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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 35: NOBEL PRIZE LAUREATES IN PHYSICS FOR 1990-1994

Purpose. Implementation of brief analytical review of the distinguished scientific achievements of the world scientists-
Pphysicists, awarded the Nobel Prize in physics for period 1990-1994. Methodology. Scientific methods of collection,
analysis and analytical treatment of scientific and technical information of world level in area physics of elementary
particles, physics of high energies, of astrophysics, of modern theoretical and experimental physics. Results. The brief
analytical review of the scientific openings and distinguished achievements of scientists-physicists is resulted in area of
modern physical and technical problems which were marked the Nobel Prize in physics for period 1990-1994. Originality.
Systematization is executed with exposition in the short concentrated form of the known scientific and technical materials,
devoted pioneer researches results on dispersion of relativism electrons on protons (neutrons), to opening of likenesses of
Physics of hard matter and physics of the condensed state of matter, creation of revolutionary detector of elementary
particles, to opening of new pulsars and new possibilities in the study of gravitation, to creation of neutron spectroscopy
and method of neutron diffraction. Practical value. Popularization and deepening of scientific and technical knowledges
for students, engineer and technical specialists and research workers in area of modern theoretical and experimental
Physics, extending their scientific range of interests and cooperant further development of scientific and technical progress
in human society. References 25, figures 12.

Key words: modern physics, achievements, dispersion of relativism electrons on heavy particles, physics of hard matter and
condensed state, multielectrode detector of elementary particles, new pulsars and gravitation, neutron spectroscopy and
diffraction, review.

Ilpueeoen Kpamkuili ananumuvecKuili 0030p 8b10AIOWAUXCA HAYUHBIX OOCMUMNCEHU YUeHblX mupa, ommeuennvlx Hobenesckoii
npemueit no ¢usuxe 3a nepuod 1990-1994 22. B uucino maxux 00Cmuiicenuil 60U pe3yabmamol RUOHEPCKUX UCCIE008AHUTL NO
PAcCeaHUI0 PeNAMUSUCMCKUX INEKMPOHO8 HA NPOMOHAX U HEeUmPOHAX, OMKpPbImue cxXx00Cme usuku meepooi mamepuu u
Qusuku KoOHOEHCUPOBAHHO20 COCMOAHUA BeUlecmed, CO30aHUe PeGONIOUUOHHOZ0 OCeMeKmopa INeMEeHMAapHbIX Yacmuuy,
OmMKpbIMue HOGbIX NYNbCAPOS8 U HOBBIE GOIMONCHOCHIU 6 U3YYEHUU ZPasumayuu, co30anue HelUmpoHHOI CREeKMPOCKORUU u
Memooa Helimponnoi ougpakyuu. budn. 25, puc. 12.

Kniouegvie cnoea: coppeMeHHasi (puU3MKa, TOCTUIKEHHs, paccessHHe PeJSITHBHCTCKUX IJEeKTPOHOB HA TSLKEJIBbIX YaCTHLAX,
¢uszuka TBepaOil MaTepMM M KOHIEHCHPOBAHHOIO COCTOSIHMSI, MYJbTHIJEKTPOIHbIH [eTEKTOP 3JIeMEHTAPHBIX YaCTHII,
HOBbBIE MYJILCAPBI M TPABUTALUS, HEHITPOHHASI CIEKTPOCKOMUS U Ju(ppaKuusi, 0630p.

Introduction. The world-renowned Swedish Over time, the amount of monetary award to the
engineer, inventor of explosives and businessman Alfred  group of authors (no more than three co-authors) of this
Nobel (1833-1896) bequeathed to the respective fund 31.5  prestigious international award was increased and in 2011
million SEK (at the time of about 5 million USD) [1] for  was already 10 million SEK (1.3 million USD) [2, 3].
the monetary rewards of the future Nobel Prize winners Taking into account the importance of the
perpetrators of outstanding discoveries in physics and
chemistry, and have achieved outstanding results in the
field of physiology (medicine), literature and peace
among peoples. We note that, personally handed the
outstanding German experimental physicist Wilhelm
Conrad Roentgen (1845-1923) «for the discovery of X-

scientific results of Nobel Laureates, professional
scientific interest of the author — electrophysicist and
scientific and technical profile of our Journal, we will
try, by five short essays in its five issues to present the
principal outstanding achievements in science and

rays» [2] for 1901 the first Nobel Prize in Physics was, technology by only Nobel Prize Laureates in Physics

but gold medals (Fig. 1) and diploma embodiment, for the current perio.d 1990-2015.
similar to that shown in Fig. 2, and relied check in the 1. The scattering of electrons on the elementary
amount of 150 thousand SEK [3]. particles and the quark model in particle physics. In

1990, «for pioneering studies of deep inelastic scattering
of electrons on protons and coupled neutrons, which are
essential for the development of the quark model in
particle physics» American experimental physicists
Jerome Isaac Friedman (Fig. 3) and Henry Way Kendall
(Fig. 4) and Canadian-American experimental physicist
Richard Edward Taylor (Fig. 5) have been awarded the
most important in science Nobel Prize in physics [2, 6-8].

Fig. 1. Constant view of obverse and reverse of the gold medal
of winners of the Nobel Prize in Physics [2, 3]

© M.I. Baranov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6 3



Fig. 2. Exterior of the Nobel Diploma of
Prize Laureates in Physics for 1903 the prominent French
experimental physicists Pierre and Marie Curie [4, 5]

P
" P e - F -\ A T
Fig. 3. Prominent American experimental physicist Jerome Isaac
Friedman, born in 1930, Nobel Prize Laureate in physics for
1990

Fig. 4. Prominent American experimental physicist Henry Way
Kendall (1926-1999), Nobel Prize Laureate in physics for 1990

Fig. 5. Prominent Canadian-Americ;H experimental physicist
Richard Edward Taylor born in 1929, Nobel Prize Laureate in
physics for 1990

In the period 1967-1973 J.A. Friedman [6] together
with his colleagues H.W. Kendall [7] and R.E. Taylor [8]
conducted a complex of important in the field of high
energy physics experimental studies on the newly
launched into operation (in 1967) the world's largest
Stanford electron linear accelerator on energy to 21 GeV
at the length of his accelerator vacuum tube of 2 miles
(about 3200 m) [2, 5]. The aim of this work was to
determine the characteristics of the scattering of electrons
accelerated to relativistic speeds beginning with protons
in the future related to the breeder. It was assumed that
electrons accelerated in the accelerator of charged
particles to speeds close to the speed of light in a vacuum,
«will» through or the «jump» the said elementary
particles [6]. However, in practice it turned out that most
of these electrons «bounced» from protons at different
angles. And so that these nuclear physicists evolved the
belief that the accelerated electrons consist of smaller
elementary particles, whereas conventionally called
«quarks»[6]. According to modern concepts under the
«quark» in the elementary particle physics meant a
hypothetical elementary particles with fractional electric
charge (1/3 and 2/3 of the electron charge e,=1.602:10"
K) of which may consist of elementary particles (e.g.,
hadrons, including such heavy particles like baryons with
half-integer spin, which the weight of no less than the
mass of the proton), involved in strong interactions [9,
10]. As a result of processing results performed
pioneering experiments and classifications found particles
of the nuclear physicists presented the international
scientific community a set of «quark», named [6]: up,
down, charm, strange, truth and beauty. Received by them
on the Stanford electron linear accelerator experimental
data were extremely important for the development of
modern physics, the quark structure of elementary
particles [2, 6-8].

2. Opening many similarities of physics of solid
matter and the physics of condensed matter. In 1991,
the Nobel Prize in Physics was awarded the French
physicist Pierre-Gilles de Gennes (Fig. 6) «for
discovering that methods developed for studying order in
phenomena in simple systems can be generalized to liquid

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6



crystals and polymers» [2, 11]. According to the data
given in [11], P.-G. de Gennes in 1968 switched to the
study of liquid crystals. Over time, he became a leading
physicist in the field of polymer and colloidal systems. In
1977 he published the monograph «The Physics of Liquid
Crystals» which is to this day a basic tool in this research
field. [11] He is one of the founders of the physics of
liquid crystals. Its share had the honor to become a
pioneer in the field of physics of soft materials -
polymers, surfactants, liquid crystals and colloidal
systems. It is with P.-G. de Gennes was opened physico-
chemical structure (ferroelectric smectic), marked the
beginning of the production of liquid crystal displays for
computers, TV-sets and mobile phones [11-13]. For a
number of fundamental developments in the field of
physics they called him «Newton of our time» [2, 11].

#
Fig. 6. Prominent French physicist Pierre-Gilles de Gennes
(1932-2007), Nobel Prize Laureate in physics for 1991

After receiving the Nobel Prize P.-G. de Gennes
became Director of the «Ecole Supérieure de Physique et
de Chimie Industrielles de la Ville de Paris» ( ESPCI).
[11] At this highest administrative and academic position
he remained until 2002. A lot of time and energy he
devoted to educational institutions of France, while
sharing with the students and the students of his scientific
knowledge.

3. The invention of proportional chamber and
particle detectors. In 1992, «for the discovery and
creation of particle detectors, in particular the multiwire
proportional chamber» French experimental physicist
Georges Charpak (Fig. 7) was awarded the Nobel Prize in
physics [14].

Our next winner of the Nobel Prize G. Charpak had
difficult for his generation and at the same time bright
human destiny. He was born in the Polish village of
Dabrowica (now the city of Dubrovitsa, Ukraine) in a
Jewish family of Polish origin. In 1931 his family moved
to Paris.

P, | 8 L. L
Fig. 7. Prominent Polish-French experimental physicist Georges
Charpak (1924-2010), Nobel Prize Laureate in physics for 1992.

During World War II he participated in the
resistance movement, fighting against Nazi Germany. In
the period of 1944-1945 in difficult conditions he was in a
Nazi concentration camp Dachau near Munich [15]. In
1945, after his release, he joined the Parisian Ecole des
Mines — one of the most prestigious engineering schools
in France (since 1946 he was naturalized French citizen).
After receiving the Bachelor degree in 1948, G. Charpak
started to work at the National Center for Scientific
Research, and later in a scientific laboratory at the
«College de France» of outstanding nuclear physicist,
Nobel Prize Laureate in Chemistry for 1935 (together
with his wife Irene Curie - the sister of Eve Curie [4] «for
discovery of artificial radioactivity and synthesis of new
radioactive elements») Frederic Joliot-Curie [2, 5] (1900-
1958). In 1954 he defended his Doctoral Thesis on the
results of his work in this laboratory in the field of nuclear
physics [15]. In 1959, G. Charpak became a member of
the research team at the European Center for Nuclear
Research (CERN, Geneva, Switzerland). In this scientific
center G. Charpak in 1968 and made his important
scientific discovery — he created a multielectrode
proportional chamber («Charpak chamber») for the
detection of elementary particles [16]. Connection of this
camera (this detector) with a computer, according to the
inventor of this original physical-technical device,
increased the speed of gathering information about the
test particles millions of times [16]. At present, none of
the experiment in the field of high energy physics is
possible without such «Charpak detector». This invention
was of revolutionary character in the field of elementary
particle physics [2, 16].

4. The discovery of new pulsars, and new
possibilities for the study of gravitation. In 1993, «for
the discovery of a new type of pulsar which gave new
possibilities for the study of gravitation» American
physicists-astronomers Russell Alan Hulse (Fig. 8) and
Joseph Hooton Taylor Jr. (Fig. 9) received the Nobel
Prize in physics [17, 18] . Their astronomical discoveries
related to the discovery of the universe of double pulsar

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6 5



PSR B1913+16 R.A. Hulse and J.H. Taylor Jr. made in
1974 carrying out joint astronomy observations on the
unique US radio telescope «Arecibo» (Fig. 10),
established in Central America (Puerto Rico) having a

perforated aluminum parabolic reflector with a diameter
of 305 m [17-19].

Fig. 8. Prominent American physicist-astronomer Russell Alan
Hulse, born in 1950, Nobel Prize Laureate in physics for 1993

Fig. 9. Prominent American physicist-astronomer Joseph
Hooton Taylor Jr., born in 1941, Nobel Prize Laureate in
physics for 1993

Recall that under the «pulsars» (this term is from the
English word «pulsars» - «pulsed radiation sources» [9])
refers to cosmic sources coming to Earth radio, optical,
X-ray and gamma radiation. In radio pulsars, which are
rapidly rotating neutron stars, radio pulse periods
enclosed in the range (0.03-4) s [9]. In X-ray pulsars
which are binary stars where the first neutron star material
flows from the second ordinary star, periods of pulses
ranging from a few seconds to tens [9]. The first pulsars
were discovered in 1967 (such as a radio pulsar CP 1919
with a period of pulsation of its directional radiation in
1.33 s) by astronomers at Cambridge University

(England) Anthony Hewish (born in 1924) with the
assistance of his colleague Jocelyn Bell [20]. For this
discovery E. Hewish was awarded the 1974 Nobel Prize
in physics [2]. In 1991 R.A. Hulse and J.H. Taylor Jr.
after 17 years of his careful astrophysical study of said
continuously varying in sizes double pulsar, by measuring
the declining orbit of the pair of amazing stars found
confirmation of general relativity [2, 18]. In addition, in
the course of this study the type of the binary pulsar PSR
B1913+16, astronomers, these scientists were able to
show that they have studied star system may emit
gravitational waves [18, 20].

it M e O { fa
view of the unique radio telescope in Arecibo
(set in a natural rock basin) managed by Cornell University and
a member of the US National Centre for Astronomy and
Ionosphere [20]

5. Creation of neutron spectroscopy and neutron
diffraction method. The Nobel Prize in physics for 1994
was awarded to the Canadian experimental physicist
Bertram Neville Brockhouse (Fig. 11) «for the creation of
neutron spectroscopy» jointly and in equal shares with
American experimental physicist Clifford Glenwood
Shull (Fig. 12) «for the creation of the method of neutron
diffraction» [21, 22]. Thorny scientific way for the native
of a poor family B.N. Brockhouse has served as a
volunteer in the Navy in Canada the entire period of the
Second World War, it began with his admission in 1945
with the assistance of the Department of Veterans Support
to the University of British Columbia [21]. In 1950, B.N.
Brockhouse defended his Doctoral Thesis and begins to
work in a scientific laboratory Chalk River engaged in the
acquisition and use of nuclear energy. In 1955, B.N.
Brockhouse together with its employees specializing in
the field of neutron physics developed and produced a
three-axis neutron spectrometer [21, 23]. After 10 years of
fruitful work in the field of nuclear physics, he heads the
Department of neutron physics in this large Canadian
institution.

Talented Canadian physicist B.N. Brockhouse
actually created a new trend in the field of neutron
physics associated with the measurement of spectra of fast
and slow neutrons and other elementary particles,
including the quasi-particles (photons) [21, 23].

C.G. Shull after studying at the US Carnegie
Institute of Technology in 1937 was connected to the

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.6



work of the research group at the Faculty of Physics, New
York University in the field of nuclear physics [22].
Before he and his colleagues were given the task to create
a high-voltage generator according to the known scheme
Cockcroft-Walton [5] to accelerate deuterons D (nuclei of
hydrogen isotopes - deuterium ;°H) to energy of 200 keV
[22]. He participated in the first tests of the generator and
the implementation with the help of the form of nuclear
experiments D-D - reactions [24]. In 1941, C.G. Shull
received the degree of Doctor of Philosophy. From 1946
he switches to the nuclear issue and moved to a secret
area near the Tennessee River (United States) to work at
the famous Oak Ridge National Laboratory [5, 22]. There
he teamed up with the American physicist Ernest Vollan
who died in 1984 and is therefore not share inherited C.G.
Shull honor of presenting him in 1994 Nobel Prize,
creates a simple two-axis spectrometer for neutron
diffraction patterns of crystals and other materials [25].

Fig. 11. Prominent Canadian physicist
Brockhouse (1918-2003),
Nobel Prize Laureate in physics for 1994

N
Fig. 12. Prominent American experimental physicist Clifford
Glenwood Shull (1915-2001), Nobel Prize Laureate in physics
for 1994

C.G. Shull is successfully studying neutron coherent
scattering of many chemical elements from the periodic
system of elements of D.I. Mendeleev [25]. He explores
the dynamic diffraction and neutron waves spread in a
variety of crystals. As a result of many years of fruitful
work, C.G. Shull actually becomes the founder of
structural neutron physics [2, 25]. It is considered to
suppose that a time period that has elapsed since the
creation in the field of neutron physics of neutron
diffraction method to presenting the considered high
scientific awards to C.G. Shull together with B.N.
Brockhouse is yet the largest in the history of the Nobel
Prizes [24].
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RESEARCH OF DYNAMIC PARAMETERS OF THE ELECTRIC DRIVE ON THE BASIS
OF ROLLING ROTOR MOTOR

Purpose. Development and investigation of a dynamic model of electric drive on the base of the rolling rotor motor (RRM) which
reflects the positioning of the actuator of the locking and regulating equipment in time. Methodology. Analytical description of
electromagnetic and mechanical processes in the electric drive during the RRM shaft movement by using a system of differential
equations. Numerical imitation modeling with the processes visualization in the Matlab environment of the RRM rotor displace-
ment with mechanical load in time. Results. It is shown that the degree of influence of the value of the load inertia on the dynam-
ics of the object obtained by the waveform changes the rotation angle of the rotor and motor speed in time. The degree of influ-
ence of the value of the electromagnetic time constant of the dynamics of the positioning of the actuator, and the nature of tran-
sients during acceleration and fixing position of the rotor with a predetermined moment of inertia for different values of induc-
tance. The effect of the ratio of electromechanical and electromagnetic time constants of the nature of the transition processes
accompanying jog mode angular displacement of the drive shaft on the base of RRM. Originality. The lack of technical means to
ensure acceptable accuracy time measurement of angular displacement shaft of the actuator in jog mode offset by using a laser
meter which gives the opportunity to assess the adequacy of the dynamic model of the RRM. Practical value. The results of inves-
tigations allow to create a tool for optimization of structural, technical and hardware and software solutions for the improvement
and modernization of the projected electric locking and regulating equipment. The direction for improving the dynamics of the
drive on the basis of RRM is indicated providing for an increase in its torque characteristics of the motor by reducing the influ-
ence of the parameters of transients. References 10, figures 9.

