y = const as follows from (1) when
making a particular disturbance in the system, and its
definition is a separate problem.

Setting variable coefficients that determine the
operation mode of the three-phase ESS. We return to
the ESS equivalent circuits on Fig. 1 when the contactor
S4 is open and replace it with a simplified diagram shown
in Fig. 3 explaining the cause of the power loss
components in accordance with (1). Electrical quantities
and parameters in the circuit of Fig. 3 are shown in the
vector notation. The circuit consists of a voltage source
the phase values of which are described by the

—_—

vectoru =k, oug +u, ok, -s,, resistance of the

line Ry -v, complex linear load resistance for the i-th
harmonic component of the current which is described by

—_— -

the vectorzy; =k;-R; -k, +j~(xll~ -k, +x§l~ -v), and the
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current source modeling the nonlinear load described by

the vector k ; oj-sj.

_ —_
_ _ zu = krRrka + j-(xiketxsivo)

RsT Line s “Iﬂn

1 7 —

E‘= ku e EK + Lins © kunSu
A

(W]

Fig. 3. Simplified circuit of the three-phase ESS for the
parameters setting

In Fig. 3 the following notation is used:
e the 3D complex vector of phase symmetrical
sinusoidal voltages

U, -e/®
7]2771 Qsa
ﬁs =|U-e 3= st > 4
4n
-5 Y
U e 3 Sc

where U; is the RMS phase voltage of the symmetric
source;

e the 3D complex vector of phase voltage of the
additional three phase source of non-sinusoidal voltage

i(Ul ,ej'(puai )2

i=2

(Ul__ej'(Pubi)z — Qb , (5)

(Ui . ej'(Puci )2

where U; is the RMS of the i-th harmonic component of
phase voltage of three-phase non-symmetric source, n is
the number of higher harmonics in the voltage range; @,;,
Qupi» Puei are the phases of corresponding i-th harmonic
components of phase voltages; s, is the coefficient taking
two values 0 or 1 depending on the switch SU position in
Fig. 2;  is the operator of element-wise multiplication of
elements of vectors and matrices (Hadamard product);

e the 3D complex vector of phase currents of the
nonlinear load

<)
Il

C LQ

ns

I

2

1

I Piai
Ji .e iai

<!
1]

— —
~

T ®ipi _
Jl--e b = Jb

(Ji ,ej'(Pici )2

) (6)

I

l
[N

where J; is the RMS of the i-th harmonic component of
the phase current of the three-phase nonlinear load;
Qiai» Pivi» ©ic; are the phases of corresponding i-th
harmonic components of phase currents; s; is the

coefficient taking two values 0 or 1 depending on the
switch SJ position in Fig. 2;
o the 3D complex vector of linear load resistances

_ ' )
kl 'RZ 'kaa +J- xli‘kra"_xsi

. /
kp-Ry-kop +j -\ -k + x| =

ELi =
. /
kl 'Rl 'kac + 7 X 'krc + X
S )
Zpgi-e | 1 Zy,
— ZLbi Lol i | = ZLb ,
ZLC[ e P ZLC

where x;; are the reactances for the i-th current harmonic;
X, is the reactance of the cable line for the i-th current
harmonic reduced to the load reactance; Z;,;, Z;pi, Z1ci are
the modules of the impedance of linear load phases for the
i-th current harmonic; ¢,,, ©., .. are the phases of
corresponding impedances;

e the 3D wvectors which store information about
coefficients of amplitude asymmetry of the voltage source
and non-linear load current, phase unbalance of active and
reactive load as well as the value of the corresponding
harmonic component of the input voltage range and a
non-linear load current

by =lha ko kel 8)
kun =euna Kt Kune]” ©)
E=loe o ke (10)
ko =lkaa kap Facl (1
L P P (12)

e the unit vector
v=[ 1 1], (13)

By setting the values of s, s; factors and elements of
vectors (8) — (12) it is possible to simulate any of 279
modes of operation of the three-phase ESS and calculate
the components of the total power losses. To summarize
the results of the calculations we assume that the values of
the elements of the vectors in (8), (11) are linked by a
common regularity

k2 +kf +k2=3. (14)
The coefficient of the phase A k, remains unchanged

and equal to 1, then
k, =const =1

ky, = var = 0..42

k, =y2-ki =+/2..0

We assume that the values of the elements of the
vectors in (9), (10), (12) subject to other regularity
kj, = var = 0.2
kg =ke=kp
Regularities of change of vector elements values
(15) and (16) will be used later to summarize the
simulation results for different operation modes of three-
phase ESS. Note that these ratios may vary in any
arbitrary manner, and the selected regularities (15) and
(16) represent the most characteristic changes influences
of the three-phase ESS parameters on the total losses.

(15)

(16)
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Fulfillment of the condition P,; = const at the
three-phase energy supply system modeling.

Model representation in the vector form. Changes
in the parameters of the elements of the equivalent circuit
of three-phase ESS changes the value of the average
active useful load power. Returning its initial value, as
previously mentioned, is carried out by varying the
coefficient k. Obtaining the analytical expressions for
determination of &; is a difficult problem. It is easier to use
the software for calculations. For automated calculation of
the coefficient k; it is necessary to build the equation for
the useful load power as shown in Fig. 3. There are two
forms of this equation — in the vector and matrix form.
We consider the first method.

We use the method of the current superposition. In
the circuit of Fig. 3 we leave the voltage source. We
define the vector of three-phase ESS conductivities for the
i-th current harmonic

- 1

Yi=———F—=
! ZLl"‘rRS'V'

(17)

The total conductivity of the three-phase four-wire
ESS for the i-th current harmonic
- = p-l
Vsi=Vi-V+R, (18)
We write the dependence for the neutral voltage
displacement for the main harmonic of the three-phase
voltage source

Up :fl'J’s_ll'(ﬁs”;u)_ (19)

Vector of partial currents created by main voltage
harmonic of the linear source in the ESS linear wires
lg) = (ﬁs -Uy .Q)OJ—}I ) (20)
If the higher harmonics (coefficient s, = 1) are in the
input voltage curve, the procedure for calculating the
vectors of the partial currents created by the three-phase
voltage source must be repeated for each harmonic
component using (7), (17) — (20). The total vector of the
partial currents created by the three-phase voltage source
in the ESS line wires in this mode is described by the
relation

I = (l?a)z +Z(;ez)z , 1)

where i,; is the partial current vector of the i-th harmonic

component in the circuit with three-phase voltage source.

In the circuit of Fig. 3 we leave the current source
pre-shorting the voltage source, and define the vector of
partial linear load current in the circuit with three-phase
current source

1 ai S

J. . Y ) R _e.j‘((piai+(|)yai))2

i=2

i=2

i(.]i Y- Ry 'ej'(‘Picz“Pyci))z ’

i=

Larj
(;Lji )z =Ly
2 1

=clj

. 2
iLj = (Jl ’ Ybi . Rs . ej.((pibi+(pybi)j o

1
_ ==

(22)

NS}

_

o
\??‘l
Il
‘MS

1

where Y, Y, Y, are the modules of total load phase
conductivities for the i-th current harmonics; @4, Qypi, Qyei
are the initial phases of corresponding conductivities.

We find the vector of partial current created by the
three-phase current source in ESS linear wires by the first
Kirchhoff law

(23)

We determine the current vector in the linear load

circuit
- -2 (=
Iy =4\le) + i) >

and find the voltage vector on the load terminals

n n
up = \/(;el °Z[1 )2 + z<;ez °Zy; )2 + Z(iji ° Eu)z -(25)
i=2 i=2
Average active useful power

By = R( AT+ P07 j -
:Re(ﬁL (A% _2.<jo;Lj)j

Model representation in the matrix form. Vector
form for three-phase models of ESS has some
disadvantage manifests itself at polyharmonic shape of
the supply voltage. With this it is difficult to describe the
mutual influence of the higher voltage harmonic
components of the three-phase source and higher current
harmonics flowing in the non-linear load phases. In such a
case it is convenient to use the matrix form of the model
description.

Let's set the voltage at the three-phase source
terminal by the matrix size nx3

Ua Up Uy
W @
U, U

n —cn

iSj =J_iLj'

24

(26)

Qan
Similarly, we write the matrix of the three-phase

current source

laZ Iy Je2

i=l . (28)

lan lbn lcn

Separately, we define a matrix of complex load
impedances for the three-phase voltage source currents
and three-phase current source
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Zaul  Zbul  Zcul
2, =| . a 29)
Zaun  Zbun  Zcun
Zaj2  Zbj2  Z¢2
zj=| ! : : (30)
zajn ijn zcjn
We express the complex matrix of phase
conductivities for three-phase voltage source currents
Mll
Yo e R, (31)

where M, is the matrix of states size nx3 whose rows are
taking the unit values in the case of presence of
corresponding harmonic components in the range of the
three-phase voltage source.
We write the vector of total complex impedances of
the three-phase four-wire system
Vs =Yu VR, (32)
We represent the current in the neutral wire due to
the higher harmonic components multiple three of the
three-phase current source, as a vector of the length n
1?3] =jo . h
Rs+3-R, +z;
The displacement voltage at the neutral at
polyharmonic supply voltage and polyharmonic current is
represented as a vector of the length n
g =TV Ry
Vs
The line currents matrix in the circuit with three-
phase voltage source

(33)

<

(34

. ~ =T

leZ(“—MO'V )"Yu. (35)
Using matrix relations (28) and (30) we express the

partial currents of the three-phase current source,

respectively, in the load and linear wires

Rs
ip;=jo , 36
Li ] RS+Zj ( )
ig=i—iy- (37)

We determine total line current and total current in
the linear load phases

i =i, —igj, (38)
ip, =i +i 39)
And find the voltage on the load terminals
up, =ipozy +ipjez;. (40)
Average active useful load power
Pug = e oo WM vy

Both described models allow to relatively simply
calculate the value of the correction factor k; returning the
original value of the average load useful power even

when using standard MathCad tools (Given block and
Find function). After that it is possible to determine
components of the power losses and the comparison of
calculation results at ESS different modes of operation.