Key words: rolling rotor motor, time constant, positioning control, dynamics.

Ananuzupyromes ounamuueckue napamempsl INeKMponpueooa Ha base osuzamens ¢ Kamawumca pomopom. Tounocmsy nozu-
UUOHUPOBAHUA MAKO20 MEXAMPOHHO20 MOOYNA 00ECNeYUBACMCA 6 Pe3Yibmame UCCIe006aHUs PAKMOpPos, ONPedenaouiux
INEKMPOMEXAHUUECKYIO U IIEKMPOMAZHUMHBYIO ROCHMOAHHbIE 6peMeHU. DKCREPUMEHMATIbHAA OUEHKA 8DEMEHU Nepexo0H020
npoyecca npu ynpagneHuu nO3UYUOHUPOSAHUEM MOOYIA NO3G0IAEM UCCIE006aMb 6/IUAHUE PASIUYHBIX NAPAMEMPOE IJIEKMPO-

npueooa na ezo ounamuxy. butn. 10, puc. 9.

Knrouesvie cnosa: ABUTATE/Ib ¢ KATAINIUMCSH POTOPOM, INIOCTOSTHHAA BPEMEHU, KOHTPOJISI MO3UIIMOHUPOBAHMsl, ITMHAMHUKA.

Introduction. A certain segment of the electric
drive of valves is a mechatronic module combines the
control system and executive of electric single-turn actua-
tor (ESA) which consists of an asynchronous motor and
gearbox. Tasks of improvement technical and economic
performance of these modules require the search for alter-
native actuators, such as rolling rotor motors (RRM). Be-
sides being able to combine the functions of the motor
and the gearbox, which significantly improves the per-
formance characteristics of the module, an additional ad-
vantage of the RRM is to achieve a predetermined starting
torque at a relatively low starting current.

The main trend in the development of the RRM is to
increase the power of these motors as their energy per-
formance indicators are improved with an increase in mo-
tor power.

From the perspective of improving the RRM pa-
rameters used in the valves a decisive role in research
play opportunities torque, which prevents violation of
synchronous rotation and slippage of the rotor relative to
the stator.

Problem definition. Defining the research aspects
of dynamic parameters of trees and shrubs, we note that
the methods and modeling techniques are determined by
the specifics of the simulation object. Specific to the
RRM which operates in the valve drive is a universal in-
dicator of the dynamic that characterizes the performance
- its response IT [1]:

M=Mm2/J,., (1)

where M, is the RRM torque; J, is the RRM rotor moment
of inertia.

Evaluation of the dynamic characteristics of the ac-
tuator can be made at the time of acceleration and the
engine stops at a given position, given the resistance mo-
ment and the moment of inertia of the load on the shaft of
the RRM.

Such a formulation of the problem is typical for the
step [2], induction [3] and DC motors used in mechatronic
systems [4].

Features of formation of RRM torque [1] are small
angular displacement of the motor shaft at predetermined
control actions, not allow the use of the mentioned ap-
proaches to assess the dynamic parameters of the electric
drive on the basis of RRM in jog mode.

The relevance of research results from opportuni-
ties to increase torque RRM to values that are imple-
mented in the ESA with the gearbox. This definition of
the relevance of the benefit is due to the operating pa-
rameters of RRM on the parameters of ESA. The process
of an adequate comparison data on the dynamics of the
start-stop mode is inhibited imperfection of methods of
assessing the dynamic parameters of the drive, especially
with the random nature of the positioning valves (valve
position control). Results of valves operating modes
simulations make it possible to obtain data that are neces-
sary for improving motor control algorithms based on
RRM, as well as optimizing its design.

Known mathematical models of RRM based on the
equations describing the electromagnetic processes of
electric machines [6] allow to improve the design of trees
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and shrubs on the analysis of the angular displacement of
the rotor at high and low speeds in stationary modes.

At investigations of the influence of stator coils
switching modes RRM its torque shown that in conditions
of changing load [7] is its dynamic characteristics deter-
mine the operational capabilities of the transmitter in
various fields. By selecting the settings of switching
modes for RRM given design, the desired speed at differ-
ent points of resistance on the motor shaft.

More effective to assess the dynamic parameters
RRM seems a simulation model [8] in which As the result
of solution of the equation

OB(i,v) di | OB(i,v) dv
oi  dt v dt

where U(¥) is the supply voltage; i is the winding current;
@ is the magnetic flux of the stator winding; R is the
winding resistance; v is the rotor rotation angle, we can
obtain electromagnetic torque values M, depending on the
rotation angle:

U@t)= R-i 2)

1
o[ @(i,v)di
- 0
Me(laU)=T, 3)

The position of the rotor which is determined by the
angle of rotation v is calculated by solving the equations
of equilibrium of torque on the motor shaft, whose mem-
bers include the moment of resistance of the rotor move-
ment, the dynamic moment of resistance, depending on
the moment of inertia of the rotor and the load. The result-
ing static electromagnetic torque of this model does not
reflect the nature of the transients which accompany
switching operation of the rotor movement and depend on
the electromechanical parameters of electric drive.

The goal of the work is to develop and investigate
the drive dynamic model based on RRM which reflects
the positioning of the valve actuator mechanism in time.

In addition, the results of the work provided for the
formation of the requirements for the hardware and soft-
ware components of the electric drive control systems on
the basis of the RRM which is a tool to optimize the pa-
rameters of valve.

DKR transition from synchronous to asynchronous
mode depends on the ratio values of the frictional force
and the component of force of unilateral magnetic attrac-
tion (FUMA) creating a movement of the rotor on the
stator bore. In the transition of the RRM in asynchronous
mode accompanied by a rotor slippage the task of retain-
ing the executive valve mechanism is in position by the
action of the moment of resistance on the drive shaft. In
this case, the objective of research is to assess the feasibil-
ity of the required value of the electromagnetic torque
RRM.

Influence of magnetic properties of materials of
RRM magnetic system on its dynamics. Since RRM
shaft movement occurs as a result of the magnetic field of
the stator to the rotor, it is necessary to assess the effect
on the electro-dynamic performance parameters RRM its
mathematical model. This approach stems from the fact
that the absence of mechanical load on the motor corre-
sponds to the idle mode in which the slip does not occur.

Increase of the RRM torque as a necessary condition
to improve its dynamic parameters, is focused on achiev-
ing the optimal proportions of electromagnetic parameters
that characterize the operation modes of the RRM.

The motor torque depends on the angular position of
the rotor relative to the stator field and the value corre-
sponding to the angle of magnetic induction in the air gap
of the RRM [9]:

Bs(p)= Lot @)
J-ch” (@)
where F; is the MMF of the air gap in radial direction; ¢
is the air gap; ¢ is the angular coordinate determining
radial value of the air gap length; ch is hyperbolic cosine;
n is the number depending on the motor design.

Analysis of changes in the values of magnetic induc-
tion in the air gap range by changing the angle of rotation
of the rotor shows that the change in rotation of the rotor
Bs induction are 6%. Accordingly, taking into account the
non-linear nature of the FUMA depending on the angle of
rotation of the rotor, it is possible to estimate the range of
variation for the two extreme values of the angle of rota-
tion.

Using the magnetization curve of the steel rotor
(curve 3, Fig. 1) we can calculate the value of the mag-
netic induction in the air gap between the stator and the
rotor, depending on the intensity of the magnetic field for
the minimum (0.001 mm) and maximum (0.08 mm) air
gap which in Fig. 1 are displayed by lines 1 and 2.
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Fig. 1. Depending of the magnetic flux on the magnetic field
strength

Two values of magnetic flux (points p; and p,) cor-
responds to two values of magnetic flux @, = 0.015
mWb; @,= 0.0155 mWb and magnetic flux density
B, =1515T; B,=1.565T.

This fact, with sufficient accuracy for practical pur-
poses, enables approximate function flux density in the air
gap of the stator and the rotor of the linear dependence of
the angle of rotation of the rotor.

The value of the magnetomotive force (MMF) F; of
the stator winding, which causes the value of magnetic
induction in the air gap depends on the value of the stator
current / flowing through the N turns of the coils of the
stator winding. Since the coil current when applying a
voltage pulse is changed according to the law:

U
[=—L@-¢"'7y, (5)
Ry
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where Up is the voltage on the winding terminals with
resistance Ry; T = L/Ry is the time constant; L is the coil
inductance. Under this law, the rate of rise of EMF in the
air gap, a change in magnetic flux and magnetic induction
will be determined by the time constant which depends on
the parameters of the stator winding.

Thus, the desire to increase the torque by increasing
the RRM MMF is limited not only design considerations
but also increase the inductance coil which together with
the winding resistance time constant, and hence the dy-
namics RRM.

In [9] it is shown that the transition process in the
stator winding of much longer rotor rolling, so the influ-
ence of electro-mechanical time constant of the process
dynamics can be neglected. However, increasing the mass
of the rotor, and respectively, its moment of inertia J,
which is essential for powerful engines disregard electro-
mechanical time constant leads to errors in the estimates
of the dynamic characteristics of the RRM.

The factors affecting the modes of RRM you should
pay attention to the ratio of the electrical and electrome-
chanical time constants, with time winding switching,
since these parameters, together with the rotor friction
regulate the mode change RRM from synchronous to
asynchronous mode or slippage.

Formalization of the mathematical model of the
RRM. Formulating objectives DKR simulations that de-
termine the structure of the model, we take into account
the fact that the investigated object is used in the compo-
sition of the gas throttling mechatronic module. This
means that in addition to the requirement value of torque
and holding torque pipeline throttle position, engine real
part of a module must provide the necessary speed and
positioning accuracy, that is, the proper control action
pickup. Accordingly, model RRM should reflect the con-
nection of said parameters from the control channels.

Specificity of functioning throttle module is the time
change in the nature and direction of the mechanical
stress. Therefore, developing a model should reflect the
speed and mechanical characteristics in different modes
of operation of the actuator based on the RRM.

Since the processes occurring in any motor, influ-
ence each other, for the study of dynamic modes mecha-
tronic module is necessary to consider the relationship of
energy balance equations and electromagnetic torque with
the equations of motion of the components of the module.
As a result of solving these equations numerically ob-
tained time dependence, reflecting the dynamics of the
process of functioning of the module with the RRM. Ap-
plication of numerical modeling techniques is due to the
nonlinear character of the equations describing the state of
the trees and shrubs.

The structure of the model mechatronic module
based RRM present scheme consisting of 4 blocks:

e block emulation movement of the magnetic field of
the stator (BEFS);

e logic block (LB);

e emulation block of B; magnetic flux density in the
air gap of the stator and rotor (BEMI);

e mechanical block (MB).

Mechanical block of the model, in accordance with
traditional approaches to describing movement, can be
represented by the following equations:

d 1 d
G~ T © “o=w. (1)
where w, is the rotor rotation angular frequency; J,, is the
total reduced moment of inertia of the rotor and the load;
T., T; are the electromagnetic torque and the moment of
resistance to rotation; ¢ is the rolling angle of the rotor
relative to the stator field.

In the environment of MATLAB Simulink simula-
tion corresponds to a block diagram shown in Fig. 2 cor-
responds to (7).

\7/

dempf
=0 N

—o
Switch
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Ground
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5
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Fig. 2. Block diagram of the modeling MB

A feature of modeling MB RRM is a reflection of
fixing the rotor position as a result of the voltage pulse off
applied to the stator coil. At the time when the electro-
magnetic torque 7, = 0 but continues to operate the time
T; resistance, the rolling speed of the rotor begins to de-
cline. After the rotor speed reaches zero, the circuit pat-
tern using the element MB Switch deactivated the moment
of resistance.

As can be seen from Fig. 2, in the membrane via the
damping factor is taken into account the time dependence
of the resistance on the rotor speed.

The block of emulation of magnetic flux density Bj
reflects the change in the value of the magnetic flux den-
sity in the air gap of the stator and rotor rolling. These
changes are described by (4).

Work BEMI synchronized switching pulse generator
motion control circuit RRM. As a result of applying a
voltage pulse in the windings of the stator coils RRM, the
current MMF and forming the magnetic induction in the
air gap varies exponentially (5). Model changes can rep-
resent aperiodic link with a time constant T winding. Ac-
tually, it is this constant corresponds to the electromag-
netic time constant of the RRM.

For the time varying magnetic flux density values,
take into consideration the magnitude of the air gap,
which also changes periodically as a result of movement
of the rotor. Calculations are performed in the gap J by
linear interpolation of J depending on the load angle @
which is connected to the rotor rotation angle . BEMI
simulation diagram is shown in Fig. 3.

Emulation block of motion vector of the stator mag-
netic field displays discrete changes of the magnetic field
vector angle in accordance with a frequency set by exter-
nal switching pulse generator.
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Fig. 3. BEMI diagram

In accordance with the switching rules 8 stator coil
RRM angle displacement vector of the magnetic field of
the stator is o = @/4. For the rotor in one direction or an-
other switching pulse generator (Fig. 3, 4) generates sig-
nals which effect movement provides discrete induction
vector at an angle a = 7/4. Violation of balance of forces
acting on the rotor caused by switching the coils of the
stator winding sets it in motion, resulting in a change of
the current position of the rotor angle ¢ with the changes
and load angle ® = (a — ¢).

Electromagnetic RRM time dynamic model by mov-
ing the magnetic induction vector associated with the load
angle O calculated by [1]:

B3-S-d,

Ho
where S is the surface area through which the main mag-
netic flux; d. is the rotor diameter.
As a result, the time can create electromagnetic
simulation RRM circuit shown in Fig. 4.

1,(0)= -sin@ , ®)

— — Fa

=

Switching pulses
generator

Fig. 4. Diagram of the RM electromagnetic torque modeling

Since the objective of the simulation is to study the
dynamics of the parameters of the RRM, the results of
modeling should reflect the interaction of acceleration and
deceleration processes of the rotor over time. Characteris-
tic of these processes is a change in velocity and accelera-
tion values of the rotor not only in time but also in direc-
tion. The logic of the relationships of parameters and
ranges of restrictions are implemented in the logic block
(LB). LB model allows reflect the direction of rotation of
the rotor switch RRM and to exclude the value of the
model parameters, which are contrary to the physical
meaning of the engine operation. These problems are
solved by a combination of logic functions simulation
environment Matlab.

LB Interaction with other blocks of the model is re-
flected in the overall block diagram of the dynamic model
RRM shown in Fig. 5.

The input parameters of the model are given by the
characteristics of the RRM and the parameters of mecha-
tronic module of valve. The simulation results are ob-
tained in the form of time-varying output dynamic model
parameters - the torque and rotational speed of the rotor
angle RRM.

Control pulses
generator v T, e
_ v a
@ MB[
- ¢ -
» LB |

Fig. 5. Block diagram of the RRM dynamic model

These changes are the output parameters are visual-
ized using Matlab user interface environment. The nature
of the perturbation modeling object parameter is defined
on the basis of the simulation tasks.

The simulation results. Exploring the value of the
degree of influence of the dynamic moment of inertia of
the object, received waveform changes the angle of rota-
tion, trees and shrubs of the rotor speed with time for
various values of the moment of inertia J,, (Fig. 6).

e S

— i i 1 2

n 3 n 1 an 95 an K An
Fig. 6. Waveforms of changes the angular velocity and the angle

of rotation of the rotor windings during commutation

Fig. 7,a shows the changes in the angle of rotation of
the induction vector control, Fig. 7,b - electromagnetic
torque 7T, fluctuations Fig. 7,c - the angular speed varia-
tion, Fig. 7,d - the angle of rotation of the rotor for differ-
ent values of the load torque. From these data it follows
that increasing the time constant of the module due to the
shaft torque load up to a certain value, it is necessary to
limit the switching frequency of the windings. Fig. 7,c,d
is evident that under certain loads on the shaft of the
RRM control rotor motion is meaningless because there is
no fixation of the rotor in the previous position.
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To assess the impact of the value of the electromag-
netic time constant of the dynamics of the positioning of
trees and shrubs, consider the nature of the transients dur-
ing acceleration and fixing position of the rotor with a
predetermined moment of inertia for different inductance
values (Fig. 8).

In relative terms in Fig. 8,a shows the variation of
the electromagnetic moment in time; b - the resultant
moment, ¢ - change of angular velocity, d - the angle of
rotation of the rotor to the winding time constant z = 5 ms
and 7z = 50 ms.

Fig. 7. Waveforms of changes of the torque, the rotor speed
angle and rotation angle

i ) il =i §
Fig 8. Waveforms of changes of electromagnetic
torque, angular velocity and the angle of rotation of the rotor

The curves 1, 2 on the waveform 8,d correspond to a
change in the angle of rotation for the inertial torque J,,,,
and curves 3 and 4 - for the moment of inertia J,,;.

The values of angular velocity for a moment of iner-
tia J,,;; (curve 1) and J,, (curve 2) in Fig. 8 differ appre-
ciably, while, as a result of the difference signals changes
inductance value on the order of (z = 5 ms, 7 = 50 ms)
unobtrusive.

It should be noted that an increase in inductance of
RRM more 500 mH (which is no practical necessity) also
degrades engine dynamics, particularly in the starting
torque / braking.

From the transient analysis implementations ob-
tained shows that the positioning control device of valve
in which RRM are used, should be developed taking into
account the ratio of electromechanical and electromag-
netic electromechanical time constants valve drive. De-
spite the fact that the value of the inductance of the stator
winding in MMF electrical state significantly affects the
formation of MDS stator winding RRM increasing the
electromechanical constant as a result of increased me-
chanical load increases the transient driving, up to a loss
of accuracy of positioning of the shaft.

To assess the adequacy of the dynamic model RRM
used experimental setup diagram is shown in Fig. 9.

‘ 5
) At
,a" 3 : =
< P[S

Control
system

"

Fig. 9. Diagram of the change of duration of the RRM shaft
displacement on the given angle

On the SSR shaft 1 laser emitter 2 is mounted the
movement of the beam is perceived laser photodetectors
3. When moving the laser beam, the locking position of
the shaft RRM through radiation photodetectors state is
changed by trigger 4. Use measuring time intervals 5,
which serves as a storage oscilloscope RIGOL SDS
1022DL, estimated travel time from one shaft RRM posi-
tion to another.

This time clearly depends on the time of the tran-
sient change of the rotor position. The values of angular
displacement are determined by the coefficient of reduc-
tion of the RRM, respectively, RRM design features. The
need to use the laser measuring instrument is the diffi-
culty of measuring small values of angular shaft dis-
placements RRM feeding unit of the switching pulse.

With the help of the described installation (Fig. 9) to
assess the impact of different windings switching modes
RRM on the nature of transient electric [10] is carried out.
The results of the time correction of the transition process,
which takes into account the ratio of the electrical and
electromechanical time constants, indicate the possibility
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of improving the dynamic parameters of the drive and
increase its torque. Continued use of the results of model-
ing the dynamics of jog mode electric drive on the basis
of the RRM opens the possibility of using energy-efficient
control algorithms.

Conclusions. A dynamic model of the electric
drive on the basis RRM reflecting the positioning of
the drive shaft at the time taking into account the influ-
ence of the valve parameters on the parameters tran-
sients is developed.

Data obtained as a result of the simulation provide
an opportunity to formulate the requirements for the
hardware and software components of the electric drive
control system based on the RRM.

Experimental evaluation of the time of transients in
the management of valve positioning modules allow us to
state that the improvement of the electric drive on the
basis of the dynamics of RRM aimed at increasing its
torque, it is advisable to carry out on the basis of hard-
ware and software systems that provide reducing the in-
fluence of the characteristics of RRM on the parameters
of transients.
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ANALYSIS OF THERMAL STATE OF TRACTION BRUSHLESS PERMANENT MOTOR
FOR MINE ELECTRIC LOCOMOTIVE

Purpose. The study was conducted to analyze thermal state of the traction permanent magnet synchronous motor for mine electric
battery locomotive when operating in continuous and short-time duty modes. These operating modes are selected for study, as
they are typical for mine electric locomotives. Methodology. Thermal calculation was performed by means of FEM in three-
dimensional formulation of problem using Jmag-Designer. Results. The modeling results of thermal state of the PMSM in con-
tinuous and short-time duty operation modes showed good agreement with experimental results. The results showed that the tem-
perature of PM is higher than temperature of the stator winding in continuous operation mode. It was found that PM temperature
might reach excessive values because of the high presence of eddy current losses in neodymium PM. Therefore, special attention
in the design and testing of PMSM should be paid to the temperature of PM in various operation modes. Practical value. It was
recommended to use high temperature permanent magnets in traction PMSM to avoid demagnetization of PM and performance
degradation. References 7, tables 2, figures 10.

Key words: brushless motor, heat generation, temperature, losses, permanent magnet, coil, current, resistance, mathematical
model, FEM.

Bovinonnen noseepounviit mennoeoii pacuem ms206020 6eHMUNBHO20 O06U2AMENA C NOCMOAHHLIMU MAZHUMAMU NOCPEOCHEOM
KOHEUHO-I]1eMEeHMHOI UEenHo-noJ1e60ii mamemamuyeckoit mooenu na niameopme JMAG-Designer 6 mpexmephnoii nocmanoske
3aoauu. Ilonyueno pacnpedenenue memnepamyput u zpaguru nazpega oemareii osuzamens. Ilpogeden cpagnumensvHolii ananus
Pacuemnuvix u IKCREPUMEHMATILHBIX OAHHBIX MENI06020 COCIMOAHUA 08U2AMENA 6 UACOBOM U ONUMENLHOM PENCUMAX PAOOMbL.
Bu6n. 7, Tabm. 2, puc. 10.

Knrouesvie cno6a: BeHTHIbHBII ABUTraTe/]b, HATPEB, TEMIIEPATypa, NOTepH, NOCTOAHHbIA MaruuT (IIM), kaTymka, MmaTemMaTu-
YyecKkasi MojieJIb, MeTO/l KOHeUHBIX 3JIeMeHTOB.

Introduction. It is known that the traction motors for
mine locomotives are experiencing high electromagnetic
and thermal loads in difficult environments for different
operating modes. This imposes certain requirements for
performance since, cooling system and materials used in
the engine to provide desired performance. Therefore, an
important objective in the design of the traction brushless
motor with permanent magnets (BMPM) is an evaluation
of its thermal state which provides information on the dura-
tion of the motor operation at various modes and, if neces-
sary, adjusts the design to ensure that the necessary re-
quirements met [1-4].

In [5] the results of «Electrical Engineering - New
Technologies» LLC (Odessa) is presented to develop and
test BMPM for a mine locomotive. Overheating of the
stator windings were noted during continuous operation
of the BMPM as a part of the laden locomotive weight of
70.5 tons. This load corresponds to the BMPM hour mode
of operation.

The goal of the paper is control thermal calculation
and analysis of the thermal state of the traction BMPM [5]
for mine electric battery locomotive when operating in
hour and long-term modes. This analysis serves as a basis
for recommendations to improve the design of the traction
BMPM.

Object of investigations is the traction BMPM for a
mine battery electric locomotive designed by the «Electri-
cal Engineering - New Technologies» LLC the design of
which is shown in Fig. 1. Basic geometric dimensions and
winding data of BMPM are presented in Table 1. Parame-
ters of studied operation modes are presented in Table 2.

Method of investigations. The most detailed and
accurate picture of the temperature distribution it is possi-
ble to obtain by numerical methods based on the Finite
Element Method. These methods make it possible to per-

form the thermal calculation of the steady or transient
mode of heat exchange process in the three-dimensional
formulation of the problem and determine the temperature
of any part of the motor [3, 4].

Fig. 1. Salient-pole BMPM with concentrated stator winding:
1 — stator; 2 — rotor; 3 — shaft; 4 — PM; 5 — stator pole; 6 — stator
winding coils; 7 — stator slot

We present control thermal calculation of the con-
sidered BMPM in the software package for numerical
computations Jmag-Designer as well as the analysis and
comparison of the calculated and experimental data.

The first step of the thermal calculation is to develop
a BMPM 3D model which is to be detailed enough to
adequately describe the structure and properties of
BMPM than should include not only the active part but
the housing, shaft and slot insulation.
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Table 1
Geometrical dimensions and winding data of the motor

Name Value
Stator external diameter, mm 360
Stator internal diameter, mm 217
Number of teeth of stator, 12
Active part length, mm 240
Number of poles of rotor 10
Number of stator winding coil turns 10
Dimensions of magnets (NdFeB), mm 240%35.5%6.3
Air gap, mm 2.5
Table 2

Parameters of the BMPM operation modes

Mode Torque, | Rotation fre- | Consumption | Feeding
N | quency, RPM current, A voltage, V
Hour 210 600 130 120
Long-
te(rzm 100 760 70 120
hours)

Fig. 2 shows the prepared for calculations 3D model
of the BMPM. Its parts are modeled in such a way that
their sizes were close to real. It should be noted that the
shape of the housing parts and the shaft is simplified but
their volume equal to the real volume of parts of the
BMPM investigated. This simplification allows to reduce
the time spent on the creation of a 3D model at retaining
the basic structure’s properties for thermal calculation.

The second step is to determine the electric and
magnetic losses in the motor parts. For this electromag-
netic calculation of the BMPM at hour and long-term
modes has been made modes taking into account losses
due to eddy currents in the steel and PM.

To account the losses due to eddy currents, rotor sta-
tor and PM have been assigned the appropriate electrical
resistivity.

To perform the electromagnetic calculation to the
stator winding coils (SW) of the field model of the
BMPM in JMAG-Designer chains editor we connected
electrical circuit consisting of a constant voltage source,
an inverter with pulse width modulation, voltmeters and
ammeters (Fig. 3). Inverter keys control is performed us-
ing a model that implements vector BMPM control [6].

As the initial data of operation modes of the BMPM
model we set voltage, rotation speed and load torque.

As a result of the electromagnetic calculation
BMPM data were obtained on the losses in the stator,
rotor, SW coils and PM. Loss calculation results are
shown in Fig. 4 and Fig. 5.

From Fig. 4 and Fig. 5 one can see that the ratio of
losses in the SW coils and PM is different for the investi-
gated modes of the BMPM operation. At the long-term
operation mode losses in PM are greater than the losses in
the SW.

The third stage is proper calculation of the thermal
state of the BMPM where we calculate transient motor
heating process at the investigated operation modes.

For the calculation of each part corresponding heat
capacity and thermal conductivity was appointed. On the

outer surface of the housing the boundary condition (the
3rd kind) of the heat transfer was set with the heat transfer
coefficient of 12 W/m*°C which is the average for natural
convective cooling of similar motors’ structures under
normal conditions [7].

For each part, which is a heating source we set
losses calculated earlier. Furthermore, at the calculation
the dependence of electrical losses in SW on temperature
has been accounted.

\"wd
—-— = T /
. =

BEa oy
Fig. 2. 3D BMPM model with simplified housing
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' FIg 3. Electrical circuit of the curcuit-field BMPM model
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Fig. 4. Electrical (4P,.) and magnetic (4P,,) losses
in the BMPM (hour mode)
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Fig. 5. Electrical (4P,.) and magnetic (4P,;)
losses in the BMPM (long-term mode)

Results of investigations.

Fig. 6, 7 show the results of thermal calculation as
the temperature distribution and heat flux vector for the
hour operation mode of the BMPM. It is evident that the
heat generated by the rotor and PM is removed through
the shaft, and the heat of SW coils is removed through the
stator and housing to the environment. This distribution of
the heat flow is typical for such electric motors, which
indicates the correct formulation of the problem.

Fig. 6. Tempeture and heat flux distributions
(BMPM cross-section)

Fig. 7. Temperature and heat flux distributions
(BMPM longitudinal section)

Fig. 8 compares the experimental and computational
graphics of BMPM coil heating at the hour and long-term
operation modes. BMPM tests were carried out on the
stand of the «Energy» [5] Company.

Fig. 8 shows good agreement between the results of
calculation and experiment for long-term operation. In
this case the difference between the calculation and ex-
periment does not exceed 9 %.

T,°C

t, min,

Hour mode. Calcul.

Hour mode. Exper.

=====Long-term mode. Exper. =====Long-term mode. Calcul.

Fig. 8. SW coils heating at hour and long-term operation modes

As a result of the experiment, it was found that in
47th minutes of operation at the hour mode of the BMPM
the overheating protection tripped. In this case the wind-
ing temperature reaches 110 °C. This fact is also con-
firmed by the results of calculation. The maximum differ-
ence between calculation and experiment is 25 %. This
difference can be explained by the uneven load on the
duration of the experiment.

Fig. 9, 10 shows graphs of heating of the BMPM
components in the hour and long-term operation. It is
evident that the process of heating is different at these
modes. For example, the temperature of the PM at the
long-term operation during most of the estimated time
exceeds the temperature of the SW coils. This can be ex-
plained by the fact that at the long-term mode, the current
consumption is smaller and the rotation rate is greater
than at the hour mode. As is known, the value of the mag-
netic losses is proportional to the frequency of magnetic
reversal, and the value of the electric losses is propor-
tional to the square of the current.

It should also be noted that at the hour operation
mode the PM temperature reached 82 °C which exceeds
the maximum permissible operating temperature of the
low-temperature neodymium PM. Therefore, in order to
avoid losing the properties of the PM and worsening per-
formance for the investigated BMPM it is recommended
to use PM with operating temperature of 120 °C and
higher.
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Conclusions.

1. The results of the modeling of the thermal state of
the BMPM at hour and long-term operation modes shown
good agreement with experimental results. The difference
between the calculations and experiments for the long-
term mode does not exceed 9 %, and the maximum diver-
gence of the calculated results and the experiment for the
hour mode is 25 %.

How to cite this article:

2. As a result of calculations it was determined that the
PM temperature may reach high values because of the
presence in the PM significant eddy current losses. There-
fore, special attention in the design and testing of the
BMPM should be paid to the temperature of the PM at
various operation modes.
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A TURBO-GENERATOR DESIGN SYNTHESIS BASED ON THE NUMERICAL-FIELD
CALCULATIONS AT VARYING THE NUMBER OF STATOR SLOTS

Purpose. The work is dedicated to the presentation of the principle of construction and implementation of an automated synthesis
system of the turbo-generator (TG) electromagnetic system in the case of its modernization. This is done on the example of chang-
ing the number of the stator core slots. Methodology. The basis of the synthesis is a TG basic construction. Its structure includes
the mathematical and physical-geometrical models, as well as the calculation model for the FEMM software environment, provid-
ing the numerical calculations of the magnetic fields and electromagnetic parameters of TG. The mathematical model links the
changing and basic dimensions and parameters of the electromagnetic system, provided that the TG power parameters are en-
sured. The physical-geometrical model is the geometric mapping of the electromagnetic system with the specified physical proper-
ties of its elements. This model converts the TG electromagnetic system in a calculation model for the FEMM program. Results.
Testing of the created synthesis system is carried out on the example of the 340 MW TG. The geometric, electromagnetic and
power parameters of its basic construction and its new variants at the different numbers of the stator slots are compared. The
harmonic analysis of the temporal function of the stator winding EMF is also made for the variants being compared. Originality.
The mathematical model, relating the new and base parameters of TG at the changing of the number of the stator slots is created.
A Lua script, providing the numerical-field calculations of the TG electromagnetic parameters in the FEMM software environ-
ment is worked out. Construction of the constructive and calculation models, the numerical-field calculations and delivery of
results are performed by a computer automatically, that ensures high efficiency of the TG design process. Practical value. The
considered version of the TG modernization on the example of changing the number of the stator core slots provided an opportu-
nity for the presentation of the principle of construction and implementation of design synthesis system. For the practical use in
the TG designing process, the developed and presented system can be more detailed with specifying the individual components of
the mathematical model and expanded for varying other parameters of TG and optimizing its design. References 11, tables 2, fig-
ures 7.

Key words: turbo-generator, modernization, design synthesis, mathematical model, Lua script, FEMM program, numerical-field cal-
culations, electromagnetic parameters.

Ilpeocmaenen npumep npoeKmuoz0 CuHme3a INEKMpomMazHumuoii cucmemsl mypoozenepamopa (TI)) npu ezo mooepnusayuu.
Co3oana mamemamuueckan mooens, céA3bl6al0Was Hoevle u 6azosvie napamempul TI” npu uzmenenuu wucna nazoe cmamopa.
Pazpaboman ckpunm Lua, obecneuugaioujuil uucienno-nonegsle pacuemsl riekmpomazuumnsix napamempos TI" ¢ npozpamm-
noii cpede FEMM. Ilocmpoenue KoncmpyKkmugenoil u paciemmnoit MooeJeil, YucieHHo-noJjeesle paciemsl U evl0aua pe3yipoma-
M08 GbINOSIHAIOMCA KOMNBIOMEPOM AGMOMAMUYECKU, YN0 0becneuusaem 6blCOKyI0 IPhekmusnocms npoyecca npoeKmuposa-
Hua TI. Anpobayus cucmemsr cunmesa nposedena na npumepe TI' mowpocmoro 340 MBm. bub6n. 11, tabax. 2, puc. 7.

Kniouesvie cnosa: TypdorenepaTop, MoaepHH3aINs, NPOEKTHBII CHHTEe3, MaTeMaTH4ecKasi MoJeJb, ckpunT Lua, mporpamma
FEMM, 4nc/ieHHO-10JIeBbI¢ PACYeThl, 3JIeKTPOMAarHUTHbIC IapAMeTPhbI.

Introduction. Powerful turbo-generators (TG) are
the most complicated, expensive and effective in opera-
tion electric machines [1]. Design and the subsequent
creation of new models take months and even years.

Therefore, the process of improving the TG is often
reduced to modernize their samples after long test opera-
tion [2]. At the same time seeking to improve the parame-
ters of the TG with minimum changes as the global inno-
vations in the complex can lead to unpredictable conse-
quences and require long experimental refinement which
requires large capital investments.

One option to speed up the modernization of TG is
reduction of terms of computational and design works.
They require a significant amount of time due to the com-
plexity of classical methods of calculation as such be-
cause of the complexity of TG themselves. These meth-
ods are often adapted to specific design elements of stan-
dard sizes and need to be improved after their changes.

Numerical methods for calculating magnetic fields
[3, 4] coupled with high-speed computers and efficient
software provide new opportunities for improving the
design system of the TG. This contributed to the novelty
of the results provided, as an example of created on this
basis an automated design synthesis system of the TG
electromagnetic system in the case of their modernization

at the change of certain key elements of the design is con-
sidered.

The goal of the work. The work is dedicated to the
presentation of the principle of construction and imple-
mentation of an automated system of electromagnetic TG
system synthesis in the case of its modernization that is
being done on the example of changing the number of
slots of the stator core.

Structure of synthesis is based on the basic design of
the TG available and includes a mathematical model, a
physical and geometrical model, a calculation model in
conjunction with the program environment FEMM [5]
which provides the numerical calculations of the magnetic
field and electromagnetic parameters of the TG. The
mathematical model relates the changing sizes and pa-
rameters of the electromagnetic system with its basic di-
mensions and parameters with the condition for the output
power parameters of the TG. Physical and geometric
model is a geometric mapping of the electromagnetic sys-
tem with given properties of its components - the wind-
ings and cores. This model converts the electromagnetic
system of the TG and the results of the mathematical
model operation to the calculation model for the FEMM
program.
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Creation of the physical and geometric model, its
transformation into a calculation model, providing the
FEMM program operation, the definition of the electro-
magnetic and power parameters based on numerical cal-
culation of the magnetic field, output results of the syn-
thesis of the updated TG electromagnetic system to a text
file - all is done automatically by the control program
written in the Lua language integrated in the FEMM [5].

Universalism of created models of available and de-
veloped software is that they are adapted to the typical
structural shapes of TG as a whole and their elements.
Numerical methods for the calculation of the magnetic
field remove restrictions on the account of real construc-
tive shapes of electric machines as a whole and their ele-
ments, on account of the magnetic saturation.

Largely developed software is based on investiga-
tions that have presented earlier in papers by the author
[4, 6-10] and others.