As an example, we consider a three-phase ESS with
a ratio of three-phase power of resistive short circuit to
load active power k. = 20. The RMS of the phase
sinusoidal voltage of the three-phase symmetric source Uy
= 220 V. If the useful load power at the mode of
minimum of losses equal to P,y = 400.1 kW, then R, =
0.01815 Q, R, = 0.3256 Q. According to (8) - (12) we
consider separately 5 modes of ESS operation, each of
which is caused by one factor influencing the occurrence
of additional losses:

1. Voltage unbalance.

2. Resistive load unbalance.

3. Symmetric active-inductive load at ¢, = 15° (L =
=0.2777 mH).

4. Higher harmonics in the supply voltage curve (odd
harmonics whose amplitudes vary inversely their serial
number U, /n, where n=2i-1,i=2,3...19).

5. The symmetrical non-linear load resulting in the
higher current harmonics (odd harmonics, the amplitudes
of which vary inversely their serial number
U,/(n(Rs+Ry)), where n=2i—1,i=2,3...19).

Changing the ratio k;, by (15) or (16) determine the
alteration of the corresponding known power indicator:
asymmetry coefficient by reverse sequence K,, the power
factor cosp, THD of voltage THD, and current THD,;.
Fig. 4 illustrates the relationship of these power indicators
with regularity of &, factor changes.

Fig. 5 shows the dependences of the correction
factor k; on the k; factor which sets the pattern of changes
of the asymmetrical operation mode of the three-phase
three-wire ESS by (15). The values of the coefficient £; at

ky =0 and at k = 2 correspond to the three-phase ESS

emergency operation mode at breakage of the line wire.
The value of the coefficient ; at k, = 1 corresponds to the
three-phase symmetrical operation at which the total
power losses are equal to the lowest possible power
losses.

! K —
0,9‘“’%“p y —
o5 ZD: coso v
0-7 // L
0.6 THD: < //
0.4 \ > —

/ / THD.
0.3 =
o < /
kv
0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Fig. 4. Dependence of power indicators vs coefficient k,
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Fig. 5. Dependences k; = f(k;) for three-phase ESS unbalanced
modes: 1 — three-phase source unbalance;
2 — resistive load unbalance

Fig. 6 shows the dependence of the correction
factor k; on the k, factor which sets the pattern of
change of power factor and amplitudes of voltage and
current higher harmonic of the three-phase four-wire
ESS at R, = R, by (16).

Additional power losses determination. Deviation
of the operation conditions of the three-phase ESS from
the conditions in which the power losses correspond to
the minimum possible value, leads to additional losses
[10]. Developed mathematical models allow us to
calculate the value of power the additional losses in any
of 279 modes of operation of the three-phase ESS. Fig. 7
shows the dependences of the relative, as a fraction of the
average load useful power, power of additional losses on
the k; factor for five considered ESS modes of operation.

ki 3
14 //
13 4
Je(heuns) /
12 4
1.1 // "on)
/ i
T L kille)
“"---....___-\__‘_“- %\_ 2
0.9 —~—
1\‘ | ke
0.8
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Fig. 6. Dependences k; = f{k;) at: 1 — active-inductive load; 2 —
symmetric nonlinear load;
3 — three-phase voltage source higher harmonics
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Analysis of the dependences in Fig. 7 shows that
additional power losses in three-phase ESS at k,. = 20 can
range from a few tenths to a few percent of the average
load useful power. The three-phase ESS with non-linear
load have the smallest power efficiency. A combination
of factors causing additional losses decreases energy
efficiency of three-phase ESS.

Analytical data obtained on the developed model
(27) — (41) for five of considered cases are presented in
Table 1.
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Table 1

Calculation of correcting factors and power indicators for five operation modes of the three-phase ESS

Mode 1 Mode 2

kb

Mode 3 Mode 4 Mode 5

klu KZU APadd* kla K2I APadd* klr

cosQ | APuyg+ | ki |THD, | APaq+ | Ky | THD; |AP 4

0 10.8028]0.522 | 0.0137 |1.6551|0.522 |0.01612| 1

1 0 1 0 0 1 0 0

0.1 {0.8324]0.462 | 0.0112 |1.4839| 0.462 |0.01251|0.9993

1 10.00004(1.0021| 0.047 {0.00005{0.9997| 0.041 |0.0003

0.2 {0.8608]0.407 | 0.009 [1.3576|0.407 | 0.0096 |0.9971

0.999 {0.00016|1.0084| 0.094 | 0.0002 |0.9989 0.082 |0.0011

0.3 [0.8877]0.354 | 0.0071 [1.2615| 0.354 | 0.0072 |0.9935

0.997 10.00037|1.0188| 0.141 | 0.0004 |0.9975| 0.123 |0.0024

0.4 10.9129]0.304 | 0.0053 |1.1868| 0.304 | 0.0053 |0.9883

0.994 {0.00066|1.0336| 0.188 | 0.0007 |0.9957| 0.164 |0.0044

0.5 10.9359] 0.254 | 0.0038 |1.1282| 0.254 | 0.0037 |0.9816

0.991 0.00104|1.0526] 0.235 {0.00101{0.9932| 0.205 |0.0068

0.6 {0.9564| 0.206 | 0.0025 |1.0824 0.206 | 0.0024 |0.9733

0.987 10.00153|1.0759] 0.282 {0.00134{0.9902| 0.246 |0.0099

0.7 10.9738]0.157 | 0.0015 |{1.0473| 0.157 | 0.0014 |0.9634

0.983 10.00212{1.1037| 0.329 |0.00164|0.9866| 0.287 {0.0135

0.8 [0.9875]0.107 | 0.0007 [1.0218|0.107 |0.00064 |0.9516

0.978 10.00284|1.1359| 0.367 | 0.0019 |0.9825| 0.328 {0.0178

0.9 10.9966| 0.055 | 0.0002 [1.0058|0.055 [0.00017{0.9378

0.972 1 0.0037 |1.1726] 0.423 | 0.0021 |0.9778| 0.368 |0.0227

1.0 1 0 0 1 0 0 0.9219

0.966 | 0.0047 | 1.214 | 0.47 ]0.00213{0.9725| 0.409 |0.0283

1.1 {0.9958]0.061 |0.00023|1.0071| 0.061 |0.00021 |0.9035

0.959 10.00595| 1.26 | 0.517 | 0.0021 {0.9665| 0.45 |0.0345

1.2 {0.9808|0.133 | 0.0011 |{1.0338(0.133 | 0.001 |0.8825

0.95210.00743|1.3109| 0.564 | 0.0019 | 0.96 | 0.491 |0.0415

1.3 10.9479] 0.227 | 0.0031 |{1.1008| 0.227 | 0.0029 |0.8581

0.944 10.00922{1.3665| 0.611 {0.00156|0.9525] 0.532 {0.0494

1.35 | 0.918 [ 0.293 | 0.0049 |1.1731|0.293 | 0.0049 |0.8445

0.94 (0.01027{1.3962| 0.634 |0.00135| 0.949 | 0.553 [0.0536

1.38 |0.8901| 0.35 | 0.0069 |1.2538| 0.35 | 0.007 |0.8358

0.93810.01095|1.4145] 0.648 | 0.0012 [0.9466| 0.565 |0.0562

1.4 10.8608| 0.407 | 0.009 [1.3576|0.407 | 0.0096 |0.8298

0.936 10.01144| 1.427 | 0.657 | 0.0011 | 0.945 | 0.573 | 0.058

1.41410.8028| 0.522 | 0.0137 |1.6551|0.522 | 0.0161 [0.8254

0.93510.0118 | 1.436 | 0.664 [0.00101{0.9438| 0.579 |0.0593

Three-phase ESS Matlab-model. In accordance
with the equivalent circuit of Fig. 2 and matrix
mathematical model (27) — (41) a Matlab-model of the
three-phase ESS shown in Fig. 8 was created. It differs
from the previously developed models [5, 6, 11] by the
presence of optimized load structure which is divided into
a symmetric resistive load and a adjustable symmetrical
three-phase current source and a block of automated
calculation of the correction factor 4; (kl Calculation). The
model allows at setting the values of the elements of the
vectors (8) — (12) without an operator to automatically
calculate the coefficient &; and calculate the values of the
total power losses components taking into account the
calculated ratio.

The Matlab-model consists of:

1. the power circuit configured by Fig. 2 and included:

e the three-phase source of symmetric sinusoidal
voltages Usa, Usb, Usc;

e the three-phase source of non-sinusoidal voltages
Ua, Ub, Ug;

o the symmetrical resistive load Rla, Rlb, Rlc;

o the three-phase current source Ja, Jb, Jc;

e the active resistances of the four-wire line Ra, Rb,
Rc, Rn;

o the power active filter configured on three adjustable
current sources SAF.

2.the current and voltage sensors connected to the
model’s power circuit.

3. the subsystems of the measured data processing:

o the subsystem of the total power losses components
calculation by (1) Calculation 1 (Fig. 9);

o the Subsystem of the total power losses components

calculation in p-q-r coordinates Calculation 2 (Fig. 10);

e the subsystem of load useful power harmonic
composition calculation Calculation 3;

o the subsystem of the total power losses components
calculation by coefficients of direct, reverse and zero
consequences Calculation 4 (Fig. 11);

e the subsystem of calculation and indication of
measured information on instantaneous values of
electrical quantities and three-phase ESS parameters
Measurements 1;

e the subsystem of calculation and indication of
measured information on average and RMS values of
electrical quantities and three-phase ESS parameters
Measurements 2 (Fig. 12).

4.the subsystems of the ESS state control and
monitoring:

o the PAF control system SAF Controller (Fig. 13);

o the subsystem for setting control signals for the
three-phase current source and three-phase non-sinusoidal
voltage source Control System;

o the subsystem of the correcting factor ; calculation
kI Calculation;

o the block for the PAF connection to the ESS PAF
Connection.

5. the virtual measured devices.

The developed Matlab-model can be used to analyze
the three-phase energy supply systems and for assessment
the energy efficiency at to a power system of the active
power filter at any of 288 possible modes of operation.
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Conclusions.

1. We proposed two ways to create a mathematical
model of the three-phase ESS, the first one is based on the
vector form, and the second one is based on the matrix
representation of power processes in multiphase systems.
It allows solving the problem of maintaining of constant
values of average active load power in the ESS operation
at different modes.

2. Based on the analysis of the results of modeling of
five operating modes of the three-phase ESS, at each of
which a unique factor that causes the appearance of
additional losses in the system is involved, it was
concluded that the maximum reduction of power
efficiency corresponds the ESS with non-linear load.

3. Using the developed mathematical models the
operation of the MATLAB-model of the three-phase ESS
with PAF is optimized. The possibility of the automated
calculation of the correction factor 4; is realized which is
more than an order reduced the working time with model
at investigation of the ESS operating modes at which
additional losses arise
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MAGNETIC-PULSE CAR BODY PANELS FLATTENING. THEORETICAL ASPECTS
AND PRACTICAL RESULTS

The aim of the article is to provide theoretical and experimental studying of the «induction system with an attractive screen» prac-
tical effectiveness with the excited magnetic pulse attractive forces numerical estimation. Originality. For the first time, the theo-
retical analysis of the electrodynamics process for the «inductor system with attractive screeny at the low frequent assumption
were conducted. Methodology of the analysis applied is based on the classic electrodynamics circuits theory. All of the resulted
carried out, were obtained as the Maxwell’s differential equation solutions and its behavior was analyzed analytically. Results.
The electrodynamics process was analyzed and the principle efficiency of the «induction system with an attractive screen» as an
effective tool for magnetic pulse forming of the thin sheet metals was substantiated. The axis distributions of the attractive forces
based on the relations been obtained were illuminated graphically. The results of experimental testing of the system in the engi-
neering operation of the external non-contact dents removing on the car body panels samples were presented. Practical value.
According to the results of the calculation analyses the fundamental workability of the «inductor system with attractive shield» as
an effective magnetic pulse sheet metal part attraction tool was proved. It was shown that the not deep metal surface damages
could be worked up by magnetic pulses technologies with a high performance in a short time. References 12, figures 4.

Keywords: magnetic-pulse forming, inductor system, field tension, inducted current density, electromagnetic processes.

Ilpogeden ananuz InNeKMpPOOUHAMUYECKUX RPOUECCOB8 U 0OOCHOBAHA NPUHYURUAILHAA PAOOMOCNOCOOHOCHL (UHOYKMOPHOU
cucmemsl ¢ NPUMAUGAIOUUM IKPAHOMY, KAK IPPHeKmuenozo uncmpymenma MazHumMHO-UMRYIbCHOI PUXIMOBKI NMOHKOCHEN-
HoIX ucmosvix memannos. Ilpedcmagnensvt pezynomamsl IKCREPUMEHMAILHON ARPOOAUUU CUCIEMbL 8 NPOU3BOOCHBEEHHOIL
onepayuu no 6HeUWIHEeMy GECKOHMAKMHOMY YOANEHUIO 6MAMUH 6 00pA3Uax Ky3068HbIX nanenel agmomoouneii. butn. 12, puc. 4.

Kniouesvle cro6a: MarHiTHO-UMIYJIbCHASI PUXTOBKA, HHAYKTOPHAsI CHCTEMA, HANPSI)KEHHOCTh MOJIS, MJIOTHOCTh MHIYIHPO-

BAaHHBIX TOKOB, 3JICKTPOMAarHUTHLIEC IPOUECCHL.

Introduction and publications analysis. The ap-
plying of magnetic fields for metals engineering is
widely used [1]. Now, the contemporary technologies
allow to make production available and technically sim-
ple of the complexes for electromagnetic-pulse metals
forming (EMF). Currently EMF technology got wide-
spread throughout the world [2]. Therefore, firms like
«Boeing», «Electroimpact» and «Flextronic» use this
technology for repair namely to remove dents on the
fuselage of the aircraft [3, 4]. We should note so com-
pany like «Betag Innovation» (last «Beule Technik
AG») that has the practice-approved experience at the
area of the development of various systems for the car
body panels dents removing [5].

In the laboratory of the electromagnetic technologies
at the Kharkiv National Automobile and Highway Univer-
sity (KhNAHU) the developments in the area of the mag-
netic pulse metal forming (MPMF) takes a place.

The complex (prototype) for the external magnetic—
pulse car body panels flattening, that is consist of the
power source and the magnetic-pulse tool series for dents
removing was developed and made [6].

The power source that in special literature called like
magnetic pulse plant (MPP) is a universal devise in its
essence, withal, the tools — the magnetic field sources,
that are called inductor systems, must satisfy the carrying
out operations correctly [1, 2].

In particular, the main purpose of the magnetic—
pulse metal processing consists in the external non-
contact car body metal flattening. The detailed enough
review of these tools, repairing technologies, its appear-
ance and historical development aspects in the treaties [7]
are presented.

According to the work principle, all tools can be di-
vided in two big groups. So, the performance of the first
group is based on the sheet metal attraction, that is caused

by curtain magnetic properties under such condition as
low frequency of the action field [8, 9]. The effectiveness
of the second group tools, that have an author’s name
«inductor system with an attractive shield (ISAS)», is
determined by conductors forced attraction, that have
same directional inducted Fouke’s currents and is de-
scribed by Ampere’s low. This system consists construc-
tively of the field source— inductor that is placed between
two sheet metal conductors. One of them — is the auxiliary
attractive shield, another one is the sheet metal simple, the
current area of which is subjected to the attractive mag-
netic pulse influence [8-10].

One of the ISAS constructions is proposed by au-
thors of the patent [11]. It supposes circle inductor, con-
ductive auxiliary shield and sheet metal sample layer-to-
layer placing. Respectively, such construction of the in-
ductor system can be an effective enough tool for the con-
temporary technologies of the automobile body panel
dents removing [12].

Purpose of the article is theoretical and experimen-
tal studying of the ISAS practical effectiveness with the
excited magnetic pulse attractive forces numerical estima-
tion. The ISAS practical testing as a tool for new method
of external car bodies flattening with protective paintwork
saving. The description of the external non-contact mag-
netic pulse flattening technological route.

Theory, calculated ratio. The accepted calculated
model of the cylindrical inductor system (tool) design for
the magnetic-pulse flattening with equal thin-walled non-
magnetic sheet metals and the flat circular one-coil sole-
noid that placed above the attractive shield surface is pre-
sented in fig. 1.

According to the articles [2, 8-10] the mathematical
assumptions were accepted.

For the calculated model fig. 1 Maxwell's equations
were composed, solution of which gives us the inducted
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currents time form. (Detail calculation sequence can be
reviewed in [1, 2, 7-10]). At the low frequency work
mode for the action fields, currents can be presented in
the next form.

1Ry

Fig. 1. The calculated model in a cylindrical coordinate system:
1 — multicoil inductor; 2 — shield; 3 — sample; d — thickness;
Rs, R, — inner and outer radii; 4 — the distance from the inductor
to the shield, 2/ — the distance between the shield and the metal
sample; €,., E(p, e, — directing vectors
The excited signal in the auxiliary shield:
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The linear current density that is excited in the sheet
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At the consider low frequency mode, as there have
been shown before, the attractive forces integral effi-
ciency tends to zero value [2, 10].

Under conditions of the hard auxiliary shield fixa-
tion, the sample will be subjected only to the attractive
forces influence. The attractive forces (Ampere’s forces)
dependence that presents in the terms of the inductor cur-
rent phase takes the next form [10].

r

o ®

FunWsr) = tto-J 3 1) I (w,r)-

The numerical estimations were made according to
the next initial data that is typical for the magnetic pulse
metal processing [1, 2]: I,, = 120 kA, @ =27-1500 Hz,
R;=0.005 m, R4 =0.05 m, d =0.001 m, #=0.005 m.

Calculation results in the fig. 2 are presented.
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Fig. 2. Spatial excited currents and attractive forces distribution:
a) the currents induced in the auxiliary shield metal — 1
and sheet metal sample — 2;
b) is the radial attractive forces distribution

On the calculated dependences in the fig. 2 it is ob-
tained that achieved attractive forces can reach up to 20
Atm. in the researched ISAS system.

The averaged surface forced impact is equal to 10
Atm. It is necessary to attend, that insignificant increase
of the current, e.g., up to 150 kA, (that is real enough
practically) gives us more than 2 times attractive forces
value increase. As the practice of magnetic-pulse metals
processing, this forced impact value is enough for effec-
tive deformation of the thin walled conductors. Ulti-
mately, the main result of the analysis of electrodynamic
processes is the conclusion about the practical effective-
ness of the proposed ISAS construction.

Experimental testing and the main results. The
ISAS principal construction that is used in experiments
and coincides with its calculated model.

Actually, based on the forced impact results, the
proposed «inductor system with attractive shield» is
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analogical to the well-known electromagnet, fig 3.b.
However, unlike the last, there can be realized the attrac-
tion not only for ferromagnetic, but also for metal of any
physical nature.

In the fig. 3 the magnetic pulse flattening complex
and the experimental ISAS prototype are presented. The
winding of the exciting coil is connected to the power
source — magnetic pulse plant MUYC-2, that was de-
signed and developed in the Laboratory of electromag-
netic technology KhNAHU, fig 3,a [6]. Its distinguishing
feature consists of the serial pulse work mode. It means
continuously predetermined number of charge current
pulses repetition, that eventually are transformed into the
power attraction pulses of the metal dents to the working
shield surface.

As experimental samples there were taken galva-
nized steel sheet metal samples and car body metal sam-
ples so Automobile mark like «Subaru» and «Citroen».
The samples thickness was ~ 0.0008...0.001 m. The dam-
ages, that were made in each sample were ~
0.0018...0.002 m and external diameter was 0.05 m.

h_______;‘h.

B r— T o e s
1 == T

Fig. 3. The external magnetic pulse flattening complex
(1 — magnetic pulse flattening tool — ISAS); 2 — the cable con-
nection; 3 — magnetic pulse plant MUY C2):
a — common complex view; b — ISAS

The technological operations was carried out under

the following terms:

e stored energy and the voltage of the capacitive stor-
age ~ 2.4 kJ and 1500 V, respectively;

e working frequency and the current pulse amplitude
~1500 Hz and ~12 kA, respectively;

e current pulses frequency ~ 5 Hz;

e power attraction pulses number, that provides
alignment of the sheet sample with a dent ~ 18...20.

In the fig. 4 there are presented the experimental
samples that illustrate examples of effective external non-
contact magnetic pulse dents removing in samples of cars
body panels of the Japanese and European production. It
is necessary to note about the safety of the protective
cover lay.

= f
Sitroen

Fig. 4. The experimental samples variety of automotive steels:
«Subaruy (a — before the power impact, b — after attraction);
«Citroen» (¢ — before the power impact, d — after attraction)
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Conclusions.

1. At the low frequent assumption, the theoretical
analysis of the electrodynamical process for the «inductor
system with attractive shield» with the external one coil
circle inductor exciting were conducted.