Object of investigations. Demonstration of calcula-
tion results is carried out on a three-phase TG [2] the ba-
sic electromagnetic system of which is shown in Fig. 1. It
has a rated: power Pn=340 MW; phase voltage
Un=11547 V and current [,=11547 A; power factor
cosp,=0.85; frequency f;=50 Hz. Its number of pole pairs
p=1; active length /,=5.308 m; non-magnetic gap &=77.5
mm; radius of the rotor surface 7,,=0.56 m; number of
turns of its phase winding N=10, relative shortening
F:=0.8; number of effective conductors of the stator wind-
ing rod N, =1; number of turns of the rotor winding
N=126.

[
Fig. 1. Calculation model of the turbo-generator electromagnetic
system

The basic values of the TG conserved in its mod-
ernization. Fig. 2 shows the TG structure with the indica-
tion of main dimensions of the cores of the stator and ro-
tor. Taking into account the decisive role in the formation
of the magnetic fields of the tooth-slot stator structure, it
is shows by fragments with required dimensions marked
in Fig. 3.

Fig. 2. Geometrical model of the turbo-generator

In order to in visualized form evaluate changes in the
TG at the change of the number of stator slots, the pre-
sented TG output parameters are reserved: power, phase
voltage and current, power factor. Also given in the long
history of the TG design values of magnetic field strength
in the gap, teeth and the back of the stator core as well as
a gap characterized for the TG of corresponding power
level are conserved.

Assuming the continuation of the stator current and
the distributed current density in the conductors of its
winding, sections of its rods must be preserved. Since the
stator winding voltage is conserved, the insulating gaps in
the slot are conserved, too (Fig. 3).

Fig. 3. Tooth-slot structure of the stator

When conserving the TG voltage, EMF of the phase

stator winding should be conserved, too
Es:”\/g'fc'Ns'@s'KW.w ()

where @; is the magnetic flux in the gap; Ky is the stator
winding factor.

For convenience, hereinafter we refer to the same
indications of the same base and new values but for the
first ones the letter b in the indexes is added everywhere.
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Stator rods are characterized by their height 4. and
width b, the surrounding insulation in the slots — by
thicknesses d;1, dj, di3 and dy. In the basic design of the
cross-sectional area of the stator winding rod S.,=h.,bp.
Taking into account the conditions set, at varying of 4.
and b, the following must be provided: s.b. = Se.

This variation accompanies the change in the size of
the stator slots - their height 4, and width b,. Here, we
must preserve the height of the spline Ay and the depth of
the wedge 7, as well as two-way wedge recess in the wall
of the slot dj, = by — bg. The width of the grooves under
the wedge should change and be dj, = by, — by

Note that in the basic design the following condi-
tions must be satisfied: b, = by, — 2dyy; h. = (hy — d),)/2,
where the constant addition by the height of the stator slot

dps = his + diy + dip + djs.

Mathematical model of the TG electromagnetic
system synthesis.

First of all, we consider what changes need to occur
in the stator and its slot and when the number of its slots
is changed from the base value Qy to the new one O,
which will be characterized by the coefficient of change
in the number of stator slots:

st = QS /st . (2)

We assume that the ratio of number of turns of the

winding of the stator core of the base and the new design
corresponds to the ratio of slots, i.e. Ny =k Ny, .

Then, from the condition of conservation of the
EMF of the phase stator winding (1), the new value of the
magnetic flux in the pole pitch @y =@, /kp;.

By the magnetic flux, the magnetic flux density in

the gap to the bore of the stator core (in this case, the av-
erage value) is determined

By=—0s 3)

where we know the expression of the pole pitch on the
radius of the stator bore ry;:
7, =200 (4)
p

As already stated, the value of Bs should remain as
one of the fundamental quantities of TG and other electric
machines.

The expression (3) includes two values, which, in
principle, can be changed to conserve in the TG the pre-
vious value B, namely, the active length /, and the radius
of the stator bore 7.

In this paper we restrict ourselves to the second op-
tion - to change the radius of the stator bore r,; as more
complicated in the analysis. Active length /, is preserved
such it was in the TG basic design.

Modernization of the TG electromagnetic system
with changing the radius of the bore of the stator core.
From a combination of the above relations a new value of
this radius is obtained

Tsi = Tsib /kQS' (5)
To preserve the value of the magnetic flux density in

the teeth of the stator core with the new number of slots,
respectively the total width of the teeth changes

bogs =bigb /st > (6)

Basic total width of all the stator teeth in their aver-

age radius of location r., (Fig. 3)

bogh =27 19— by, - O, (7
where r.=rgthe/2; rg, 1s the radius of the bore of the
stator core; Ay, is the its slot height.

With the new value of the radius ry; by (5), we carry
out a number of preparatory transformations of TG stator
parameters for the new number of its teeth Q, in order to
obtain the new value of the average radius of stator teeth
7., and then the other quantities.

The width of the new slot at the new value O

by = M ) ®)
‘ Oy
The width and height of the stator winding rod
b =by—2-diy; hC:SCb/bC' )
The height of the slot
hy=2 h.+ d),. (10)

For expressing the average radius of the tooth-slot
structure we make substitutions based on relationships of
written values above:

Fos=rsit hs/z =rst (2 hc + dhs)/2 =rst hc + dhs/2 =

= 1ot Sei/be + di/2 = 1yt Sep/(bs — 2 dig) + dj/2 =

S d S
=rg+ ch + hs _ e+ Qs ch ,
2.7y — b 9.4 2 2-mwer,—d
i4
Oy
where the notations are introduced for brevity

d=b,+2-diy Oy e=(ryt dp/2).

In fact, an equation is obtained from which, after in-
cremental transformations we obtain the quadratic equa-
tion with respect to r:

2
s = [d(2-m) +e)] +[de— SO 1(2-m)=0.(11)

Its solution gives two roots, the meaning of which

has an option with a plus sign before the radical:

b /bz
rzs:_Ei T_ca (12)

where b=—e—-d/(2-m);c=(de— S, -O)/(2-7).
After obtaining r,; we determine for the new TG de-
sign values by, b, h., hy by (8)-(10).
Besides, we obtain the new values of the width of the
stator wedge

by = by + dj, (13)
stator core backrest height

has = hygp /st > (14)
outer radius of the stator core

Foo =Ty + hg + By (15)

number of serial turns of the two-layer stator windings is
verified
Ny = Ncs'QS ! my, (16)
where N, is the number of effective conductors in the
rod; my is the number of TG phases.
In the process of calculating TG electromagnetic pa-
rameters we use stator phase winding active resistance
R&Rgkg, and reactance of frontal scattering

X, :va~kés [4, 7] which are recalculated for the

changes in the number of turns (16) by the same quanti-
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ties of the basic model.

With the change of the radius of the bore of the sta-
tor core it is necessary to correct the rotor structure (Fig.
2). In this regard, we consider two options: retaining and
changing its dimensions of its slots which are separately
designated in Fig. 4.

,Q%‘ bkr N
I g
|
<2V b, 5 .
2 77*7 ~=
N —
S g]
=
V
= “
dir4 <~
bCV
on
S
'“c V‘
< b
kkﬁ r

Fig. 4. Tooth-slot structure of the rotor

Correction of the rotor with maintaining its slots di-
mensions. With the new value of the radius of the bore of
the stator core, the new radius of the rotor surface
=7r,;—0. (17)

Therefore, correction of the number of rotor slots is
need so as not to reduce the critical values of a rotor core
- the width of the base of the rotor teeth
27T 1y

O

where Q,, is the conditionally total number of rotor slots;
b, is the rotor slot width; r,,=r,, — h, is the location radius
of the rotor teeth base (Fig. 4).

When choosing the number of actual rotor slots O,
we conserve about the filling ratio of the rotor surface by
the slots

rre

bl}" = _br’ (18)

er = Qr/Qm : (19)

By these formulas (18), (19) for the base version of
the TG we must take basic values Q,.,, O, bys, Hyp, and
then we obtain the values of the parameters kg, by
which further by varying the rotor sizes should be about
conserved.

To transform the rotor design the following formulas
are used.

New conditionally total number of rotor slots

0, =4 ceil(m - 0,99] :
brb + btrb
where the symbol ceil means rounded to the nearest
whole number in the direction of greater value of the ar-
gument in parentheses.
The new number of coiled rotor slots

(20)

0, =4-ceill0.25- Oy, - kgy, —0.99). 1)
Number of serial turns of the rotor winding
N,=N0,/2, (22)

where N, is the number of effective conductors in the
rotor slot, for the base variant it was N.,,=2 N,,/ O,s.

Correction of the rotor with a change in its slots di-
mensions. For more detailed correction of the rotor design
we can change the basic dimensions of its slot (Fig. 4).

At the correction of the rotor we conserve:

e cross-sectional area of the rotor winding rod
Scrb:hcrb'bcrb; (23)
where /., b, are the height and width of its winding
rod;

insulation gaps in the slot d;,1, d;,; and dy4,

height of the wedge with spline /y,;
o constant addition to the height of the rotor rod
dhr = hkr + dirl + dir3; (24)
o two-side wedge deepening to the slot wall d,. = by, —
b,,, where b, is the width of the rotor base slot;
o width of the base of the rotor teeth b, (18);

e base filling factor of the surface of the rotor slots
kop determined by (19).

To keep the magnetic flux density in the base of the
rotor teeth at the change of the number of stator slots, we
change the radius of the location of the bottom of rotor
slots proportionally to the magnetic flux change

Trn = Vrnb /kQS' (25)
By formulas (21) and (22) we calculate values Q,,

and Q,.
Keeping base value b, calculated by the formula

like (18) we obtain new rotor slot width
LAy

b, = 0, —byp - (26)
New values of rotor rod dimensions
bey =bp =2-diry ;s hey =Serp / bey - (27)

New values of the slot height and width in the area
under the wedge recess

by = hep +dp, 5 by =bp +dy; (28)

The radii of the rotor surface and the stator core bore

Tre =l +he s Isp =T +6. (29)

Taking into account this new value of the radius ry;

after that by (12) we calculate 7, for the new number of

its teeth O, and then other new values 4y, b., h., b, by the

above formulas (12), (8) - (10) as well as the new values
of the stator wedge width

bks = bs + dks; (30)
outer radius of the stator core
rse:rsi+hs+has- (31)

As a result as before, the corresponding geometric
model of the TG is formed

The presented set of formulas from (2) to (31) to-
gether with intermediate formulas and is a mathematical
model of the TG electromagnetic system synthesis at the
changing the number of its stator slots.

The structure of an automated synthesis system of
the TG electromagnetic system. The basis for the use of
a mathematical model, as stated above, are the parameters
of the TG basic design and the new value of the number
of stator slots. Since then the automated program complex
synthesis of a new TG electromagnetic system synthesis
begins. A block diagram of the synthesis program is
shown in Fig. 5.
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ﬂ Input from the text file the data of the base model and
necessary parameters of the new model of the TG

2

| 2 | Calculation of the TG new model parameters |

| 3 | TG geometrical model building |
v

| 4 | TG physical model forming |

ﬂ Iterative field calculations at the idle and short-circuit
modes to determine initial values of the TG excitation
parameters at the load mode

ﬂlterative field calculations at the load mode to determine
final TG excitation parameters

v

Final magnetic field calculation at the load mode |

v

8 | Determination of the TG electromagnetic parameters
by the results of the numerical field calculation

v

Writing the calculation results to the text file |

7]

lo]

10 | Storage of the physical, geometrical and field models
of the TG in the computer file system

Fig. 5. A block diagram of the program for the TG electromag-
netic system synthesis

All steps shown in Fig. 5 are organized and executed
by the program written on the algorithmic language Lua-
script. The program starts and runs in the FEMM software
environment [5] performing numerical calculation of the
magnetic field by the finite element method.

The meaning of the blocks 1, 2, 7, 8, 9 and 10 in Fig.
5, in principle, obvious by given in these texts. However,
for the remaining blocks we give explanations.

The essence and software implementation of the
blocks 3 and 4 are presented in [9]. In them on the base of
the input and calculated information on the geometrical
dimensions of TG the geometrical model of the TG is
built as shown in Fig. 2, Fig. 3 and Fig. 4. For the parts of
this model magnetic and current properties are defined - a
physical model is formed. And in general a physical and
geometric model of the TG for the magnetic field in the
software environment FEMM is obtained.

Power parameters of the TG are set by values of
power, phase voltage and current, power factor. And to
achieve them in each new version of the TG we need to
know the parameters of the excitation of the magnetic
field at the load mode. These parameters include excita-
tion current in the rotor winding /. and phase shift 5 of the
stator winding EMF relative to the rotor windings EMF.

Theory and principle of their determination are de-
scribed in [7] and they are based on iterative calculations
of magnetic fields at the idle, short-circuit and the load
modes. All this is done in blocks 5 and 6 (Fig. 5), and
software implementation is presented in [10]. Besides, in
them necessary electromagnetic parameters of the TG are
determined that corresponds to the block 8 in Fig. 5 in
which also harmonic analysis of the angle function of the
magnetic flux linkage the temporal function of EMF of

the phase stator winding in accordance with the theory
presented in [8] is carried out.

Results of operation of the software complex for
the TG electromagnetic system synthesis.

First of all, the developed software system has been
tested on the base model with the number of TG stator
slots Oy=30. That is based on the basic model, the same
one is synthesized. Next, the synthesis of new models
with slot numbers Q; equal to 24 and 36 has been carried
out. They are closest to basic model minimal and greater
values of Q; taking into account that

Osy=2-p-myg-qy, (32)
where the number of slots per pole and phase g, must be
an integer.

Step of the stator winding by slots y; is calculated in
the program on the condition of ensuring the coefficient
of relative shortening f nearest or equal to 0.833 which
gives the most suitable harmonic structure of the stator
winding EMF [1].

Each of the TG models with their values Q; is syn-
thesized in two considered above rotor correction vari-
ants: 1) while maintaining its slot dimensions; 2) chang-
ing them. Further number of these options added to the
values of the numbers of stator slots.

It should be noted that the calculation of one variant
on a computer of sufficiently high level taken about 10
minutes, with the number of nodes of the finite element
structure according to the variant was 30-40 thousand, the
number of triangles 60-80 thousand.

A geometrical model of the TG base variant was al-
ready presented in Fig. 1 and is repeated in Fig. 6 together
with the calculated magnetic field distribution. Models of
synthesized electromagnetic systems are shown in Fig. 7
— each one by fourth cross-section with the corresponding
parts of the picture of the magnetic field at the load mode.

Fig. 6. Base electromagnetic system of the TG
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Fig. 7. Variants of the TG electromagnetic system

In the numeric form part of information about these
models is presented in Table 1.

Table 1
Parameters of the TG electromagnetic system in various
its variants

0, 24-1 | 242 30 36-1 36-2
v, 10 10 12 15 15
B 0.833 | 0.833 0.8 0.833 | 0.833
0, 48 48 36 36 36
N, 168 168 126 126 98
N, 8 8 10 12 12
ry, MM 797 749 | 6375 | 637.50 | 570
ro,mm | 1482 | 1451 | 1250 | 1167 | 1126
h,, mm 148 165 183 171 199
b,mm | 688 585 50.8 555 46.0
h,mm | 361 444 535 47.6 61.4
b,mm | 554 | 451 374 | 421 32.6
h,, mm 160 | 171.5 160 160 | 158.7
b, mm | 33,9 34. 33.9 33.9 37.9
1., A 715 840 1028 847 1269
1, A 1896 | 2121 | 3159 | 3419 | 5020
B, degree | -158.56 | -156.98 | -160.42 | -166.13 | -162.78

F,, kA 319 356 398 431 492
F, kA 196 196 245 294 294
AW, KA 277 277 346 416 416

Kapm 1.748 1.820 1.712 1.548 1.666
Py, MW | 3435 340.9 341.2 3423 342.1
AP, xW 851 851 1064 1277 1277

Dy, Wb 1.339 1.328 1.102 0.920 0.919
D;, Wh 1.459 1.475 1.248 1.065 1.080
Bs T 1.309 1.224 1.306 1.139 1.260
B, T 1.682 1.809 1.910 1.773 2.018
B,, T 1.393 1.597 1.771 1.563 1.978
B, T 1.629 1.512 1.635 1.738 1.703
B, T 1.604 1.607 1.639 1.699 1.668

Here, in addition to already represented values we
present: [,, - rotor current at the idle mode; F,.=N,I, -
EMF of the rotor winding under load; F; =1.5 «/E AN -
EMF amplitude of the stator windings; AW = mg [N, -
ampere-turns of the stator winding which in contrast to Fj
characterize not electromagnetic nature but just design

filling of the winding like F}; ky;, - TG overload capacity;
P, s - electromagnetic power determined by the electro-
magnetic torque; AP, - electric power loss in the stator
winding; @,,, @, - magnetic fluxes in the gap on the pole
division at modes of idle and load; maximum values of
the magnetic flux density at the load mode in the center
points by parts of the magnetic system: By - in the gap;
Bzr, Byr - in the teeth and the yoke of the rotor core; B.,,
By, - in the teeth and the yoke of the stator core.

In more detail the meaning and procedure for deter-
mining the values presented can be found in the works,
which listis in [11].

Table 2 presents a harmonic composition of the tem-
poral function of EMF of the phase winding which is de-
termined in accordance with [8]. Here we present the am-
plitude of the first harmonic £, in absolute terms, as
well as the amplitudes of the odd harmonics with numbers

v-inrelative form £y« = E,y/ Ey 1.

Table 2
Harmonic composition of the stator winding EMF at various
variants of the TG electromagnetic system

O, 24-1 24-2 30 36-1 36-2
E,,V | 16715 16715 16930 17198 17196
E, 3+ 0.0564 | 0.1112 | 0.0647 | 0.0745 | 0.0719
E,s5+ 0.0087 | 0.0044 | 0.0048 | 0.0125 | 0.0125
E,7+ 0.000 0.0024 | 0.0069 | 0.0024 | 0.0051
E, o 0.0038 0.000 0.0083 | 0.0061 | 0.0063
E, i1+ 0.0205 | 0.0166 | 0.0192 | 0.0191 | 0.0221
E, 13+ - - 0.0105 | 0.0181 | 0.0209
E, 15+ - - - 0.0024 | 0.0037
E, .17+ - - - - 0.0052
s 0.9982 | 0.9937 | 0.9976 | 0.9968 | 0.9968

The total content of series is characterized by the dis-
tortion factor

ddist = > (33)

where N, is the number of accounted harmonics equal
0//2.