2. The fundamental workability of the «inductor sys-
tem with attractive shield» as an effective magnetic pulse
sheet metal part attraction tool was proved.

3. The successful experimental testing of the «induc-
tor system with attractive shield» and external exciting
for the actual external non-contact dent removing opera-
tion in the European and Japan car body samples was
conducted.

4. The external magnetic pulse flattening technical rout
was disclosed and described.

5. The experiment results showed us the efficiency of
the proposed magnetic pulse flattening tool in the practi-
cal realization for the principally new flattening method
with a paintwork covering saving.
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L.A. Shchebeniuk, T.Yu. Antonets

INVESTIGATION OF LOSSES IN INSULATION OF HIGH-VOLTAGE CABLES
WITH XLPE INSULATION

In this paper the authors calculate the losses in insulation system cable with XLPE-polyethylene as a solid dielectric insu-
lation and with semiconductor polyethylene used as a conductor screen and a insulation screen. The paper is devoted to the
investigation of losses in the insulation system of high- voltage XLPE-cables. The line of XLPE-cables in group running
horizontally, provided that the cables are of equal diameter and emit equal losses. It is limited to the following: the air flow
around the cables may be necessary restricted by proximity to next cables. The dielectric losses are voltage depended and
related to the insulation system materials being used. All current in this insulation system are complex quantities contain-
ing both real (Re(l)) and imaginary (Im(l)) parts. Values of the loss factor of the insulation system at power frequency tgé
are given astgd = Re()/Im(I). It was proposed the quantities criterion of the loss factor of the insulation system to high
voltage XLPE-cables. The work is devoted to creation of a method for calculation of the current rating of high-voltage ca-
bles in conditions function. References 7, figures 2.

Key words: power cable, XLPE-cable, insulation losses, insulation system, loss factor.

Paccmompen cospemennvlii HOpMAMUBHBLIL NOX00 K ONPEOEeHUI0 NOMEPL 8 U30IAUUU CUTIOBBIX BbICOKOBONbMHBIX Kabenel. B
cmayuonapuom pexcume nazpysku (100 % -uvtii korgppuyuenm nazpysku) ¢ coomeemcmeuu ¢ 0CUCMEYIOUUM MeNCOYHAPOO-
Hoim cmanoapmom (IEC 60287-1-1) ousnekmpuueckue nomepu 3a8Ucam mojabKo Om HARPAXHCEHUA U OM UCNOIb306AHHO20 U30-
NAUUOHHO20 mamepuana. Cunogvle 6vICOK060bIMNKbIE Kabeau ¢ uzonayuei u3 cuiumozo noauwsmunena (CII19-xabenu) umerom
0e3ycnioenble npeuMyuiecmea neped mpaouyuoOHHsIMU, YMo 00YCI06UN0 UX WUPOKOE UCHOIb306ANHUE 80 6CEX PAZGUMBIX CIPA-
HAX U 3aMemHoe CoKpaujenue UCnonb308anus Opy2ux munoe kaoenei. Pao cywecmeennvix ocovennocmeir CII93-xkabeneii, xo-
mopble 61UAIOM HA MEMREPAMYPY 6 IIeMEeHMAX KOHCMPYKYUU Kadens u, CoOOmeemcmeeHHo, Ha Nomepu 6 HUX KaK 6 padouux,
MAaK u 6 asapuilHbIX Pexcumax IKCnayamayuu, a umenno: 1) 6onvuue, yuem y mpaouyuoHHbIX MACI0M HAROIHERHBIX Kabenell,
3HAYEHUA NAOWLAOU CEYEHUS JHCUTI U MOTUUHDL U30AAYUU; 2) 00bUIAsA, Yem Y MPAOUYUOHHBIX MACTOM HANOJIHEHHBIX Kabenell,
oonycmuman memnepamypa uzonayuu (90 °C); 3) 6onvuue, uem y mpaouyuoHHoIX MAcioM HAnOJIHEHHBIX Kadeneil, 3HaueHus
MONUUHBL NOTIYNPOBOOAUUX IKPAHOB NO JHcule U RO U30AAUUU; 4) CyuecmeeHHan 3a8UCUMOCIb MENTONPOGOOHOCU U MENI0-
eMKOCIU NOUIMUTEHOBOU USONAUUU OM MEMREPAMYPLL;5) HATUUUE INEMEHMO6 KORCMPYKUUU C 8bICOKUM YOebHbIM MENn10-
6bim conpomuenenuem (00 50 °C-m/Bm), umo cywjecmeenno enusem na memnepamypy 6 dnemenmax Koucmpykyuu CII9-
Kabens u, coomeemcmeenno, na nomepu ¢ nux. Ilpeocmaegnenst dannvie 0 nomepsax 6 cucmeme, COCOAWE U3 UOAAUUU U
ROJIYNRPOGOOAUUX IKPAHOE no cune u no uzonayuu CII9-xabensa na nanpaxcenue 110 kB ona anekmpogpuszuueckux u Koncm-
PYKMUBHBIX XAPAKMEPUCIMUK MAMEPUATIO8 CUCHEMbL U30AYUU KOHKPEmH020 Kabensa Ha ochose cxemvl 3amewjenusn. Tok ¢
IMOU UONAUUOHHOU CUCHeMe ABTIAEMCA KOMNIEKCHOU 6eTUMUNOI, U 3HAYEHUEe MAHZEHCA Y2ia ee OUIIEKMPULeCKuUX nomeps
npU NPOMBIUIIEHHON YAcmOme onpedeneno KaK omuouienue 0eliCmeumenbHozo0 moka K peakmuenomy. B pabome evinonnen
pacuem nomepo 6 cucmeme U30NAUUU, COCIOAUEN U3 UONAYUU U3 CUIUMO20 NOAUIMUIEHd, IKDAHA RO Jicuile U IKPAHA no
U30NAYUU U3 NOYNPOGOOAUe20 nonurmunena. Paboma nayenena na pazpabomky memooa oyeHKu RpOnycKHOI cnocooHocmu
CIID-kabeneii 8 KOHKPEMHBIX YC08UAX UCHBIMAHUI U IKcnayamayuu. bubn. 7, puc. 2.

Kniouesvie crosa: cnnoBoii kadeab, CIII-kadesb, HOTepH B U30JSIMH, CHCTEMA H30JISIMH, TAHTEHC YIJIa AHIIEKTPHYECKHX
noTephb.

Problem definition. High-voltage XLPE-cables values of allowable current [1]; secondly, increases losses

have a number of essential peculiarities influencing the
temperature mode in working as well as in emergency
operation mode:

e more than for traditional oil-filled cables, values of
wires sectional area and thickness of the insulation caus-
ing significant dependence of the cable heating process on
wires and insulation heat capacity and losses in it;

e more than for traditional oil-filled cables, insulation
permissible temperature (90 °C) that firstly, causes high

in structural parts of the cable that requires a separate
consideration of losses in insulation [2];

o substantial dependence of thermal conductivity and
heat capacity of polyethylene insulation on temperature
(e.g., specific heat capacity of polyethylene at temperature
of 20 ° C is 2300 J/ kg-°C and at 80 °C — 3750 J/kg-°C)
and the presence of elements of design with high specific
thermal resistance (till 50 °C-m/W) which changes the
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thermal conditions of insulation compared to the opera-
tion mode of the traditional oil-filled cables.

Therefore, investigation of losses in insulation of
high-voltage cables with cross-linked polyethylene insula-
tion is necessary for decision-making regarding their
technical capacity and overload capacity.

Analysis of literature sources. The combination of
high working intensity of the electric field (up to 8
kV/mm or more) with long-term high insulation tempera-
ture (up to 90 °C or more) lead to the use of long-term
and expensive tests [3] at which XLPE-cables are exposed
hundreds of heating cycles (every of 8 hours) with simul-
taneous action of high voltage 1.7U; during the cycles of
heating all the major parameters are checked:

e clectrical (dielectric loss tangent, the level of partial
discharges);

e thermal (temperature in cable design elements and
on its surface).

At the same time, the capacity of power cables is de-
termined solely by calculation in nominal terms, i.e. at
steady load (100% load factor matched) [4]. Accordingly,
the rated current /, is infinitely long-term at which the
maximum wire temperature is set at nominal conditions
environment. Practically applied computational models to
determine [, must include the calculation of losses in the
insulation of high-voltage cables [4].

Since the losses in the elements of the design of
cable indirectly affect the losses in insulation but in op-
eration the cable is almost never works in a steady
maximum allowable mode, to verify specific cables use
or special laboratory [5, 6] cable or take the manufac-
turer's warranty. This means the need to investigate the
manufacturer specific losses in insulation cables. Obvi-
ously, standardized calculations are necessary. But for
innovative products, which differs significantly from the
traditional use only standardized methods are inade-
quate. For example, in [7] the method we use universal
and unified computational models of processes of heat
and mass transfer in high-voltage cables with plastic
isolation to study their capacity through interval parame-
ter estimation models. It is shown that for calculating
high-capacity power cable with plastic insulation neces-
sary joint resolution models that describe structural,
electrical, thermal and economic parameters of the ca-
ble. A solution for a single-cable with cross-section of
625 mm”® for voltage of 220 kV is presented. It was es-
tablished that the optimal range of insulation thickness
from 9.5 mm to 10.5 mm and further reducing the thick-
ness of the insulation capacity of the cable is reduced.

The goal of the work is to estimate the losses
power in the system of insulation of the XLPE cable

for the voltage of 110 kV at the nominal load mode
using equivalent circuits.

Results of investigations. In the basis of calculation
of losses in insulation of high-voltage XLPE-cable an
analogy of processes of heat and mass transfer, including
charges transfer processes and heat transfer process is
laid. Appropriate models are identical in structure, they
include both basic potential difference (electrical or ther-
mal), flow, resistance, conductivity. Accordingly, all
other elements of models describing a particular process
are derived from these values, and mathematical descrip-
tion of a process in a system of differential equations is
fairly universal and unified [2, 3].

In cylindrical coordinates (r, 8, z) the most suitable
to describe the processes of heat transfer in cables for
potential we use Poisson equation which, if the potential
¢ depends only on the radius r (radial field in a homoge-
neous substance), a potential gradient is inversely propor-
tional to radius:

—doldr = po/[rIn(r./r)], )
where ry, r, are the radii of equipotential lines between
which there is a radial field in a homogeneous substance,
n<rye=g@oatr=r,andp=0atr=r,.

This model is the main calculation model used in
cable technology for the describing stationary processes
of charges or heat transfer through a homogeneous sub-
stance in a radial field.

Since the potential depends on the radius only if
infinitely long cable and a substance which is the proc-
ess of transferring, in one way or another is heteroge-
neous, the application model (1) causes the error, the
smaller the aforementioned conditions closer to reality.
To avoid significant error we need to perform calcula-
tions for intervals of possible values of parameters and
compare calculation results with the results arising
from real experience.

For example, when calculating the dielectric
losses in cables with polyethylene insulation we should
use interval values of specific thermal insulation resis-
tance, since this parameter depends on temperature [7].
Using a similar process of charge transfer and heat
transfer to determine the distribution of the field
strength in the elements of structure of the XLPE-cable
if the transfer process is stationary (process parame-
ters are independent of time) and linear, relation corre-
sponding motion potential difference (for example, the
temperature difference z, K) to intensity of flow (for
heat flow P, J/s) is constant. Then for flow through any
uniform cable design element:

7= P-§, 2)
where S is the resistance of the cable design element.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.4 59



If the flow of heat and radial, the thermal insulation
resistance per unit length of the cable is determined by
formula:

S; = oin(ry/r))2x, 3)
where 1, r, ate the radii of equipotential lines of the radial
field for wire and insulation, respectively; o; is the spe-
cific thermal resistance of insulation.

The system of the XLPE-cable insulation consists of
successive layers of different materials: a semiconductor
screen for wire, insulation and a semiconductor screen for
insulation. So, to calculate the charge transfer process at
DC in such a system we should take into account different
values of resistivity of all three elements.

Semiconductor screens for wire and for insulation
consist of composite material - XLPE filled with acety-
lene soot. This material structure and characteristics can
be seen as imperfect dielectric, conducting electric cur-
rent. For approximate estimation of power energy dissipa-
tion in semiconductor structures of specific cable struc-
tures’ screens we can use different equivalent circuits of
the system «semiconductor screen for wire — insulation —
semiconductor screen for insulation», for example, a
known parallel equivalent circuit for each element of the
system shown in Fig. 1.

If equivalent circuit parameters C;, C,, C; and R;,
Ry, R; are determined by known formulae for the radial
electric field:

C = 2meeo/ln(ry/ry), 4)
where ¢, is the electric constant, ¢ is the relative dielectric
constant of insulation; g = 1/yq ¢’ = 8.851072 F/m;
co = 2.99..x10° m/s is the speed of light in vacuum;
1o = 41107 H/m is the magnetic constant;

R = Quy) “In(ry/ry), &)
where y is the electrical conductivity of the element’s ma-
terial, then corresponding complex impedances of these
elements are determined by the common formula (6).

E; E E;
&l & &3
N 72 73
di d> d;

T ®
Fig. 1. A circuit of the system «semiconductor screen for wire —
insulation — semiconductor screen for insulation»: &y, &,, &3 —
relative dielectric constants of the elements’ material;
71, V2, ¥3 — electrical conductivities of the elements’ material;
dy, d,, d; — thicknesses of the system’s elements

Complex impedances of the insulation system’s
elements:

Z=—jXRIR - jX,), ©)
where R, X, are the active and reactive resistances of the
corresponding system’s element, X, = (wC)"' = 2z C) ;
[ is the frequency; C is the capacitance o the insulation
system’s element.

Current that flows through the insulation and the ca-
ble semiconductor screens is defined phase cable voltage
U and the sum of complex impedances of cable insulation
system’s elements:

1= U/(Zl + Zz + Z3) (7)
Voltage on the system’s elements and active losses
on it are determined by formulae:

U =IZ; Py=Ur[Rel])—jIm()]; (®)
Ur=12y;  P,=Uy[Re(]) — jIm(])]; ©)
Us=12Z;; P;= Us[Re(]) - jIm(])]. (10)

Losses in the insulation system are determined by
formula:

P =U[Re(l) —jIm(])]. (11)

Thus, the losses in the insulation system P depend
on the voltage associated with the electrical characteris-
tics of the used material (relative dielectric constant &,
specific conductivity y) and the geometric dimensions of
the insulation system’s elements.

On the other hand, practically applicable and rec-
ommended by the corresponding International Standard
[2] the formula by which we determine P, losses in di-
electric of power high-voltage cables, is the ratio, includ-
ing the value of the dielectric losses tangent #gd:

P,= a)CUzth, (12)

where w is the angular frequency, w = 2zf. C is the ca-
pacitance per unit length; U is the phase voltage.

Values of the dielectric losses tangent are deter-
mined experimentally. For high-voltage XLPE cables in
[2] the value #gd = 0.0015 is indicated. Losses power P,
in the dielectric of the cable AIIBEBuT 1x500 of 110 kV
by (12) is P;=0.33 W/m.

The value of power losses in the insulation system
calculated by (11) for this cable is P = 0.34 W/m with at
dielectric conductivity of 10" S/m and conductivity of
semiconductor screens material ranging from 10~ S/m to
10" S/m. Obviously, the use of more complex circuits of
the system «semiconductor screen for wire - insulation -
semiconductor screen for insulation» can provide more
accurate calculations. But compliance of P; and P values
are sufficient to address through this equivalent circuit of
the problem, namely - a rough estimate of losses in semi-
conductor high-voltage cable screens compared to losses
in its insulation.
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Using (7) the dissipation factor of the insulation
system can be defined as the ratio of real current to
reactive:

tgd = Re(l)/Im(1). (13)

Fig. 2 shows an illustration of the results of calcu-
lations by (13) in the form of dependence of dissipation
factor of the insulation system of the XLPE cable for
voltage of 110 kV on the conductivity of the material
of the screen. These data, first, indicate that the reduc-
tion of the electrical conductivity of the material of the
screen causes increase of losses in the screen, but in a
fairly wide range of values of conductivity of the mate-
rial of the screen which includes real values in the ap-
propriate cable constructions, namely from 10~ S/m to
10 S/m, power losses in the semiconductor screens are
negligible compared to the power losses in insulation.

Second, maximum on the dependence of the dis-
sipation factor of the insulation system of the XLPE
cable for the voltage of 110 kV on the screen material
conductivity y, for any value of relative dielectric con-
stant of the material of the screen is far from the real
values y, (at least five orders) therefore this maximum
has no practical value.

Third, at real values of relative dielectric constant of
the material of semiconductor screens of high-voltage
XLPE cables insulation (at least 100 at frequency of 50
Hz) the maximum
(tgd6 = 0.0015). This demonstrates the acceptability of the
equivalent circuit as a serial connection of complex im-

tgd approaching to normative

pedances of three elements of the insulation system. All
elements are represented as a parallel connection of active
and reactive resistance.

Maximum on the dependence of the dissipation fac-
tor of the XLPE cable insulation system takes place under
condition of equality of the absolute values of active and
reactive resistance of semiconductor screens:

Re(Zy) =—Im(Zy); (14)
(15)

which reflects the mainly capacitive nature of current

Re(Z;) = — Im(Z3),

through the semiconductor screen at real values of elec-
trophysical characteristics of semiconductor material of
the screen.

tgd = Re(I)/Im(I)

0.15
&.=23
0.1{ % *
0.05"
. ye=1g 7m
Se:ZOZ &= 180 D
0

-9-8-7-6-5-4-3-2-10 1

Fig. 2. Dependencies of the dissipation factor of the XLPE cable
insulation system for voltage of 110 kV on the conductivity
of the material of the screen at different relative permittivity of
the material of the screen ¢, (results obtained for cable
with insulation thickness of 16 mm are shown)

Conclusions.

1. Using an equivalent circuit analysis the power losses
in the XLPE cable insulation system for the voltage of
110 kV at the nominal load mode is determined.

2. Based on the fact that the value /g6 XLPE by Stan-
dards IEC is 0.0015 it is determined that the power losses
in the insulation system of the cable AIIBEBurx 1x500
for 110 kV is 0.33 W/m. The value of the power losses in
the insulation system calculated by the equivalent circuit
for the same cable is 0.34 W/m at dielectric conductivity
of 10" S/m and conductivity of semiconductor screens
material ranging from 10" S/m to 10" S/m.

3. Current flowing through the insulation and the cable
semiconductor screens is determined by phase voltage
and the sum of complex impedances of these structural
elements of the cable. The criterion of correctness of cal-
culations by the equivalent circuit is beneficial coinci-
dence of these results with international regulations data.
Therefore, it can be concluded that calculations by the
adopted equivalent circuit can be used to approximate
estimates of the need to take into account losses in semi-
conductor screens of the high-voltage cable compared to
losses in its insulation.

4. In the sufficiently wide range of values of conduc-
tivity of the material of the screen which includes real
values in the appropriate cable designs, in particular from
10 S/m to 10 S/m, power losses in the semiconductor
screens are negligible compared to the power losses in
insulation.

5. Reduce of the conductivity of the material of the
screen causes the increase of losses in the cable insulation
system. Accordingly, on the dependence of the dissipation
factor of the insulation system of the high-voltage XLPE
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cable the maximum is observed. The value of the electri-
cal conductivity of the material of the screen y, at which
the maximum of losses:

e is far from the real values y, (at least five orders) that
has no practical value;

e at the real values of the relative permittivity of the
semiconductor screens material in the insulation system
of high-voltage XLPE cables (at least 100), the maximum
tgd approaches to the regulatory value (¢g6 = 0.0015);

e maximum on the dependence of the dissipation fac-
tor of the insulation system of the XLPE cable takes place
under condition of equality of the absolute values of ac-
tive and reactive resistances of semiconductor screens that
are property of the adopted equivalent circuit.
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CALCULATION OF OPERATING PARAMETERS OF HIGH-VOLTAGE POWER
TAKE-OFF SYSTEM FOR THE PHOTOVOLTAIC FACILITY

Purpose. To ensure maximum production of electric power by photovoltaic vacilities, in addition to using highly efficient
Pphotovoltaic modules equipped with solar radiation concentrators must use a highly effective power take-off system. This paper is
inscribed to solving the problem of a highly efficient and economic power take-off system development. Methodology. To solving
the problem, we implemented three stages. On the first stage examines the dependence of electrical power from the intensity of the
incident solar radiation. Based on this, the second stage is calculated the DC-DC converter resonant circuit and its working
parameters, and developed circuit diagram of DC-DC converter. On the third stage, we carry out an analysis of power take-off
system with step up DC-DC converter working. Results. In this paper, we carry out the analysis of working efficiency for
Photovoltaic facility power take-off system with step-up boost converter. The result of such analysis show that the efficiency of
such system in a wide range of photovoltaic energy module illumination power is at 0.92, whereas the efficiency of classic power
take-off systems does not exceed 0.70. Achieved results allow designing a circuit scheme of a controlled bridge resonant step-up
converter with digital control. Proposed scheme will ensure reliable operation, fast and accurate location point of maximum
power and conversion efficiency up to 0.96. Originality. Novelty of proposed power take-off system solution constitute in
implementation of circuit with DC-DC converters, which as it shown by results of carrying out modeling is the most effective.
Practical value. Practical implementation of proposed power take-off system design will allow reducing losses in connective wires
and increasing the efficiency of such a system up to 92.5 % in wide range of photovoltaic energy modules illumination.
References 7, tables 3, figures 4.