This ratio (33) for «pure» sine wave is equal to one,
and its reduction indicates increase the role of higher
harmonics. Although, in principle, obtained harmonic
compositions for considered options of the TG electro-
magnetic systems are quite acceptable in terms of quality
of generated electricity, the more that the main higher
harmonic - the third, which at the connection of the stator
windings in a «star» in the three-phase system of line
voltages theoretically disappears.

Presented in Tables data and models in Fig. 6, 7 give
a clear picture of developments during the modernization
of the TG electromagnetic system. However, their de-
tailed analysis is beyond the scope of this paper. Their
role is to demonstrate the capabilities and efficiency of
the developed system of the TG electromagnetic system
synthesis on the example of changing the number of slots
of the stator core.

Conclusions.

1. A synthesis system for the TG electromagnetic sys-
tem is made possible by numerical methods for calculat-
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ing magnetic fields in conjunction with high-speed com-
puters and efficient software.

2. Considered variant of synthesis as an example of the
TG modernization by changing the number of the stator
core slots provided an opportunity for the implementation
of principles of construction and implementation of the
design synthesis system, in general, and can be, in par-
ticular, expanded for the possibility of variation and other
parameters of the TG in order to optimize its design.

3. For the practical use in the design of TG the devel-
oped and presented synthesis system can be more de-
tailed, specifying the individual components of the
mathematical model at maintaining the principles of de-
sign and implementation of such a system.
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SYNTHESIS OF AN ACTIVE SHIELDING SYSTEM OF THE MAGNETIC FIELD OF
POWER LINES BASED ON MULTIOBJECTIVE OPTIMIZATION

Purpose. The synthesis of the active shielding systems by technogenic magnetic field generated by the different types of high volt-
age power lines in a given region of space using various cables of controlled magnetic field sources. Methodology. The initial pa-
rameters for the synthesis of active shielding system parameters are the location of the high voltage power lines with respect to the
protected transmission line space, geometry and number of cables, operating currents, as well as the size of the protected space
and normative value magnetic field induction, which should be achieved as a result of shielding. The objective of the synthesis of
the active shielding system is to determine their number, configuration, spatial arrangement, wiring diagrams and compensation
cables currents, setting algorithm of the control systems as well as the resulting value of the induction magnetic field at the points
of the protected space. Synthesis of active shielding system is reduced to the problem of multiobjective nonlinear programming
with constraints in which calculation of the objective functions and constraints are carried out on the basis of Biot — Savart —
Laplace law. The problem is solved by a stochastic multi-agent optimization of multiswarm of particles which can significantly
reduce the time to solve it. Results. Active screening system synthesis results for the various types of transmission lines and with
different amounts of controlled cables is given. The possibility of a significant reduction in the level of induction of the magnetic
field source within a given region of space. Originality. For the first time carried out the synthesis of the active shielding systems,
by magnetic field generated by the different types of high voltage power lines within a given region of space controlled by a mag-
netic field sources with different amounts of controlled cables. Practical value, Practical recommendations on reasonable choice
of the number and spatial arrangement of compensating cables of active shielding systems for different types of high voltage
power lines in order to ensure the effectiveness of a given shielding of the magnetic field high voltage power lines. References 13.
figures 6.

Key words: power lines, power frequency magnetic field, active shielding system, multiobjective synthesis, stochastic multi-
agent optimization, particle multiswarm.

Ilpogeden cunmes cucmem aKmugHoz0 IKPAHUPOGAHUA MEXHOEHHO20 MAZHUMHO20 NOJIA, CO30A6AEMO20 PA3IUYHBIMU 6030V~
HBIMU TUHUAMU INIEKMPOnepeoa iy Hympu 3a0aHHOI 001acmu npOCMPAHcmed, ¢ NOMOU{bI0 YNPAeIAeMbIX UCHMOUHUKOE MaA2-
Humnozo noas. Cunmes co0uUmcs K peuienuIo 3a0a4u MHOZOKPUMEPUAIbHO20 HETUHENH020 NPOPAMMUPOSAHUA C O2PAHUYEe-
HUAMU, 8 KOMOPOIUl GbIYUCTCHUA Ye1e6bIX QYHKUUIL U 02PAHUYEHUIl 6bINOJIHAIOMCA HA ocHosanuu 3akona buo - Casapa - Jlan-
naca. 3aoaua pewiaemca Memooom CMoOXACMUYeCKOi MylbmMUazeHmMHOl ORMUMUZAYUL MYTbMUPOEM YACIMUL, YO NO360NAEM
cyuwiecmeenno cokpamums epemsa pewienus. Ilpueedenvr pesyivmamol cunmesa cucmem aKmugHo20 IKPAHUPOSAHUA O Pa3-
auunvix munos JISI u ¢ pasnuunvim xKonuuecmeom ynpasenaemvix oomomox. Ilokazana ¢o3zmoscnocms cyuiecmeennozo cHu-
HCEHUA YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 NOJIA 6HYMPU 3A0aHH0ll o6nacmu npocmpancmea. bubdin. 13, puc. 6.
Kniouesvie cnosa: BO3AYLIHbIE JIMHUH 3J1eKTponepeauu, MATHHTHOE MoJie IIPOMBIILIEHHOI YacTOThI, CHCTeMa AKTUBHOIO K-
paHHpPOBaHMsI, MHOTOKPUTEPHAILHBIN CHHTE3, CTOXaCTHYECKAsi MyJbTHATEHTHAsI ONTHMH3ALHUsI, MyJIbTHPO YaCTHIIL.

Introduction. Many residential buildings and struc-
tures are located in the vicinity of overhead power lines so
that the level of the magnetic flux density inside them ex-
ceeds the current sanitary standards. In addition, due to
the constant rise in price of land, the construction of resi-
dential, administrative and other public buildings in the
places where the existing overhead power lines. One pos-
sible way of operation of such buildings is the use of ac-
tive shielding systems.

Analysis of existing active shielding systems. The
research and implement a variety of active shielding sys-
tem of man-made magnetic field of industrial frequency
currently underway intensively [1-9]. In such systems
special coil are used as the executive body of the active
shielding system - active cables, the number of which is
determined by the specifics of the problem being solved.
The most widely used active shielding system with a
single coil. [1] To improve the efficiency of the system
using two, three, six, twenty-four or more windings [9].
To control these windings can be used a different num-

ber of magnetic field meters - magnetometers: one, two,
three, six, twenty-four or more. Number magnetometers,
usually equals to the number of controlled winding or
number of windings pairs. Specifically, when six type
coils Helmholtz coils may be used three magnetometers
disposed at the center of the magnetic field shielding re-
gion and oriented orthogonally with respect to controlled
windings [9].

The goal of the work is synthesis and study of sys-
tems of active shielding of the magnetic field of industrial
frequency generated by a variety of transmission lines
with different numbers of magnetic windings of the ex-
ecutive bodies and assessment of the effectiveness of the
synthesized systems.

The formulation of the optimal control problem
on the basis of multiobjective optimization. We con-
sider the solution of the problem of synthesis of systems
of active shielding of man-made magnetic field of indus-
trial frequency generated by overhead lines within a given
region of space, on the basis of multi-criteria approach.
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[12] Technogenic magnetic field is generated by a three-
phase overhead power line. Active shielding of the mag-
netic field sensor system comprises a magnetic field con-
trol system, power source and controllable magnetic field
source - controlled current windings installed in the zone
where it is necessary to maintain the internal magnetic
field parameters within specified limits.

At given structure of the system of active magnetic
field shielding task active shielding system synthesis in a
given space is reduced to the determination of the vector
spatial location and geometric dimensions compensated
coils, as well as the controller parameters X at which the
maximum value of the magnetic field at selected points
P, of the considered space P takes a minimum value

X*:arg min maxB(X,Pi). (1)
XeX PeP
In minimizing the magnetic flux density B(X, P;) at
the point P; induction values at other points of the space
situated in the vicinity of this point is greater than this
minimum value, or by undercompensation or by over-
compensation level source magnetic field induction using
active shielding system. Moreover, as we approach the
point in question to the value of the control winding in-
duction becomes significantly greater induction of the ini-
tial level of the magnetic field due to overcompensation.
Therefore, the problem (13) can not be reduced to the so-
lution of m local minimize magnetic flux density prob-
lems B(X, P;) in m points P;
*

X; argminB(X,Pi), izl,_m, 2)
XeX

and then to the choice of such a solution X" from the set

X l-**, i=l,_m at which the maximum

of m local optima
value of the magnetic flux density B(X, P;) in all the
points P; is minimal

X**:argmiinmgB;-(X% P-)’ 3)

i
i=Lm j=l.m /

where B;(Xl* ,P]) is the magnetic flux density in the

point P; calculated at the optimal value of the vector of
the desired parameters of regulators X, ,* found one that

minimizes (3) the level of the induction at the point P;.

In general, the problem (1) the synthesis of a system
of active magnetic shielding power frequency field gener-
ated by overhead lines within a given region of space, can
be formulated in the form of multi-criteria optimization
problem following the vector criterion

B()= (B RVBCR)LBRT .
whose components B(X, P;) is the vector of induction
modules m points P; of the considered space. This, of
course, need to be considered limitations on vector con-
trol and state variables as a vector and the inequality may
equality

G(X)SGmaxa H(X):0~ (5)

Note that the components of the vector criterion (4)

and limitations (5) is a nonlinear function of the vector of
the desired parameters of regulators X and their calcula-

tion is performed on the basis of the law of Biot-Savart-
Laplace [10, 11].

A method of solving the problem of multiobjec-
tive optimization. The problem of finding a local mini-
mum of (4) at one point P; of the space, as a rule, is mul-
tiextremal containing local minima and maxima, there-
fore, to solve it is advisable to use multi-agent algorithms
stochastic optimization [12]. Consider the algorithm for
finding the set of Pareto-optimal solutions multicriteria
problems of nonlinear programming based on multi-agent
stochastic optimization. To date, we developed a large
number of particle swarm optimization algorithms - PSO
algorithms based on the idea of collective intelligence
particle swarm like gbest PSO algorithms and lbest PSO
[13]. Application of multi stochastic optimization meth-
ods for solving multicriteria problems today raises certain
difficulties and this trend continues to grow rapidly [12,
13]. To solve the original multiobjective nonlinear pro-
gramming problem (4) with constraints (5) construct an
algorithm for stochastic optimization of multi-agent based
on multiple swarms of particles, the number of which
equals the number of components of the vector optimiza-
tion criterion. In the standard particle swarm optimization
algorithm changes velocities of the particles is carried out
in a linear fashion. [13] To increase the speed of finding
the global optimum algorithm used nonlinear stochastic
optimization of multi-agent [12].

With the help of individual j-th swarms solved the
problem of optimizing the scalar criteria B(X, P;) which
are components of the vector optimization criterion (4). In
order to find a global solution to the original multiobjec-
tive problem (4) in the search for optimal solutions to lo-
cal criteria individual swarms exchange information with
each other. At the same time to calculate particle swarm
speed information is used on a global optimum, received
particles of another swarm that allows you to select all of
the potential Pareto optimal solutions. To this goal, at
each step ¢ of i-motion of the particles of the j-th swarm
functions swarm binary preferences of local solutions, re-

ceived all the swarms. The solution X ; (t) obtained during
the optimization objective function B(X(f), P;) using the
Jj-th swarm is preferred relative to the solution X Z (¢) re-
sulting in the optimization of the objective function
B(x(r),B,) with the help of k-th swarm, i.e.

X j (t)-x Z (¢) if the following condition is correct
max B(R, X)) < max B(2, X} (). (6)
i=l,m i=L,m
At the same time as the global optimal solution
X Z (¢) of the k-th swarm the global solution X j (¢)is used,
the resulting by j-th swarm which is more advantageous

with respect to a global solution X Z (¢)of the k-th swarm

on the basis of preference relation (6).

In fact, this approach is implemented the basic idea
of the method of successive narrowing of the field of
trade-offs - from the initial set of potential solutions based
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on the information about the relative importance of local
solutions consistently removed all Pareto-optimal solu-
tions, which can be selected according to the available in-
formation about the preferences of respect. Removal is
carried out until the globally optimal solution. The appli-
cation of this approach in each step is not the restriction is
removed, no potentially optimal solution.

Results of computer modeling. We consider the
synthesis of the active shielding system of the magnetic
field generated by overhead lines of various design,
within a given region of space controlled by a magnetic
field sources with different amounts of compensating
windings and various designs. At the beginning of the ac-
tive system, consider shielding the magnetic field gener-
ated by double-circuit overhead lines having six conduc-
tors. As it has been shown by many researchers [3, 5], the
magnetic field produced by such a line has an elliptical
polarization, which allows to build active shielding sys-
tem with one compensation winding. It should be noted
that such systems are most widely in the world [1, 6, 8].
As an example, Fig. 1 shows the lines of equal levels of
magnetic flux density with enabled active magnetic field
shielding system with a single executive body of the
magnetic coil. As can be seen from this Figure, in this
space, where it is necessary to shield the magnetic field,
while the system is active shielding level magnetic field
does not exceed 0.4 pT, while the level of the source of
the magnetic field varies in the range of 1.8 uT to 0.5 pT.

Fig. 1. The lines of equal level of magnetic flux density with
enabled active shielding system with one winding

To improve the efficiency of the system will add a
further winding, as shown in Fig. 2. In this system, the ac-
tive layer shielding the magnetic field does not exceed 0.2
uT, while the level of the magnetic field in a system with
only one winding is reduced to 0.4 pT.

In the world practice of building systems in addition
to the shielding of active single-phase three-phase wind-
ings are used as windings, allowing to create a rotating
magnetic field, as shown in Fig. 3.

—
)

Fig. 2. The lines of equal level of magnetic flux density with
enabled active shielding system with two windings

In this system, the magnetic field does not exceed
the level of 0.4 uT, so that the system provides the same
effectiveness as the system with a single winding, as
shown in Fig. 1. However, in this case, three phase wind-
ing occupies less space than a single-phase winding at the
same efficiency of the system.

30

25
20

s
15

2z,

10

Fig. 3. The lines of equal level of magnetic flux density with
enabled active shielding system with three-phase winding

Fig. 4 shows the lines of equal levels of magnetic
flux density with enabled active shielding system using a
three-phase and single-phase windings. The level of the
magnetic field in such a system does not exceed 0.3 puT.

Let us now consider the synthesis of the active
shielding system of the magnetic field generated by the
single circuit overhead lines having three current-carrying
wires. The magnetic field produced by such a line has a
substantially circular polarization [3, 5], so that for the
construction of active shielding system must use at least
two compensation winding.
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Fig. 5 shows the lines of equal levels of magnetic
flux density with enabled active shielding system with
two windings.

30

z,

-5

0 10 20 30 40 50
X, m
Fig. 4. The lines of equal level of magnetic flux density with
enabled active shielding system with three-phase and one-phase
windings

As it shown in Fig. 5, in this space, where it is nec-
essary to shield the magnetic field, while the system is ac-
tive shielding level magnetic field does not exceed 0.4
uT, while the level of the source of the magnetic field var-
ies in the range of 1.8 uT to 0.5 uT.

X, m
Fig. 5. The lines of equal level of magnetic flux density with
enabled active shielding system with two windings

The magnetic field of the circular polarization can
also create and use a three-phase winding, as shown in
Fig. 6. The level of the magnetic field in such a system
does not exceed 0.4 uT.

Conclusions.

1. It is shown that the problem of the synthesis of the
active shielding system is reduced to the problem of mul-
tiobjective linear programming with restrictions in which

calculation of the objective functions and constraints are
carried out on the basis of the Biot-Savart-Laplace law.

2.1t is proposed to implement the solution of the syn-
thesis problem based on constructing Pareto optimal solu-
tions using multi-agent algorithms of stochastic optimiza-
tion by a particle multiswarm which reduces the time for
solving the problem.

3. The possibility of reducing the level of the magnetic
flux density inside a given region of space using the syn-
thesized active shielding system four times is confirmed.

2z,

Fig. 6. The lines of equal level of magnetic flux density with en-
abled active shielding system with three-phase winding
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THE PHASE REACTOR INDUCTANCE SELECTION TECHNIQUE FOR POWER
ACTIVE FILTER

Purpose. The goal is to develop technique of the phase inductance power reactors selection for parallel active filter based on the
account both low-frequency and high-frequency components of the electromagnetic processes in a power circuit. Methodology.
We have applied concepts of the electrical circuits theory, vector analysis, mathematical simulation in Matlab package. Results.
We have developed a new technique of the phase reactors inductance selection for parallel power active filter. It allows us to ob-
tain the smallest possible value of THD network current. Originality. We have increased accuracy of methods of the phase reactor
inductance selection for power active filter. Practical value. The proposed technique can be used in the design and manufacture
of the active power filter for real objects of energy supply. References 12, figures 11.

Key words: power active filter, coefficient of harmonic distortion, phase reactors inductance, frequency modulation, Matlab-
model of a three-phase energy supply system.

Llens. Llenvlo cmamou aAg1aemMcA papadoomKa MemoOuKy 6b160pa UHOYKMUGHOCIU (PA3HBIX PeaKMOPO8 NAPAIIeNbHO20 CUNO-
6020 AKMUBHO20 (PuNbMPA, OCHOBAHHOI HA yueme KAK HUZKOUACMOMHOU MAK U 6bICOKOUACMOMHOU COCMAGNAIOUUX I1EKMPO-
MAZHUMHBIX NpoYeccos 6 cunogoil cxeme. Memoouka. /Ina npoeedenusn uccied06anuit UCRONB306AIUCE NOIONCEHUA MEOPUL
INIEKMPUYECKUX Yeneil, 6eKMOPHbLIL AHAIU3, MameMamuyieckoe mooenuposanue ¢ nakeme Matlab. Pezynomamot. Pazpabomana
HO6a MemoouKa evlo0pa UHOYKMUEGHOCINU (PA3HBIX PEAKMOPOE NAPATIIENbHO20 CUN06020 AKMUEHO20 PUNLMPA, NO360AAIOWAS
ROyuUMb MUHUMATLHO 603MOMCHOEC 3HAUCHUE KOIPPuyuenma HenuneitHvix uckaxycenuit cemeeo2o moxa. Hayunas nogusna.
Ilosviuena mounocns Memooog 661600pa UHOYKMUGHOCMU (PASHBIX PEAKNOPOE CUN08020 aKmuenozo gpunvmpa. Ipakmuueckoe
3nauenue. Ilpeonoxcennana memoouxKa modxcem UCnOIL308AMbLCA NPU RPOEKMUPOSAHUN U U3ZOMOGIEHUU CUN0GHIX AKMUBHBIX
Gunvmpos ona peanvhvix 06veKmo6 3n1ekmpocradrcenun. budn. 12, puc. 11.