Key words: photovoltaic module, step-up converter, power take-off system, photovoltaic facility, efficiency.

Ilposeden ananus pabomsl cucmemovl OMOOPa MOWHOCIU HOMOINEKMPUUECKOI CMAHUUL C UCHOJIb306AHUEM NOGLIULAIOULE20
npeoopazosamens. Ilokazano, umo KoIgpuyuenm none3nozo Oeiicmeus maxoii cucmemvl 6 WUPOKOM Ouanasone
0CBEUYEeHHOCIU (YOMOINEKMPUYLECKO20 MOOYAA Haxooumca Ha yposHe 0,92, moz0a Kak Ihpexmusnocme Kraccuueckux cucmem
oméopa mowgnocmu ne npegvimuaem 0,70. Pazpabomana npuHyUnRUAIbLHAA INEKMPUUECKAS CXEMA PeYyUPYEMO20 MOCHI08020
PE30HAHCHO20 NOGLILLAIOW|E20 Rnpeodpazosamensn ¢ UUPPOGLIM ynpasieHuem, 00eCHeuUsalOu|as HadeHCHOCms padomel,
Ovicmpoe u mouHoe HAxXo0XHcOeHue MouYKU MAKCUMAIbLHOU MOWHOCMU U Ihdhekmuenocms npeodpaszosanus oo 0,96. bubn. 7,

Tabm. 3, puc. 4.

Kniouesvie cnosa: ¢(oTOIHEpPreTHHeCKUii  MoOayJb,

MOBBIIAKIIMIT Mpeodpa3oBaTelib,

cUcTeMa O0TOOpa MOLIHOCTH,

(orodnekTpryeckas craHuus, KO3(PPUIHEHT M0JIE3HOI0 JeHCTBHS.

Introduction. To ensure maximum production of
photovoltaic facility (PVF), in addition to using highly
efficient photovoltaic modules (PVM) equipped with
solar radiation concentrators it is necessary to use a highly
effective power take-off system (PTOS) [1]. The most
important part of the PTOS is a DC-DC converter which
enhances increase of DC voltage generated in the
operation of PVM for its further high-efficiency
transmission and transformation [2, 3]. Here, because
depending on the daily change of solar radiation the
electrical power produced by PVM also changes, the
structural optimization solutions of DC-DC converters
and PTOS should be made taking into account the full
range of electrical power that is converted. Optimization
of constructive and technological solutions of all
components of system converting solar energy into
electricity of power frequency will increase the efficiency
of PVF and by cumulative energy and economic
indicators to achieve its competitiveness in the domestic
and global market.

Problem definition. Based on the above, the aim of
the work is to develop a circuit and constructive
decisions and calculation of the operating parameters of
high-voltage power take-off system of photovoltaic
facility. In the first phase the dependence of electrical
power of PVM on the intensity of the solar radiation is
investigated. Based on this, in the second phase
calculation of the resonance circuit of a DC-DC converter

and the parameters of its work is conducted, a circuit
diagram of a DC-DC converter is developed. In the third
stage analysis of operation of the PTOS using a DC-DC
step-up converter is carried out.

The experimental technique. Measurements of
short circuit current (Isc), open circuit voltage (Upc),
working (/) and maximum (P,y) electrical power and
efficiency of standard industrial designs of PVM of
Chinese production are carried out at power of solar
radiation from 1000 to 2000 W/m’® that permits to
simulate their performance when using concentrators.
Measuring these quantities was conducted by the method
of loading lighting current-voltage characteristics using
the developed and produced stand, block diagram and
external view of which are shown in Fig. 1.

Stand for PVM investigations includes: investigated
PVM (1), control unit (2), pulse lighter based on xenon
flash lamps (3), store of the load resistance (4) with
electronic commutation using MOSFET-transistors, and
digital oscilloscope to record experimental data (5).

For use as a load resistance a shop of load resistance
was designed and manufactured switching individual
resistors in which is carried out by using modern
MOSFET transistors IRFZ48Z type which have in the
open state very small (0.011-0.012 Q) and stable
resistance of the channel, and do not make thus a
significant error in the value of the load resistance, even
when measuring the short-circuit current. Registration of
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voltage drop on the load resistance was carried out with a
digital oscilloscope RIGOL DS1052E which has the
ability to connect directly to a PC.

b

Fig. 1. Block diagram (a) and external view (b) of the stand for
PVM investigations

The operation principle of this stand is as follows.
At pulse irradiation from lighter the PVM generates a
photocurrent, the duration of amplitude value of its force
approximately corresponds to the length of the main
phase of the lamp-flash combustion which is about 1 ms.
Photocurrent amplitude value power dividing into diode
component flowing through the shunt resistance value,
and amplitude of the current flowing in the load resistance
4 generates the voltage drop in the load resistance which
is registered by a memory digital oscilloscope 5, which
operates in sweep waiting mode.

To check the temperature of the PVM in the process
of measurements directly to PVM a thermocouple were
connected. Determination and adjustment of the radiation
power on the front surface of the PVM in the range 1000-
2000 W/m? was carried out using a standard photoelectric
converter that has a known value of short circuit current at
the radiation power of 1000 W/m”. Investigation by the
described technique was consistently performed for the
values of the radiation power: 1100, 1200, 1300, 1400,
1500, 1600 1700, 1800, 1900, 2000 W/m’ and repeated
for three experimental samples of PVM.

Results and discussion.

1. The influence of radiation power on the
efficiency of the power module.

Typical results of investigations of experimental
samples of PVM are presented in Table 1. Fig. 2 shows
built on the basis of the obtained data compiled charts of
dependencies of open circuit voltage, short circuit current,

maximum power and efficiency on the radiation power on
the front surface of PVM. From the results of
investigations of experimental samples of PVM it can be
concluded that for the investigated samples at the
radiation intensity 1500-1800 W/m? the typical value of
the open circuit voltage is 37.5 V, short circuit current
value is 11-13 A, value of maximum power up to 440 W
at voltage in the operating point at least 33 V providing
the photovoltaic module efficiency of at least 16.8 %.

Table 1
Output parameters which are characteristic for investigated
PVM samples determined at different radiation power (P;) on

the front surface of PVM
PL,Wm? | Upe, V | Isc, A | Iy, A | Pyax, W Efﬁcizncy’
1000 3699 | 7.68 | 7.37 | 241.49 16.54
1100 37.12 | 845 | 8.11 | 266.65 16.60
1200 3724 | 9.21 | 8.85 | 291.80 16.65
1300 3739 | 9.98 | 9.58 | 317.08 16.71
1400 37.51 | 10.76 | 10.33 | 342.96 16.78
1500 37.60 | 11.54 | 11.08 | 368.99 16.84
1600 37.74 | 12.29 | 11.80 | 394.48 16.88
1700 37.86 | 13.03 | 12.50 | 419.16 16.89
1800 37.59 | 13.83 | 13.28 | 441.97 16.81
1900 37.28 | 14.60 | 14.01 | 462.45 16.67
2000 3698 | 1533 | 14.71 | 481.61 16.50

It should be noted that the use of experimental
models of PVM at low concentrated solar radiation is
justified because it is at the radiation power 1700 W/m®
investigated PVM reach maximum efficiency of 16.89 %.
An additional advantage of using low concentrated
radiation is to increase the maximum power produced by
PVM to 419 W which is 1.7 times more than the value of
specified characteristic of the classic solar panels.

Use of low concentrated solar radiation is also an
additional argument in favor of equipping each PVM by a
step-up DC-DC converter at the development of PTOS as
the operating current of PVM at radiation power 1700
W/m® reaches 13 A almost twice exceeding the same
value at the radiation power 1000 W/m® which if
operation of PTOS in traditional way will cause additional
losses in the connecting cables or lead to the need of
significant investment to equip a photovoltaic facility by
cables of enlarged section.

2. Development of a step-up DC-DC converter for
the high effective PTOS.

In developing a step-up DC-DC converter as
reference parameters obtained in the study of series of
PVM are used (Table 1).

2.1. Calculation of a resonant DC-DC circuit and
operating parameters of converter.

Conversion gain of the adjustable bridge resonant
converter:
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G=K-n , (1)
where K is the conversion gain of the resonant LLC
circuit; n is ratio of secondary winding turns to the

number of turns of the primary winding of the transformer
TR1.
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Fig. 2. Typical dependency graphs of short-circuit current (a),
open circuit voltage (b), maximum power (c) and efficiency (d)
of investigated PVM on radiation power on the front surface

Since the resonant converter has a maximum
efficiency at K = 1, we calculate n from the condition of
maximum efficiency in nominal operation mode of the
converter:

U

in.nom. _

30 _1
Upitnom. 630 217

where U, ,om 18 the nominal input voltage of the
converter; U .o, 18 the nominal output voltage of the
converter.

Conversion gain of the resonant LLC circuit should
have maximal value K,, at the combination of the
minimal input (U, ;) and maximal output (U,umar)
voltage, and minimal value K,;, at the combination of
maximal input (Uj,.e.) and minimal output (U min)
voltage:

n=

2

U, 1 700
Kmax—n'%zz'z—z’zl,éls; (3)
in.min.
U, ; 1 600
Kmin =n .—Uout.mm. = E E = 0,68 . (4)
in.max.

To calculate the parameters of the resonant LLC
circuit we use the equivalent circuit of the resonant circuit
[3-5]. For the presented equivalent circuit the conversion
gain of the resonant LLC circuit is described by:

2
:| Uin |: F; (m—l) )
U >
U | \/(msz —1)+Fx2(Fx2 —l)z(m—l)2Q2
where
L)”
C
Q=-—"is the quality factor; R, =%n_2 Your is
ac T Low

the superficial load resistance; U, is the input voltage of
the converter; U,,, is the output voltage of the converter;

1, 1s the output current of the converter; F, = A is the

8
normalized frequency of switching transistors; f; is the
frequency of switching transistors of the converter;

P
" arLc,

, C.; L, is the resonant inductance; C, is the resonant

L.+L

is the resonant frequency of the circuit L,

" is the ratio of the total input

capacitance; m =

.

inductance of the circuit to the resonant inductance; L,, is
the inductance of the transformer magnetization.

Minimum superficial load resistance Ry in.

corresponds to the minimum output voltage and

maximum output power (P ...) at the maximum

expected efficiency of 98%:

2
R . :inz Uout min. _
ac.min. -
7[2 Pin.max. i/
2
= 004716192 % _so0s0 ()
142 300-0,98 :

>

The correct calculation of the resonance circuit
allows to obtain optimal characteristics of the converter.
The algorithm allows for multiple iterations to calculate

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.4 65



the required parameters of the LLC resonant circuit.
Using approximate calculation and refine it using
simulations we can obtain quite faithful results at
considerable time savings.

Maximum input voltage of the DC-DC converter
meets maximal temperature of the PVM, illumination 200
W/m?, i.e. input power (P;, i) not more than:

200
Pin.min. (23V) <231 Iin.nom. WW m2 =

=37,6W. (7
The maximum value of QO corresponds to the
maximum output current. Output current takes maximum
value at minimum output voltage and maximum output
power. The value of the superficial minimum load
resistance Reuin. = 2.25 Q corresponds to the maximum
O of the LLC circuit, and the maximum conversion gain
of the resonant circuit K., = 1,45 is required at the input
power of 50 W and output voltage of 700 V. According to
the expression for R,., the value of minimal superficial
load resistance R, i, is determined for the input voltage
of 23 V:

2
] 2 600
R, min\23V )= ——-0,047619° - —— =
ac.mzn.( ) ’ 42 50-0,98
~13,5 Q. ()

Data for the resonance frequency of 100 kHz
obtained by the algorithm calculating the parameters of
the resonance circuit in several iterations with test
computer modeling are presented in Table 2. The value of
the ratio of the total input inductance to resonance one
m=11.

Table 2
Resonance circuit parameters
l]im \Y Pim i mec K Rac.max.: Q Qmax Fx
23 50 1.45] 3.13 13,5 0.113 | 0.33
30 230 | 1.11]1.134 3,995% 0.383* | 0.48*
33 300 | 1.01]1.026 2,25 0.68 0.86
42 300 ]0.79 | 1.026 2,25 0.68 |0.972

* Value of R, . corresponds to maximum output voltage and
Kmax~

Choosing the resonant capacitance of 0.94 pF at the
resonance frequency F, = 110.7 kHz we obtain the
resonant inductance value L, = 2.2 pH and at m = 10.1 the
transformer  inductance of magnetization value
L, =20 puH.

2.2 Development of schematic diagram of the DC-
DC converter.

Fig. 3 shows the functional diagram of the DC-DC
converter. Photovoltaic module voltage comes to the input
of the DC-DC converter. Formation of converter
parameters r and switching transistors are carried out by
using a digital microcontroller MC. The control signal
comes to gates of transistors VT1 — VT4 from the MC by
drivers Dr.l — Dr.4. Transistors within each arm of the
bridge are switched simultaneously. Drivers and
microcontrollers supply is carried out through a stabilized
step-down DC converter of own needs. MC measures
output current of the PVM using shunt R3 and amplifier,
output voltage of the FEM through divider on the resistors
R1 — R2. MC at the outputs Gl and G2 forms two
counter-phase meanders for switching transistor with the

required frequency and time delay between switching
diagonals of the bridge («dead» time). Voltage of the
midpoint of the half-bridge of transistors VT1 and VT2 is
used in determining of adaptive «dead» time (minimum
required one) for maximum efficiency of the converter
through divider on the resistors R4 and RS enters to the
comparator of MC. Additional transformer winding N3
connected to the rectifier bridge VDI is used to control
the output voltage and, together with the signal voltage of
the midpoint of the half-bridge, is involved in the
detection algorithm of approach to the capacitive current
character of the resonant LLC circuit. Detection of
approaching to the capacitive current character of the
resonance circuit is essential when starting of the
converter, as well as at relatively sharp changes of voltage
on the output converter — a DC network 600 =700 V.

The resonant LLC circuit is formed by a choke L1, a
capacitor Cl and a transformer T1. The resonant
inductance includes the inductance of the choke L1 and
scattering inductance of the transformer T1. The output
voltage from the transformer enters to the rectifier formed
by added diode VD2 and the capacitor C3. Output voltage
of the rectifier is the output voltage of the converter.

Tracking the point of maximum power of the PVM
is carried out by microcontroller using the algorithm
«Perturbations and monitoring» [6]. The microcontroller
calculates the input power of the converter, then for a
small amount it changes the input resistance by the
change of the frequency of switching transistors, thus the
input voltage changes, and calculates the power, and if the
power increases — the controller continues to change the
voltage in the same direction until the power stops
growing. Digital converter control enables to realize an
algorithm  of maximum power point tracking
«Perturbations and surveillance», forming the adaptive
«dead» time, current detection of capacitive nature of the
bridge load. With the microcontroller implementation of
an information cable or wireless network, for example,
RS-485 or ZigBee for monitoring of parameters of PVM
converters, providing timely information about the failure,
and so on becomes possible.

2.3 A schematic diagram of the DC-DC
converter.

The converter consists of three functional blocks.

Source of power supply for own needs (SON) is
designed to form a stabilized supply voltage 3.3 V and
voltage of converter’s transistors drivers supply 12 V.
SON consists of two consecutive stages of step-down
pulse DC converters without galvanic isolation. SON has
high efficiency and stabilizes the output voltage in a wide
input voltage range.

Controller. As a microcontroller a 32-bit ARM
Cortex M-4 is used. Feedback signals after the conversion
of levels filtering enter to the ADC of the microcontroller.
The signal of current from the shunt is increased by the
differential amplifier to the required level and then
supplied to the ADC. On the chip DA6 the ADC voltage
reference voltage is performed. Comparators are made on
high-speed integrated circuits LMV7235MS5. Transistors’
control signals come to the circuit G1 and G2 on drivers
inputs.
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Table 3
Parameters of power losses and efficiency calculated for PTOS
with utilization of the DC-DC converter

Fig. 3. Functional electric circuit of the DC-DC converter

The converter consists of: four transistors MOSFET
VT1 — VT4; two drivers of a half-bridge on chips DA7,
DAS; capacitors of a supply circuit; RLC resonant circuit
on the choke L4, transformer T1, capacitors C46, C47;
signal rectifier on diodes VD — VD12; output rectifier on
diodes VD13 — VDI6 and capacitors S52, S53. As a
transistor bridge high-speed MOSFET transistors with
low gate charge and open channel resistance of 2.8 mQ
are used. In the input rectifier diodes based on silicon
carbide are used which allows significantly increase
efficiency in the frequency range of switching transistors
above resonance frequency value due to the absence of
losses on reverse recovery of diodes based on silicon
carbide.

3. Analysis of the power take-off system
operation with DC-DC converter utilization.

To significantly reducing power losses [7] in PTOS
utilization in its composition previously developed DC-
DC converters that will reduce the currents flowing within
the PTOS and, accordingly, proportionally the square of
the current, decrease power losses, can lead. In the case of
the PTOS development using DC-DC converters, the
system will be divided into the following areas, which
will experience losses in PTOS:

e area of the cable connection of the PVM and DC-DC
converter (Poss.pyar-nc);

e directly DC-DC converter (Pjys.pc);

e area of the cable connection of the DC-DC converter
and inverter (Plass.DC-Inv);

o inverter (P i)

Calculated losses for each of areas and calculated
efficiency of the PTOS (Efficiencypros) as a
dependence o the PVM current (Ipy),) are presented in
Table 3 and Fig. 4.

IPVMa PIoSs.PVM— Ploss,DCa PIoss.DC— Ploss.lnv: EfﬁCieHCYPTOSa
A DC> \ \ Invs 4 A %
7.68 0.57 10.72 4.78 351.86 92.68
8.45 0.69 11.83 5.92 388.35 92.66
9.21 0.82 12.94 6.84 424.83 92.63
9.98 0.96 14.06 8.24 461.52 92.61
10.76 1.11 15.21 9.72 499.36 92.59
11.54 1.27 16.34 10.92 | 536.37 92.57
12.29 1.45 17.48 12.64 | 573.68 92.54
13.03 1.64 18.58 14.46 | 609.94 92.52
13.83 1.84 19.57 1592 | 642.34 92.49
14.60[ 2.05 20.45 17.46 | 671.29 92.46
S 1533] 227 | 2127 | 1848 |697.98 92.44
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Fig. 4. Dependence of the calculated efficiency of the PTOS
of the PVF with utilization of the DC-DC converters (solid line)
in the comparison with PVF without DC-DC converters
(dotted line)

Conclusions.

1. From the results of the experimental investigations
of photovoltaic modules on the intensity of solar radiation
it is found that at the radiation power of 1700 W/m? the
investigated PVM reach maximum efficiency of 16.89 %
and maximum power produced by photovoltaic modules
reaches 419 W that 1.7 times more that the indicated
value which is character for the classic solar panels.

2. Based on experimental data, the calculation of the
resonance circuit of the DC-DC converter for use in high
voltage power take-off system of the photovoltaic facility
and the parameters of its operation. The main features of
the developed schematic diagram of the DC-DC converter
circuit is controlled using the bridge resonant converter
are the use of the circuit of adjustable bridge resonant
converter and allows utilization of digital control that
permits to achieve a conversion efficiency of 95.8 %.