Knrouesvie cnosa: cui10BOM AKTUBHBIA (GPUILTP, KO3G(UIHEHT HEJUHEHHBIX HCKAXKEHUH, HHAYKTHBHOCTh (Da3HBIX peaKTo-
POB, yactoTa Mmoay sinuu, Matlab-monens Tpexga3zHoii cucTeMbl 3JIEKTPOCHAOKEHUSI.

Introduction. Electromagnetic compatibility of
electrical consumers with the supply of industrial network
is one of the key factors considered in the selection and
installation of electrical equipment designed for a large
installed capacity. Stringent standards for power quality
[1, 2] impose obligations both producers and customers of
electrical equipment to take additional measures to com-
ply with them, which affects the characteristics of the end
product, its cost, and certification opportunities.

In the industrial and municipal power systems, elec-

I

tric transport the main segment of powerful consumers of :

electricity consumers up with non-linear characteristics ; ~ lgepd
[1-3]. Joint connection to industrial consumers such net- P 2 B e
work causes an increase in emission level of higher har- _E oy ,,..‘Q:t? R
monic components of the current network, the distortion _L;“?—Lﬂ }

of the supply voltage circulating in conductors linear reac-
tive currents and, as a consequence, leads to increased

energy losses in the power supply system [1-3]. Exclude
or partially reduce the listed effects it is possible with the
help of modern filter-devices, one of which is power ac-
tive filter (PAF). PAF of parallel type the simplest dia-
gram of power circuits is shown in Fig. 1 have the great-
est popularity.

The power part of the PAF identical scheme of
autonomous voltage inverter and executed on the power
transistor, diode modules, forming a three-phase bridge
shoulders. DC converter unit included a storage capacitor
C, the voltage at which the automatic control system is
supported by PAF above the line supply voltage ampli-
tude

UOZk'\/g'Usm’ (1)
where Uy, is the network phase voltage amplitude;
k=1.2-1.6.

In the input circuit of the PAF a three-phase reactor
is connected with the parameters of the inductance L. and
resistance R.. To reduce high-frequency noise in the
supply voltage at the input of the converter is connected
in parallel with a three-phase filter of small capacity C...
Despite the simplicity of the power circuit and its power
relative small element active filter is a complex dynamic
device in which electromagnetic processes and parameters
of circuit elements, depending on the mode and
parameters of the load and the mains. Along with others,
these factors complicate the calculation and selection of
parameters of elements of power PAF scheme. The
greatest difficulties arise when selecting the input
inductance of L, reactors, simplified method of
calculation which is mainly linked to the taking into
account the current growth rate through the reactor

© D.V. Tugay
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winding commutations with transistor-diode keys, i.e.
only the high-frequency component of the
electromagnetic processes in a power scheme PAF [5-11].
As was shown in [12], this approach does not allow one
to choose the parameters of the input reactor, so you need
a new technique based on the specific operating
conditions of the power compensator.

The goal of the paper is the development of a
method of selecting values of phase power inductance of
reactors of parallel power active filter based on the ac-
count as low-frequency and high-frequency components
of the electromagnetic processes in the power circuit.

Features of the PAF operation. To analyze the
characteristics of the PAF operation we will use a con-
crete example it is connected in parallel non-linear load,
shown in Fig. 1. For the three-phase system with symmet-
rical sinusoidal voltage source u,,, gy, t;, Whose parame-
ters Ly and R; are uniquely defined, connected six-pulse
uncontrolled rectifier DR working on R-L load. To restrict
network rectifier ripple current last networked via an in-
ductive reactor L;, R; parameters. PAF is connected to
terminals ABC, where there are voltages u,, u, u,.

The principle of parallel PAF operation is based on
generating compensation currents, which subtracts from
the load current allows to obtain the desired shape of net-
work currents. In this example, after connecting the PAF
form of line current to be sinusoidal and instant network
current should be in phase with the corresponding phase
voltage.

Load current vector can be represented by a three-
component vector, each component of which is a vector
that stores information about the three current values of
the respective phase currents

i =l @ inl. )

where i, is the vector of the fundamental harmonic

active current three-phase system, which coincides with
the direction of voltage vector i, (see Fig. 1); i, is the
vector of the fundamental wave reactive power three-
phase system orthogonal to vector i, ; is; is the vector of

total current harmonic load three-phase system.
PAF current vector can also be represented by a
three-component vector

ie=lai, iy inl 3)
where iy, is the vector total current harmonics whose

frequencies are multiples of side-frequency PWM;
cl is the level of compensation of the primary harmonic
of the reactive current (0<cl<l); ¢2 is the the level of
compensation of the total load current of higher
harmonics (0<c2<l). The first two components of the

vector i describing the low-frequency component of the

electromagnetic processes in PAF related to the
characteristics of the load, and the third component - the
high-frequency component, the appearance of which is
associated with a feature of the compensator when
switching of power semiconductor modules.

According to Fig. 1 and relations (2), (3) the line
current vector at the working PAF may comprise four
components

l?Sz[l?la (l_cl)'l?lr (1_02)';27 ;ﬂ't]T (4)

Quality compensation will depend on the values of

the coefficients c1, ¢2 vector is;, . Under ideal conditions
=1, =1, and |f2h| =~0. To achieve full compensation is

virtually impossible in real installations. The quality of
the PAF can be estimated value of the distortion factor
THD; line current. In accordance with (4) THD; can be
expressed as the sum of two components - a low-
frequency (THD;;) and high-frequency (THD;;)

\/(1—c2)2~1§7+1§h
Vi +l-aP i

where / ;7 is the the sum of the squares of the rms values

THD; = THD;, + THD;;, = (5)

of higher harmonic components of the load current; [ %h

is the sum of the squares of the rms values of higher
harmonic components whose frequencies are multiples of
side-frequency PWM.

With an increase in the inductance of the input reac-
tor PAF THD,, low-frequency component is increased,
and high-frequency component THD,, decreases. Thus,
there is an optimal value of inductance L, corresponding
to the minimum possible value THD;. To find the value
L, necessary to examine separately the electromagnetic
processes in the PAF on the low and high frequency.

Consider the work of one phase of the PAF in the
circuit according to Fig. 1. In the circuit in the open state
are alternately transistor diode and one group of the same
group opposite phase. For example, with a negative refer-
ence current compensator i+ in working condition will be
the transistor V71 and diode VD4 circuit as shown in Fig.
2. The term repeatability mains voltage in accordance
with the nature of the non-linear load are three possibili-
ties of joint work with the transistor V71 transistor other
two phases: 1 — VTL, VT3, V12; 2 — VTL, VT6, VTS; 3 —
VTL, VT6, VT2. Fig. 1 illustrates the first option. Depend-
ing on the duration of the conduction intervals of transis-
tors employed and the current values of the phase volt-
ages on the PAF input for the described embodiment are
possible 8 states of the circuit shown in Fig. 3. At the time
interval when the transistor V71, the energy stored in the
capacitor C is transmitted through the reactor L. in the
network (Fig. 3,a,b) or stored in a capacitor through the
reactors of the other two phases (Fig. 3,c). When transis-
tor VTl is closed in the open state is D4 diode, and the
energy stored in the reactor is transferred to the con-
denser, together with additional energy network
(Fig. 3,e,g) is either returned to the network (Fig. 3.f). The
time intervals in a conducting state when there are three
groups of one semiconductor device (Fig. 3,d and
Fig. 3,h) the reactor is charged by the network.
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Fig. 2. Phase A operation of the circuit with PAF

Account of the low-frequency component of the
electromagnetic processes in the selection phase induc-
tance reactors. In accordance with Fig. 1, 2, and by (3) a
low-frequency component of the PAF current can be rep-
resented as the sum of the reactive component of the first
harmonic current, and harmonics of the order 6n+1 due to
the spectral composition of the input current six-pulse
uncontrolled rectifier.

Let us evaluate the effectiveness of the PAF at the
frequency of the mains voltage. Fig. 4 shows an equiva-
lent circuit of one phase of the PAF for the fundamental
harmonic voltage and current.

The first harmonic voltage, the current at the input
rectifier bridge PAF is shown in the equivalent circuit
source u., and the load impedance phase - equivalent
resistance Z; .

Fig. 5,a and shows a vector diagram of the voltages
and currents corresponding to the equivalent circuit of
Fig. 4. The diagram shows that the instantaneous value of
the first harmonic voltage at the input rectifier bridge u.,;
practically in phase with the instantaneous mains voltage
uy,. The amplitude of the fundamental harmonic voltage at
the input rectifier bridge (U,..,1) PAF will always be lar-
ger than the amplitude-phase mains voltage (U,,.,1) on the
value of the voltage drop across the phase reactorU,,. 41

Umcal ~ Uma + UmcLal : (6)
If we taking into account the orthogonal of vectors
of current fundamental harmonic of the network 1 sq1and

fundamental harmonic PAF fcal, the parameters of the

source and the load to take the same, it is possible to
prove the existence of the optimal value of inductance
phase reactor L, ensuring the fulfillment of the above
conditions.

In the vector diagram in Fig. 5,b shows that by in-
creasing the inductance of the phase of the reactor there is
a shift of the fundamental harmonic line current with re-
spect to the supply voltage on the light angle ¢ thereby
deteriorating the quality of the PAF compensation.
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Fig. 3. Possible states of the PAF circuit at transistor V71
and diode VD4 operation

Using a superposition method according to the
equivalent circuit of Fig. 4 write ratio to calculate an inte-
grated value of the fundamental harmonic load current.
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Fig. 4. Equivalent circuit of the PAF one the phase
on the network voltage frequency

Zc R
Z -iZ +Z ’ Z Z
!Lal _ Uma =11 L ''Z=C =11 =22 , (7)
1_;5
Zy

where Zc = RAjwl.l;, Z; = Ritjol,tZ1; Z11 =
= Z&Z ZNZALY); 222 = ZAZiZIZZs); Zs =
=RtjwL;.

Isal opt

a

Fig. 5. Vector diagrams of voltages and currents
of the equivalent circuit on the network voltage frequency

The real part of the complex values of the funda-
mental harmonic load current Re(Z;,;) corresponds to the
optimum value of the fundamental harmonic current net-
work Iy,1 op, and the imaginary part Im(Z;,;) — optimal
value of the fundamental harmonic current PAF 741 op.

Complex value of the fundamental harmonic voltage
at the input of the rectifier bridge PAF

Ut =Ua+j-Iml ;) Z¢. (8)

From the equivalent circuit (Fig. 4) we express the
imaginary part of the complex values of the fundamental
harmonic current PAF

U U, Z

~cal =L
lcal = Il\'{ an - 7. aZ i )J . ©)
Z22  Z#11 (—L =1e

Fig. 6,0 and shows the dependence of the
fundamental harmonic current PAF on the relative values

(in the total inductance of the load shares L;X =
= L;+Im(Z;1)/w) phase inductance PAF reactor at
different values of relative total inductance of the load
and a fixed value of the network relative inductance
L/L;%X = 0.065. Dependencies are constructed with the
following parameters of the equivalent circuit elements:
U, =311.13 V, R, = R; =0.002 Q, R, = 0.00036 Q, L; =
=75 uH, Z;1 =0.438+70.358 Q.
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Fig. 6. Dependencies 1.,; = f(L.+)

Fig. 6,b shows the dependence of the fundamental
harmonic current SAF on the relative values of the induc-
tance of the phase reactors SAF for different values of the
network inductance and fixed value relative total induc-
tance load L;s== 1.
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At the intersection built in Fig. 6 curves with curves
corresponding optimal value of current fundamental har-
monic PAF 1., ., are point abscissa are equal to the opti-
mum values of the phase inductance reactors L.

From a comparison of Fig. 6,a and Fig. 6,b it can be
concluded that the optimum value of the phase inductance
reactors PAF largely depends on the inductance of the
network than the load inductance. If the total inductance
of the load changes from 0.2L;5+ to 3L;s+ optimum value
of the phase inductance reactors PAF decreased from
0.275L;s+ to 0.261L; s« If you change the network induc-
tance of 0.02L;s+ to 0.65L;5+ range of the optimum load
inductance is much wider from 0.083L;5+ to 0.273L;5x.
Moreover, by increasing the inductance of first optimum
network inductance increases, and after a certain Ly value
decreases.

From the vector diagram in Fig. 6 we obtain the
ratio to calculate the angle of the shift of the funda-
mental harmonic phase current with respect to the ap-
propriate voltage

. arctar{ (7 1) =T q1 )J '
Re(l Lal)

Fig. 7 shows the dependence of the angle ¢ of the
relative phase inductance reactors L.+ for various values
of a combination of the relative inductance of the network
and relative total inductance of the load.
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Fig. 7. Dependence ¢ = f(L.1+)

The optimal values of the inductance of the phase
reactors correspond to points of intersection of plotting
with the horizontal axis (¢ = 0). If the inductance of the
network is unknown or tends to zero, the point of inter-
section of the graph with the x-axis will be absent (see.
Fig. 7 at L+ =0, L;s« = 1). In such a case it is necessary to
limit the range of variation of inductance values PAF
phase reactors, in which the angle ¢ will not vary by more
than 1°. In this example, the corner ¢ = 1° value corre-
sponds to the inductance of the relative phase reactors
L.+=0.15.

Account of the high-frequency component of the
electromagnetic processes in the selection phase induc-
tance reactors. We consider the work of one PAF when
alternately switched transistor V71 and diode VD4. Ac-
cording to Fig. 2 and Fig. 3 in the first working interval
VT1 and VD4 alternate conductivity four options PAF
circuit state (Fig. 3,a, Fig. 3,d, Fig. 3./, Fig. 3,h). Fig. 8
shows SAF current shape in the first valve V71 and VD4
working conduction interval corresponding to one period
of modulation 7,,,,4.

Tmod

R R R A R

Fig. 8. Current shape of the PAF in the conduction interval VTl
and VD4 corresponding to one period of modulation 7,4

The short time intervals t1 and t3 (see. Fig. 3,a)
when in the open condition of the transistors V71, VT3,
VT2 the energy stored in the capacitor is transmitted into
the network. The time intervals #, and #5 when in a con-
ducting state at the same time the valves are three phases
of one group (see. Fig. 3,d and Fig. 3,h) L. reactor stores
energy from the network. At time intervals #; and #; along
with transistors V73, VT2 involved diode VD4 (Fig. 3, f)
the energy stored in the reactor is returned to the network.

From Fig. 8 it can be seen that in the period of
modulation 7,,,, greatest slope of the curve corresponds to
the current instant network time intervals #; and #, when
open transistors VT1, VT3, VT2. For Fig. 3,a the follow-
ing relation is correct

di U
ca chum+TC, (11)
and for Fig. 3,d
di
ﬁLc =g, . (12)

Using auxiliary constructions shown in Fig. 8, it is eas-
ily to determine the maximum angle of PAF current [6]

Al 2-Al
l — 4'A1c'fmod=

ca

A Tpog/2

where Al. is the maximum deviation of the instantaneous
current of the current PAF set, f,,,4 is the frequency pulse
width modulation. Let us consider the case when
fmoa = const.

Substituting the relation (1), (13) in (11) we obtain
the equation for determining the minimum inductance
phase reactor PAF

(13)
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of-3)

Lcmin2 - 4'fm0d 'AIC* 'Re(!Lal) ' (14

where
A= e - e 15
Tl Rell,,) (15)

With a high degree of accuracy (14) can be replaced
by a simplified relationship

k
Rivelle—o
LY ( ﬁj
LcminZ = . (16)
4'fm0d'AIc*
where R;X = R, + Re(Z;1) is the total resistance of the

load phase.

From Fig. 3,d in a similar manner to obtain the ratio
of the maximum value of PAF inductance phase reactor,
substituting (1), (13) in (12) and bearing in mind that the
maximum voltage at the time of switching transistor
reaches half the phase voltage amplitude u,,~0.5U,, (see
Fig. 2)

Ry
L == 17
cmax2 8'fmod'A[c”‘ an

The relative value of the average inductance of the
reactor phase

k
1.5-—
L % = Lcmin2+Lcmax2 — \/5 (18)
¢
2-Lpy 8 fmod Alex -7y >

where t; = L;¥/R;¥ is the time constant of the load phase.

Fig. 9 shows the dependence of the relative values of
the inductance of the phase reactors by PAF parameter
Al for various values of the modulation frequency f,,,4
for these parameters earlier scheme.

Method of choosing PAF inductance. On the basis
of the material presented above describe the steps to
select inductance phase reactors PAF. Consider a specific
example of the application of the scheme PAF with the
previous settings of its elements.

1. We determine total load inductance
L;s = L;+Im(Z;1)/ o). In the example L;z = 0.433 mH.

2. From the known parameters of the scheme, using the
relation (7) expect to complete the value of the first har-
monic of the load current. In the example I, =
=645.45199.5 A.

3. Using (8) we obtain the relation for the calculation
of the first harmonic current SAF in the form (9).

4. By (10) we build dependence ¢ = f{L.1+) (see Fig. 7).

5. At the intersection of the curve ¢ = f{L.+) with the x-
axis determines the point coordinate which corresponds to
the optimum value of the relative phase of the reactor
inductance PAF. In the example L. op+ = 0.249 (Lt opt =
=0.108 mH).

6. The obtained value of inductance is substituted in
equation (18) and determines the relative value of the
maximum deviation of the instantaneous current of the
given current PAF Al +. In the example Al.« = 0.059.

7. If the value Al+ more than 5 % from the first har-
monic amplitude of the current network, we make ad-
justments of parameters. In the example, you can slightly
increase the modulation frequency to the value
fmoa = 7045 Hz, and Al = 0.05.

Lea*

JN

\ Jmod =1 kHz

J‘;IIUJ L
fmod =3 kHz
e

fmod= 6 kHz

,<

\
T/

fm0d= 10 kHZ AIS*

0 0.01 0.02 0.03 0.04 0.05
Fig. 9. Dependencies L.« = f{ALx)

—--"/_""..--—-'
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Experimental verification of the theoretical re-
sults. To test the proposed methodology has been devel-
oped Matlab-model of a three-phase power supply system
with a non-linear load and parallel active filter shown in
Fig. 10.

Matlab-model consists of 5 groups of blocks:

1. Power circuit (Us — three-phase voltage source with
definable parameters; DR — three-phase uncontrolled rec-
tifier; Load — rectifier load; PAF — inverter bridge of PAF;
C — DC link capacitor of PAF; Rc — charging resistor; LL
— load current smoothing reactor; Lpafl, Lpaf2 — PAF
phase reactor divided into two sections; Cpaf — PAF input
capacitor filter; SA PAF, SA C — three-phase contactors
of PAF and capacitor filter, respectively).

2. Currents and voltages sensors (blocks Is, IL, Ipaf, U,
UL, Upaf, UC).

3. Control system (Control System — PAF control sys-
tem; Gate Paf, Gate G, Gate C, Gate R — power circuit
control blocks).

4. Measuring subsystem (Measurements — subsystem
for calculating total harmonic distortion and operating
currents).

5. Virtual instrumentation (Multimeters — multimeters;
Us Is, Upaf Ipaf, Uc — oscilloscopes).

For computer simulation the same parameters ele-
ments of the power circuit, as for the calculation of the
phase inductance reactors PAF were chosen. In the ex-
periment, the input capacitor filter PAF has been discon-
nected.
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Fig. 10. Matlab-model of the three-phase power supply system with PAF

Fig. 11 shows the current waveform of phase A for
three values of the relative phase inductance reactors
PAF: L = Loy = 0.249 - Fig. 11,a; L« = 0.577 - Fig.
11,b; L = 0.093 - Fig. 11,c. In the figures also indicate
the values of the line current THD. The experiment con-
firmed that the minimum possible value of the line current
THD for given circuit parameters corresponding to the
selected value of the inductance of the phase reactors
PAF. Further studies have shown that when the input PAF
C-filter (see Fig. 1) THD line current can be reduced by 1
% (i.e.,upto 5%

~—

Fig. 11. Waveforms of the network current of the phase A
at three values of the PAF phase reactors inductance

Conclusions.
1. The correct choice of inductance of PAF should be
based on the account of the two components of the elec-
tromagnetic processes in the power circuit - the low-

frequency one related with compensation of reactive
power and harmonic load current and high frequency one
associated with the processes of «pumping» of energy in
phase reactor of PAF.

2.1t is proved that the optimal value of inductance of
phase reactors corresponds to the smallest possible THD
of the line current.

3. The method of selecting inductance of PAF phase
reactors taking into account the parameters of elements of
the supply network and the load, i.e., the specific operat-
ing conditions of the PAF in the power supply system is
developed. The proposed method can be used in the de-
sign and manufacture of PAF for installation on concrete
objects.
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E.A. Yushkov

MODELING OF OPERATION MODES OF SHIP POWER PLANT OF COMBINED
PROPULSION COMPLEX WITH CONTROL SYSTEM BASED ON ELECTRONIC
CONTROLLERS

Purpose. Designing of diagrams to optimize mathematic model of the ship power plant (SPP) combined propulsion complexes
(CPC) for decreasing operational loss and increasing fuel efficiency with simultaneous load limiting on medium revolutions
diesel generator (MRDG) by criterion reducing of wear and increasing operation time between repairs. Methodology. After
analyzing of ship power plant modes of CPC proposed diagrams to optimize mathematic model of the above mentioned com-
plex. The model based on using of electronic controllers in automatic regulation and control systems for diesel and thruster
which allow to actualize more complicated control algorithm with viewpoint of increasing working efficiency of ship power
plant at normal and emergency modes. Results. Determined suitability of comparative computer modeling in MatLab Simulink
for building of imitation model objects based on it block diagrams and mathematic descriptions. Actualized diagrams to opti-
mize mathematic model of the ship’s power plant (SPP) combined propulsion complexes (CPC) with Azipod system in MatLab
Simulink software package Ships CPC for decreasing operational loss and increasing fuel efficiency with simultaneous load
limiting on medium revolutions diesel generator (MRDG) by criterion reducing of wear and increasing operation time between
repairs. The function blocks of proposed complex are the main structural units which allow to investigate it normal and emer-
gency modes. Originality. This model represents a set of functional blocks of the components SPP CPC, built on the principle
of «input-outputy. For example, the function boxes outputs of PID-regulators of MRDG depends from set excitation voltage
and rotating frequency that in turn depends from power-station load and respond that is a ship moving or dynamically posi-
tioning, and come on input (inputs) of thruster rotating frequency PID-regulator models. Practical value. The results of re-
searches planned to use in creation of software package Ships CPC, in Mat Lab/Simulink was developed under the state
budget project «Concepts, technologies and ways of improving ship plants combined propulsion complexes» at the Department
of Electromechanics and Electrical Engineering of National University «Odessa Maritime Academy» (State registration num-
ber 0114u000340). References 9, figures 6.

Key words: ship power plants, combined propulsion complex, mathematical modeling, electronic controller, thruster, diesel,
dynamic positioning.

B pe3ynomame aunanuza pexcumoe pabomul cyooeoil IHepzemuyecKkoll YCmaHo6KU KOMOUHUPOBAHHO20 NPONYIbCUBHO20 KOM-
neKca npeonoNHcenbl cxXxemovl ONMUMUIAUUN MAMEMAMUYECKOI MOOeNU YKA3AHHO20 Komnaekca. Modenv ocHosana na npume-
HeHuU IIeKMPOHHBIX PEZYIAMOPOE 6 CUCEMAX A6MOMAMUYECKO20 PEYIUPOSAHUA U YRPAGIEeHUA Ou3eneM U HOOPYTUBAIOUUM
YCmpoiicmeom, KOmopbvle no3601A10M peanu308ams 6oee CloMHcHble AnNzopUumMmsl YRPAGNEHUA ¢ MOYKU 3DEHUA NOGbIUIEHUA
Ihghexmuenocmu padbomel cy0060ii InepzeMUUECKONl YCMAHOBKU NPU HOPMATIbHBIX U A8apuithblx pexcumax. buon. 9, puc. 6.
Knrouesvie crosa: cyaoBasi JHepreTudeckasi yCTAHOBKA, KOMOMHHPOBAHHBINA MPONYJIbCHBHBII KOMILIEKC, MATeMaTHYeCKOe
MO/IeJTUPOBaHNe, YIeKTPOHHBIN PeryjasiTop, NoApy/IuBaIIee YCTPOHCTBO, 1H3elIb, JMHAMUYECKOe MO3HIIMOHUPOBAHHUE.

Problem definition. Detailed mathematical models
of RPP SPC are presented and studied very carefully cont
recent years [4], where the emphasis is given to medium-
torque diesel generators (MTDG). We know that ship
power systems that have stringent requirements for volt-
age and frequency so that MTDG models developed from
this review have no prospects for change. They differ in
power and consumption of power.

Frequency converters (FC), thruster (T) and other in-
ternal load include functional blocks of the power con-
sumption of the overall distribution of active and reactive
power. PID-controllers of MTDG, T and automatic volt-
age regulators (AVR) checked in terms of performance
[5], and it turned out that it is enough for simulations that
cover the main indicators of supply ship power plant

Introduction. In recent years rowing power plants
(RPP) are the best solutions for certain types of ships.
The so-called combined propulsive systems (CPS) with
electric propulsion motors on shaft line are variable
speed throughout the range of coordinates with direct
control moment and powered on based on many tire
designs flexible systems AC uneven distribution imped-
ance [1, 2] which are the only ones with multiple power
grids diesel-generators or turbo-generators which have
found many advantages in several areas of shipbuilding.
Fuel savings, reduced maintenance costs, improved
flexibility, high reliability, reduced noise and vibration -
this is the main thing that marks these systems on the
market today. An additional start-up costs associated
with the increase in the number of components does not
negate these advantages, because such systems are very

flexible in terms of operation, management and place-
ment on board. Electrical equipment also shows high
efficacy in a large range of operational modes. But to
take advantage of such systems today require study of
existing models of RPP SPC, developing new models
and management strategies, analysis and optimization of
marine vessels operating in various operating conditions
[3], particularly on hold position (DP).

(SPP) CPS but not enough to account degradation effects
occurring on lines shaft [6, 7].
At present the technical operation of such systems
are the following problems:
e compliance with the requirements of quality man-
agement (Failure modes and effects analysis - FMEA)
encountered during operation;

© E.A. Yushkov
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e unification of power distribution management sys-
tem (Power Management System - PMS) in combination
functions in relation to other similar;

e independence components of PMS from each other,
even to the level sensors;

e not only reduce power in the calculation of the total
estimated load, but also load single generator;

e conformity of the conditions of increased pressure in
terms of adequacy to ensure the normal operation depend-
ing on any abnormal situation and reloading ship power
system (SPS) in general.

To solve the above problems it is necessary, based
on theoretical assumptions regarding electronic control-
lers and models of heat engines and maneuvering propul-
sion device, design a circuit optimization mathematical
SPP SPC which would allow to implement more complex
control algorithms in terms of improving the efficiency of
SPP for the entire range load.

The goal of the paper is the development of
schemes of optimization mathematical model of SPP SPC
with screw-type Azipod steering installation to reduce
operating costs and improve fuel efficiency while loading
restriction on the criterion MTDG reduce wear and in-
crease turnaround time.

MTDG are generally designed for short-term over-
load up to 115 % of nominal. Power generation units

Alternator distribution board

located on three in two engine rooms (ER). Each ER has
an independent system of support mechanisms that in-
clude fuel system, air pressure and low cooling water that
are able to cross-connect. Two groups of three MTDG are
connected to the two main sections of tires of high volt-
age. Section interconnected sectional switch.

From the main switchboard (MSB) by reducing the
high voltage transformers will supply switchboards (SSB)
of own needs and transformers for power supply to elec-
tric technology inherent in this type of vessel. Low volt-
age distribution system consists of two main tires left and
right sides at the main deck, which are fed from the main
transformer high-voltage interconnected switches that
interlocked with the transformer feeder breakers.

Each MTDG is equipped by independent system of
control and regulation of power (Fig. 1). Complete
switching SODH include: relays generator, digital module
synchronization and load distribution, PLC with interface
I/O, power converters and remote control panel with
alarm. MTDG are staffed by management system (Elec-
tro-Motive Diesel Engine Control system - EMDEC)
which provides speed control with closed loop, injection,
start/stop function and alarm. EMDEC MTDG is operat-
ing from the 24/48 V DC dedicated battery/charger.

:_ R Battery Charger
Ol T e 24/48 B
| Lo
| Digital Synchronizer : | _ ) ) )
! | and | Electro-Motive Diesel Engine
! :_ load Control Module : Control System
| (DSLCM) ! (EMDEC)
| !
| .
! :_ - Power Transdusers '
| I
! : : DMS RPU — DMS UPS
| I
! : : DMS RPU - — DMS UPS
L= PLC —
I
| |
| I

Fig. 1. MTDG control system configuration: PLC — programmed logic controller; DMS — data management system; RPU — reserve
power unit; UPS — uninterruptible power supply

MTDG can be run from the front panel in manual
mode or remote mode «A4uto» by the system DMS. Distri-
bution PLC controls the functions of the engine, and the
digital module synchronization and load control DSLC
controls the timing and distribution of power.

DP system is double-redundant (Fig. 2). Two main
operator consoles (4SK1, ASK2) contain control proces-
sors, keyboards, control and display. DP system can con-
trol up to eight engines 7, as usual - to four. Control con-
sole located in the chassis scars, which also has three
signal processing devices (SPUI, SPU2, SPU3), which
are the devices 1/O signals from the power position sen-

sors, gyroscopes, sensors and wind movement. Each indi-
vidual unit has an independent channel of communication
with the main central control computer.

Two signal processing units (SPU4 and SPU)5) lo-
cated at the MSB carry out signal processing function
power management on two backup devices interface 1/0.

As sources of electricity in handheld power plant sa-
lient-pole brushless synchronous generators (SG) of high
voltage with diesel- or turbo-drive are used. The most
convenient form of mathematical models of these ma-
chines is machines in the form of an orthogonal coordi-
nate system d, ¢ which is rigidly connected to the rotor
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and rotates with it with a synchronous speed [8]. This
coordinate system has advantages over a fixed coordinate
system a, b, ¢ in which, during rotation of the rotor axis of
the rotor and stator windings mutually moved because
phase AC voltage, current and flux expressed in periodic
variables. Vectors voltage, current and flux in the perpen-
dicular arranged axes d, ¢ are constant and relatively fixed

axles, which excludes mutual between them and simpli-
fies the analysis model. The disadvantages of modeling in
axes d, ¢q include the inability to study asymmetric modes.
In order to improve clarity and simplify the simulation
results analysis more convenient to use equations in rela-
tive units.

Bridge console

Profibus-DP

) ASK?2

< Slave Slave

SPU2

Master

HART Bus {}

Engine rooml
SPU4

Master

Engine room2
SPUS

Master

Slave ave

{} HART Bus ﬁ HART Bus
Slave Slave

Fig. 2. DP system structure: ASK — Automatic Station Keeping; SPU — Signal Processing Unit; HART — Highway Addressable
Remote Transducer Protocol

For rigid framework of fixed voltage and frequency
for the MSB and SSB used for standard voltage and
power factor on modular tires. Ship power system is iso-
lated and models presented in this article, a rotor speed
SG chosen as the base, and viewing other power genera-
tors are calculated in relation to it. The angle of the base
power generator and the voltage on the tire load module is
calculated according to the current generator.

For each of the SG model of the 7th order is used,
and the relationship between generators through load
module that represents the overall burden as AC imped-
ance, which makes the vector components of the load to
the output current generators and voltage vector returns
on tires depending on the load characteristics (constant
impedance, constant power, etc.). Electric values are
modeled in axes d, g. For example, one model MTDG
model consists of diesel and SG, PID speed control diesel
and AVR. Function on/off for each part MTDG model
simulations load connecting/disconnecting this unit to the
MSB. The scheme of the general structure of the model
with input and output parameters is shown in Fig. 3.
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Fig. 3. Flowchart of the ship power plant model: z — fuel index,
relative units.; 7, — diesel time constant, s; u,— excitation volt-
age setpoint, relative units; @ — MTDG shaft rotation speed, rad”
Vi iy, Ug, U, — current and voltage components by correspond-
ing axes, relative units; P, Q — active and reactive powers, rela-
tive units.; Ad — load angle, rad
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Developing an AVR mathematical model based on
electronic PID-controller and the power semiconductor
switch, consider their characteristics [9]. Appointment
proportional integral differential (PID) controller is to
maintain the specified value u, some input values
through its comparison with the initial current value
which is made by negative feedback signal ug,. The dif-
ference between these two values is called inconsistency
or deviation from the set value. The power semiconductor
switch (PSS) of AVR serves as a key between a source of
constant tension and winding brushless exciter. Voltage
control pathogen carried by regulating the duration in-
cluded (disconnected) state of the key semiconductor, i.e.
by pulse width submitted to the excitation winding of the
exciter. This type of regulation is called pulse width
(PWM), and the PSS have a switching frequency of 10
kHz. In general, the power converter is nonlinear dynamic
link. Since the switching frequency is much higher than
the bandwidth of the system, the power converter can also
be viewed as lagless link. As a link in the system of regu-
lation, the PSS is usually described aperiodic link or link
with a delay.

For normal AVR operation must be specified limit
values of the output voltage to prevent situations over-
excited and under exited generator. Block restrictions - a
stabilizing element. Also, the model must be supple-
mented AVR element that describes a measuring alter-
nating voltage generator in DC signals adapted for PID
controller. The converter converts the voltage signals
into digital instrument transformers, its transfer function
can also be expressed in terms of aperiodic link of the
first order.

Regulatory parameter MTDG drive motor as the ob-
ject of the automatic control system (ACS) is the speed of
its shaft. The moment of the engine, offset by losses and
moment resistance point generator, which prevent rotation
of the shaft. Torque engine depends on the amount of fuel
which enters it, thus regulating effect on the frequency of
rotation of the motor shaft creates a regulatory body that
changes the amount of fuel. For diesel this regulatory
body is rail of the high-pressure fuel pumps (HPFP). In
ship MTDG producing alternating current to drive sus-
tainability rotational speed of the diesel engine are pre-
sented the most stringent requirements, provided that the
requirements of regulations to ship frequency alternating
current network, so you need to support high-speed diesel
drive mode with high accuracy, irrespective of changing
the ship's electrical load power. For this purpose, the
system of automatic speed control. Currently, the ships of
the old buildings are used in mechanical and hydrome-
chanical regulators rotational speed diesel engines that
have proven to be reliable working regulating device.
However, the functionality of these controllers are lim-
ited, therefore improving modern automatic control sys-
tems (ACS) and systems of automatic control (SAC) ship
diesel engines is moving towards the use of electronic
controls based on microprocessor.

With the use of electronic controls in ACS and SAC
diesel engine provided a new, higher level, allowing you
to implement more complex control algorithms diesel and
provide previously unattainable performance quality of
the regulation of its speed. A prerequisite for this process

of improving the quality of regulation is to optimize how
the structure of the regulator and its parameters. Choosing
the structure of regulatory law and regulation is deter-
mined by several factors. In modern SPP SPC MTDG
equipped with digital PID-control speed. In addition, you
must also add the block, describing servomechanism
HPFP rails, as which can be used executive electric and
electrohydraulic units. In this case, the most convenient is
to describe this item using aperiodic links of the first
order. The very same diesel engine introduces some delay
after repositioning rail fuel pump to a corresponding
change in the frequency of rotation of its shaft is con-
nected with the time on the course of chemical processes
inside the combustion chamber, as well as the inertia of
mechanical assemblies. Because it is most preferably
diesel seems like pure link delay.