3. The carried out analysis of the system for selecting
the photovoltaic facility power using developed DC-DC
converters has shown that the efficiency of the system in a
wide range of illumination of the PVM is about 92 %, that
is significantly more than for the classical power take-off
systems, whose effectiveness is about 70 %.
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METHODICS, SOFTWARE AND LABORATORY EQUIPMENT
FOR AN INNOVATIVE ELECTRICAL ENGINEERING DISCIPLINE

Purpose. Development of innovative electrical engineering discipline «Electric Machines in Mechatronic Systems» in order to
improve the training of specialists of electrical engineering specialty. Methodology. The proposed project concerns the educa-
tional reforms that promote the intensification of the educational process. Results. The structure of interactive educational and
training complex, which is a computer learning tool in the form of software and methodical support, as well as data and knowl-
edge bases and consists of functionally related multimedia learning systems, interactive learning, automated control of the learn-
ing process. Originality. To offer online training and research facilities, guidelines for laboratory and computational and graphic
works. Practical value. Increase the knowledge of students of educational material related to the discipline of innovation «Electric
Machines in Mechatronic Systemsy». References 11.

Key words: innovative electrical engineering discipline, sections of the academic discipline, guidelines for calculation and
graphic works.

Ilpeonazaemcsn uHHOBAUUOHHAA IIEKMPOMEXHUYECKAA OUCUUNTIUHA «DNIeKMPUYecKue MAUUHbL 6 MEXAMPOHHBIX CUCHEMAX).
Obocnosvleaemcs HeoOX00UMOCHb UZYUEHUS OUCUURIUHBL CHYOCHMAMU YJIeKmpomexHuueckol cneyuanvhocmu. Ilpusedenst
paszoenvl u 00vem OUCUUNIUHBL, A MAKIHCe MEMOOUUECKoe, nPOZPAMMHOE U 1adopamopHoe obecneuenue, cnocoocmeyouiee Ka-
YeCmeeHHOMY yceoeHulo yueonozo mamepuana. Ilepeuucnenst pazpadbomannvie meponpusmus u MemoouuecKue yKazanus K
pacuemno-zpaguueckum pabomam 0annoi oucyunaune. buotn. 11.

Knrouesvie ci06a: MHHOBAIIMOHHAA JJIEKTPOTEXHUYECKas TUCHUIVIMHA, Pa3iebl y4eOHOH TUCHHUILIMHBI, METOANYECKHE YKa-

3aHHUS K pacdyeTHo-rpadpuyeckum padoram.

Currently the educational process concerning the
majority of technical disciplines, including electrical en-
gineering, is not keeping pace with the rapid development
of the industry. To overcome this drawback, it is advis-
able to introduction into the educational process of topical
subjects, most meet the needs of today, in particular the
discipline «Electric Machines in Mechatronic Systems».
Sections of discipline are: semiconductor converters of
mechatronic systems; features of the induction motors in
adjustable electric drives, valve drives, design of regu-
lated induction and brushless motors, DC motors work in
regulated electric drives, transformers for mechatronic
systems, especially of synchronous generators to the con-
verter load.

The use of variable speed drives (VSD) which are
the basis of modern high technology in all sectors of in-
dustry and transport makes it possible to improve the
provides comprehensive
mechanization and automation of production, enhances
the quality of products, reduce its production costs, in-
crease productivity, improve the reliability and life of the
equipment. Widespread wuse has led to VSD
what a modern electric drive is not only energy-power
basis capable of supporting production mechanisms nec-
essary mechanical energy, but also a means of process
control as well as tasks for the implementation of the
quality of production processes currently in the majority
of cases are assigned to the adjustable control system ac-

manufacturing  processes,

tuators in conjunction with systems technological automa-
tion. Of particular importance is the use of energy-saving
aspects of the VSD. In connection with the increase in
energy prices, in particular for electricity, and limited
increase in power generating capacity problem of energy
saving systems, including the reduction of power con-
sumption, it is of particular relevance. Energy conserva-
tion has become one of the priority directions of technical
policy in all developed countries. This is due, firstly, to
the limited and non-renewable primary energy, and sec-
ondly, with the continuously increasing complexity of
production and the value in the third to global environ-
mental problems.

Electromechanical systems with adjustable induction
(IM) and electronic (EM) motors in which the union of
energy and information processes takes place, ensure
maximum use of the opportunities and achievements of
electronics for converting electrical energy into mechani-
cal energy. This is achieved by increasing the service life
of equipment, reducing operating losses, high reliability.

Insufficient knowledge of the operation of the main
unit controlled electric drive - IM or EM - does not allow
the drive to improve due to the modernization of this link.
A comprehensive analysis of IM and EM in VSD systems
based on a systems approach and systems analysis meth-
ods makes it possible to design a special adjustable IM
and EM with improved adjusting, launchers, dynamic and

© V.S. Petrushin
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vibroacoustic performance, reduced mass, size and cost
characteristics. The demand for professionals possessing
knowledge gained in the process of studying the disci-
pline is observed in all areas of industry and transport,
which are used electromechanical energy conversion de-
vices. Particular influence is expected in the electrical
industry, engaged in the design and manufacture of mo-
tors under consideration [1].

The proposed project concerns the educational re-
forms that promote the intensification of the educational
process, in terms of the development of courses for a
bachelor's degree. Academic discipline «Electric Ma-
chines in Mechatronic Systems» can be introduced into
the educational process on the basis of the principles
stipulated by the European Credit Transfer System
(ECTS). Formation of individual student's educational
plan provides a choice of this discipline, respectively
structural and logical scheme of training. Workload in the
discipline of four ECTS credits in one semester. It pro-
vides 30 hours of lectures, 15 hours of laboratory exer-
cises. In the process of studying this discipline students
perform independent course work. Control of Learning is
carried out with the use of modern methods and tech-
niques and recorded estimates ECTS scale. The discipline
can be taught in the traditional mode and in remote mode.

Modern teaching techniques should be adapted to
the new principles of the organization of educational
process is provided by the introduction of the industry has
problems raising the level of preparation of students to
engineering. Fixed assets should include measures for the
development and implementation of information technol-
ogy education, the development of research and scientific
and technological activities in the education system. In-
novative engineering discipline should be provided with
modern methodological and software development, allow-
ing not only the conduct of full-time, but also in absentia,
remote, post-graduate training. Using the European edu-
cational trends in Ukraine will bring the national stan-
dards of teaching to the standards of European education.
One result is the establishment of a working relationship
between the training activities, scientific research, produc-
tion and social practice.

To solve the above was carried out as follows:

e satisfied formation (development) of innovative
technical discipline, training material that is the most
relevant topics, and that topicality confirmed the latest
developments in the electrical industry. The relevance of
the discipline «Electric Motors in Mechatronic Systems»
supported by the extensive use of VSD in all branches of
industry and transport for sustainable management proc-
ess while minimizing energy consumption;

e carried out the development of the structure of inter-
active educational and training complex for this innova-

tive discipline, which is a computer learning tool in the
form of software and methodical support, as well as data
and knowledge bases and consists of functionally related
multimedia learning systems, interactive learning, auto-
mated control of the learning process;

e made the development of multimedia teaching
system comprising electronic textbooks and teaching
aids for the course in the form of media, as well as
various manuals;

e carried out the development of interactive learning
system, which is a computer simulator, with which you
can perform a number of settlement-graphic (analysis of
the serial general-purpose IM in different systems of
VSD, designing special controlled IM and EM to work in
VSD) and virtual labs for study It features the work of IM
and IM in different systems of VSD. To perform an inter-
active learning system developed by multi-level software,
allows the analysis of electromagnetic electromechanical,
power, thermal, mechanical, vibro-acoustic processes in
the engine and on the basis of this analysis, to carry out an
automated selection and design optimization motors of
VSD. The opportunity of communication developed soft-
ware with other commonly used in the industry and com-
puting facilities;

e made the development of an automated control sys-
tem, which serves for the input, current and final control,
and includes testing programs, a database of test questions
and answers, registration and accounting log, temporary
training statistics in graphic form;

e providing support to developing individual educa-
tional trajectories, using the system, open and distance
education in remote access via the global Internet net-
work, which has interactive and differentiated approach to
learning;

e quality education is possible by this innovative tech-
nology discipline everyone access to all comers methodi-
cal and program materials;

e possible formation of an active dialogue between the
users in the study of this discipline and communities with
an interest in this technical discipline;

e data can be provided and the sharing of knowledge
required for new educational and research approaches for
the presentation and dissemination of results, preparation
of research presentations.

Computer code DIMAS-Drive [2] performs mathe-
matical modeling of physical (electromagnetic, electro-
mechanical, thermal, mechanical, vibro-acoustic) proc-
esses in static and dynamic modes of induction motors,
regulated electric drives with matching transformers and
gearboxes, with semiconductor converters, different
types, species and management methods, frequency con-
trol laws. Mathematical models take into account the
structural features of the motors (closed and secure ver-
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sion) and cooling (self-cooling and independent cooling,
ventilation ducts), squirrel cage design. Taken into ac-
count the impact on the physical processes of magnetic
circuit saturation, displacement currents in the windings,
the presence of the highest space-time harmonics. We
consider the mechanical and vibro-acoustic performance
in dynamic conditions. On the basis of multiple targeted
simulation taking into account the nature, size and mode
of operation of load in a certain range of control is carried
out design (structural and parametric optimization) special
controlled asynchronous motors with different formula-
tions of the problems (designing a predetermined control
range, design, taking into account the duration of the
work on specific speeds, projecting a predetermined ta-
chogram considering transitions).

Developed guidelines [3-11]: for laboratory work on
the experimental stands or virtual laboratory works; to the
settlement and graphic works: a study of electromechani-
cal and power characteristics of the controlled induction
motors; analysis of the thermal state of the controlled in-
duction motors; analysis of the vibro-acoustic perform-
ance of controlled induction motors; Study the perform-
ance of electric rolling stock traction with induction mo-
tors; analysis of electronic motors.

Performing by students laboratory work on experi-
mental stands or virtual labs to study the characteristics of
motors and drives at the phase and frequency control
makes it possible to fix in practice theoretical principles.

The knowledge gained as a result of studying the
discipline «Electric Machines in Mechatronic Systems»
can be used when the final works on the Bachelor and
Master levels.

Implementation of a large number of educational pro-
jects (traction induction motors of electric locomotives
and urban electric transport, motors of pumping and ven-
tilation systems controlled performance, conveyors and
transporters, roller conveyors, geared and gearless eleva-
tor winches, etc.) showed that as a result of the design
could reduce the power required frequency converters and
reduce the size of motors at constant capacity or increase
their power at constant dimensions in agreement con-
verter settings and design motors for these settings.
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