Results of investigations. Structural models of elec-
tronic AVR and regulator speed diesel according to Fig.
3, based on mathematical models of its key elements,
according to the above conditions, are presented in Fig. 4.

The modeling will be done in MatLab Simulink, and,
given the results of studies, dependence and transfer func-
tions control speed T [5] operating in different modes that
correspond to a particular operating mode of the ship in
general, try to get the graphics speed shaft T and power
consumption as a function of time and confirm the ade-
quacy of mathematical models. To do this, use a software
package Ships CPC developed as part of the research
state budget of «Concepts, technologies and areas of im-
provement ship power plants combined propulsive com-
plexes» of the National University (Odessa Maritime
Academy), which is a set of functional blocks of the com-
ponents of SPP SPC built on a classic the principle of
«input-output». For example, according to the block dia-
gram in Fig. 3, the outputs of functional blocks PID-
regulators MTDG dependent on given excitation voltage
and speed, which in turn depends on the load on the
power that corresponds to a moving boat or dynamically
positioned, and the input (inputs) models PID-regulators
the rotation frequency of T.

SPP SPC consists of 11 kV MSB, switchboards, 5
generators, 3 azimuthal T with variable speed and several
DOL (Direct On Line) motors. The total installed capacity
is 40 MW, while T capacity of 3x2.8 MW is powered by
frequency converters (FC) of 12-pulse topology. The
maximum speed for azimuth thrusters 1000 RPM but in
the scheme of the line of shafts are present lowering
transmission between the engines and propellers of fixed
pitch (PFP) but measurements taken directly from the line
of shafts via inductive sensors that provide signals of
rotational speed to DP-controller.

Simulations using the strategy of vector control and
direct control point and power, as described in [5], and
flowcharts shown in Fig. 3 and 4 are shown in Fig. 5, and
corresponding consumption of T capacity — in Fig. 6.

The simulation results are compared with field
measurements for type vessels Supply vessel which per-
forms dynamic positioning. To measure the ship were
only available mechanical power T, so the graphs depict
modulated depending on electricity consumption and
power loss in induction motors T. Temporary delays in
the registration of measurement data can be explained by,
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trollers, especially the controller of rotational speed

MTDG and T.

for example, in the same sequence of horizontal there are
some differences between simulation and measurement.

In other cases, of course, affect the results of tuning con-
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Internal control loops T (torque, flux and current)
are set out as the biggest gain in order to explore the proc-
ess performance in regulating torque while maintaining
the value stream as close to the nominal value for differ-
ent load conditions.

Conclusions.

1. Appropriateness of comparative computer simula-
tion in MatLab Simulink to build simulation models of
objects based on their block diagrams and mathematical
descriptions is defined.

2.In an environment MatLab Simulink optimization
schemes mathematical models of MTDG and RPP SPC
with screw- steering type Azipod are implemented install-
ing the software complex Ships CPC, to reduce operating
costs and improve fuel efficiency while loading restriction
on the criterion of MTDG reduce wear and increase turn-
around time.

3. The functional blocks of the proposed complex are
basic structural units of RPP SPC models allowing them
to investigate the normal and emergency operation modes.

Further studies will be conducted to establish the pa-
rameters of mathematical models AVR and frequency of
MTDG in the environment MatLab Simulink. The method
can be used to preselect the parameters of modern elec-
tronic controls. There will also be performed computer
simulations of processes in the RPP SPC with different
types of T at: the change of frequency of T rotation; the
reverse; dynamic changes of emphasis propellers; failure
of one T; changes of rowing propellers torque. The ob-
tained results should reveal characteristic changes of basic
parameters of RPP SPC at the relevant operation modes
that will permit to consider investigated models adequate
to real objects.
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CALCULATION-EXPERIMENTAL METHOD OF RESEARCH IN A METALLIC
CONDUCTOR WITH THE PULSE CURRENT OF ELECTRONIC WAVEPACKAGES
AND DE BROGLIE ELECTRONIC HALF-WAVES

Purpose. Development of calculation-experimental method for a discovery and study of electronic wavepackages (EWP)
and of de Broglie electronic half-waves in a metallic conductor with the pulse axial-flow current of high density. Method-
ology. Theoretical bases of the electrical engineering, bases of quantum physics, electrophysics bases of technique of high
voltage and large pulse currents, and also bases of technique of measuring of permanent and variable electric value. Re-
sults. On the basis of generalization of results of research of features of the longitudinal wave periodic distributing of
negatively charged transmitters of electric current of conductivity in the thin round continuous zincked steel wire offered
and approved in the conditions of high-voltage laboratory method for a discovery and direct determination in him of geo-
metrical parameters of «hoty and «coldy longitudinal areas quantized periodic longitudinal EWP and accordingly the me-
diated determination of values of the quantized lengths formative their de Broglie electronic half-waves. It is shown that
results of close quantum mechanical calculations of EWP and quantized lengths 1,,./2 of longitudinal de Broglie half-
waves for the probed wire long ly well comport with the results of the executed high temperature experiments on the power-
ful high-voltage generator of homopolar large pulse current of millisecond duration. Originality. First calculation-
experimental a way the important for the theory of electricity fact of existence is set in a round metallic explorer with the
impulsive axial-flow current of the quantized coherent de Broglie electronic half-waves, amplitudes of which at the quan-
tum number of n=1,3,9 correspond the middles of «hot» longitudinal areas of EWP. Calculation quantum mechanical cor-
relation of type of .,./2=lyn got experimental confirmation, in obedience to which on length of ly conductor the integer of
quantized electronic half-waves is always laid de Broglie. Practical value. The use of the offered method allows to expose
electro-technological possibilities of practical application of features sharply not homogeneous periodic wave longitudinal
distributing of drifting lone electrons and accordingly by them the conditioned thermal field in round metallic conductors
with the electric axial-flow current of high-slay. References 21, figures 8.

Key words: metallic conductor, pulse current, electronic wavepackage, de Broglie electronic half-wave, calculation-
experimental investigation of electronic processes in the conductor.

Onucan pacuemmno-IKCnepumMenmaibHolil Menoo 0na 0OHAPYHCEHUA U UZYUEHUA 6 ITEeKMPONPOEOOAULell MAKPOCmPyKmype
Memaniuyeckoz0 nPoGOOHUKA C UMNYIbCHBIM AKCUATbHBIM MOKOM 00J1bUL0N RAOMHOCMU K8AHMOBAHHBIX (C KBAHMOBHLIM
yucaom n=1,2,3,...) MAKpOCKORUYECKUX «2OPAUUXY) WUPUHOU AT, U «XONOOHBIX» WUPUHOU AT, .; NPOOOILHBIX YUACHKOE,
obpazyrowux waz wupunou (4z,,+4z,.;) nepuoouuecku pasmeuieHHvIX 60016 NPOGOOHUKA KEAHMOBAHHBIX NPOOOIbHBIX
601HO6bIX I1eKMPOHHbIX nakemoe (BIII). Ilokazano, umo npu npomexanuu 6 Kpy2iom CHIOUWHOM CHANbHOM OUUHKO-
sannom npoeoode paouycom ry=0,8 mm u onunoii ly=320 mm anepuoduueckozo umnyibca moKa 6pemennoi hopmol t,/t,~9
Mmc/160 mc c amnaumyooiu ezo niomuocmu d,,,~0,37 KkA/mm’ 6 ucciedyemom nposooe CmoxXacmuiecKum nymem om 00Ho20o
npomeKanua no Hemy YKa3aHHozo moKa K Opyzomy 603HUKAIOM Keanmoeannwvle npooonshvie BIII, umerowue ooun (n=1),
mpu (n=3) u deeamsv (n=9) «2opauuxy NPOOOIAbHBIX YUACMKOE 00UHAKOB0U wiupunvl AzZ,,. Mecma pacnonoscenus cepeoun
OAHHBIX «20PAYUX» RPOOOLHBIX yuacmkoe BIIl wupunoi Az,,<7 MM 60016 RP0O600A COOMEEMICMEYION AMNIUMYOAM
PACRPOCMPAHAIOWUXCA 60016 He20 K6AHMOGAHHBIX IIEKMPOHHLIX Noyeonn de bpoiina, xapakmepusylowuxcsa ¢ npoge-
OeHHBIX IKCREPUMEHMAX KEAHMO8bIM Yucaom n=1,3,9 u KeanmoeanHou ONUHOU NOAYBONHYL A, /2=ly/n, pasnoii 320, 107 u
34 mm coomeemcmeenno. Ilonyuennsie IkcnepumeHmanvrole pe3yibmanvl COOMEEMCMEYIOM PACYEMHbBIM KEAHMOGOMe-
XaHUYeCKuM OQHHBIM RPUMEHUMENbHO K Opelipyroujum c60000HbIM IIEKMPOHAM IJIEKIMPORPOBOIAUIE20 Mamepuana npo-
600a, 0a3upylOUUMCcA HA PYHOAMEHMAIbHOM cOOmHoulenuu Heonpedenennocmu I'eiizenbepza u ycmanosneHHvlx 3aK0-
HOMEPHOCMAX 80JIHO6020 NPOOOIbHOZ0 pACHpedesleHUs 6 CIMPYKmype npoeooa Imux nekmponos. bubn. 21, puc. 8.
Kniouesvie cnosa: MeTanandecKuii NPOBOAHUK, HMIY.JIbCHBIH TOK, BOJIHOBOIi 3JIeKTPOHHBII MaKeT, 3J1eKTPOHHAS MOJIYBOJIHA
ne Bpoiiis, pacueTHO-IKCIIEPHMEHTATBHOE UCCIeI0BAHNE YJIeKTPOHHBIX MPOLECCOB B MeTaLIe.

Introduction. In [1-9] presented the results of many  the cross section of mentioned conductor. The results ob-

years of theoretical and experimental studies to establish
the basic laws of quantum mechanical wave longitudinal
and radial distributions drift of free electrons in the non-
magnetic metal circular solid cylindrical conductor of
radius 7y and length /;>>r( in which longitudinally runs
pulse axial current iy(f) of arbitrary amplitude-time pa-
rameters (ATP). These results were obtained under the
condition 4,/rg>>1, where 4; is the thickness of the skin
layer of the current in the conductor, and its use in the
averaged current density d(f)=ig(£)/Sy, Where Sy=rry® is

tained in [1-9] data show that in a homogeneous conduc-
tive metal conductor structure comprising quantum num-
ber n = 1,2,3... of de Broglie electronic half-waves there
are stochastic by longitudinal and radial quantized peri-
odic electronic wavepackets (EWP) each of which con-
tains one relatively «hot» and «cold» areas of the longitu-
dinal or radial macroscopic dimensions. These sites give
rise to a metal conductor macrostructure inhomogeneous
temperature fields, periodically changing along its length

© M.I. Baranov, S.V. Rudakov
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or radius. Moreover, the temperature levels in the «hot»
and «cold» longitudinal sections conductor at the mani-
festation of it EWP may vary up to 3.5 times [4, 7]. The
stochastic nature of the formation of the quantized data is
determined by EWP quantized energy states of free elec-
trons trapped in the microstructure of the conductor mate-
rial at the time of supplying a voltage and start the flow of
electric current through it or that kind [6]. We point out
that the wave packets, resulting in the propagation of
monochromatic electromagnetic waves in dielectric me-
dia, at one time have been described in the theory of elec-
tromagnetism and today electrophysics they studied well
enough [10] as for the EWP metallic conductors with an
electrical DC, AC and pulse current of different ATP
formed in electrically conductive structures with their
drifting free electrons as a result of the interference (su-
perposition) of coherent electronic half-waves of de
Broglie, they are currently in the theory of electricity are
practically unexplored. That's why so far quantum-
physical features of the spatial distribution of the main
carriers of electricity in these structures - drift of free
electrons, manifested most dramatically in the case of
occurrence on them in regular (high-current discharges in
circuits of high-voltage electrical installations [7, 11]),
abnormal and emergency operating modes (overcurrent,
short-circuit and direct linear lightning strikes [8, 12]) of
high current density (10° A/m* or more), and thus new
areas of application in electrotechnology remain poorly
understood. In this context, the development and practical
use of new computational and experimental methods for
the detection and study of quantized periodic EWP and
quantized electronic half-waves of de Broglie in metal
conductors with said electrical conduction current densi-
ties are actual scientific and technical problems.

The goal of the paper is development of computa-
tional and experimental method for the detection and
study of quantized EWP and de Broglie electron half-
waves in the metal conductor with a high density pulsed
axial current.

1. Problem definition of investigation of EWP
and de Broglie electron half-waves in the metal con-
ductor with pulse current. Consider still housed out-
doors straight round solid non-magnetic metallic conduc-
tor radius ry and /;>>r, length. Let air environment pa-
rameters correspond to normal atmospheric conditions
(air pressure is 1.013-10° Pa and its temperature T} is 0 °C
[10]), and the opposite ends of the conductor under con-
sideration with the conductivity material y, its electrical
potential difference is applied, in varying unipolarly time
t by an arbitrary law. We suppose that on the test conduc-
tor cross-section Sy=mry’ along its longitudinal axis takes
pulse unipolar conduction current ip(f) of amplitude 7,
characterized by the average density of dy(f). We restrict
ourselves to the case for which the thickness of the skin
layer of the current 4; in the conductor material substan-
tially greater than its radius ry. For an approximate de-
scription of the behavior of drifting free conductor of
electrons, as in [1-9], we use the well-known one-electron
approximation, neglect their mutual influence on each

other, as well as the influence of the crystal lattice of the
metal ion conductor on his itinerant electrons [10]. We
adhere to the view that the longitudinal (radial) distribu-
tion of free electrons drifting in the test conductor subject
to temporary Schrodinger wave equation, and according
to their own quantized decisions [10]. It required on the
basis of generalization obtained earlier in [1-9] quantum
mechanical results concerning the electrical characteris-
tics of the wave carrier distribution in the conduction cur-
rent uniform conductive structures to formulate and test
the in vitro methods to assess research EWP and elec-
tronic half-waves of de Broglie in thin circular metallic
conductors with pulsed axial current io(f) aperiodic tem-
porary shape and high density dy(?).

2. A proposed method of detection in metal con-
ductor with a pulse current of EWP and de Broglie
electronic half-waves. For clarity and better understand-
ing of the problem under consideration electrophysical
give first approximate quantum mechanical ratio for the
smallest width Az,;, «hot» longitudinal section through a
conducting wire structure with pulsed axial current iy(f)
causing the appearance in it the average current density
with amplitude d,,~1,,,/So [7, 9]:

Az = eqiogh(m,So,) 8+ (=21, (1)

where ¢,=1.602-10"° C is the module of the electron
electric charge [10]; m.=9.109-107" kg is the electron
rest mass [10]; n,o is the average density of free elec-
trons in the metal conductor to the test exposure to the
electric current pulse [10]; 4#=6.626:-10"* J-s is the
Plank constant [10].

From (1) obtained using the fundamental Heisenberg
uncertainty relation [10], it follows that the width of 4z,
«hot» longitudinal portion of the conductor is practically
determined by the numerical value of the amplitude of the
pulse current density dy,, in his material. So, taking into
account (1) for copper conductor (1,=16.86-10** m™ [10])
at 8o,=410° A/m” typical for normal operation of indus-
trial electric alternating current networks [13], we find
that it 4z,, width is approximately equal to 0.53 m. At
Som=4'10% A/m’ corresponding to the emergency mode of
operation of industrial electric networks with the flow of
their current distributors fault currents [13] or the normal
operation of high-current circuits of high-voltage electro
installations [11], the estimated width 4z,, takes the nu-
merical value of about 5.3 mm. p,=4-10"" A/m* which is
characteristic for a quick electric explosion (EE) of thin
metal wires [14] the width 4z, «hot» longitudinal section
in a copper conductor according to (1) is numerically
equal to about 5.3 um. Such microscopic value of 4z, is
in good agreement with the linear dimensions of the con-
ductive fine fractions resulting from EE (sublimation of
conductive parts) of thin metal wires [11, 14]. In addition,
according to [15] in the experimental study of the phe-
nomenon of rapid EE in the air thin round copper wires
60 mm long and 100 mm in diameter by passing them
from the high-voltage generator of pulse currents (GPC)
sinusoidal decaying exponentially bit high density pulse
current (J,,~6.4:10'* A/m?) dispersed in the products the
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explosive destruction of solid copper (in the «metal»
plasma) by the high-speed photoregistration were fixed
longitudinal periodic strata consisting of a layered disc-
shaped longitudinal periodic structures of different lumi-
nosities, comprising alternating between a «light» in
width 4z, (34 pcs) and the «dark» width 4z, (34 pcs) lon-
gitudinal sections. These areas formed in pairs in the dis-
charge of said air gap with high-current circuit GPC «me-
tallic» plasma step periodic structure EWP length about
(4z+A4z.)=1.76 mm [11, 15]. One can reasonably assume
that in the case of research [15] EV thin copper wires
«light» longitudinal sections of the plasma «metal» prod-
ucts of the explosion in the discharge air gap correspond
to «hot» areas of EWP, and their «dark» longitudinal sec-
tions - «cold» areas EWP. Experimental data from [15]
indicate the accuracy of the quantum of provisions used in
the basis of these estimations [1-9] of the wave distribu-
tions drift of free electrons and EWP respectively in thin
metal conductors.

The above estimates indicate that identify in vitro
particular longitudinal wave current distribution in the
metal conductors can only mode transmission there
through of DC, AC or pulse current iy(¢) which provide a
flow in cross sections S, of conductive material a rela-
tively large current densities dy,. According to the ex-
perimental data of [16] to the DC level of density in a thin
galvanized steel wire (#y=0.15 mm; 4,=5 pm is the thick-
ness of the outer protective zinc coating) in an experimen-
tal study of its EWP is about 6.8:10° A/m* From own

F,

experience in the study of quantized EWP and electronic
half-waves of de Broglie in a thin circular galvanized
steel wire (ro=0.8 mm; 4y=5 pm) with aperiodic pulsed
axial current fy(f) millisecond duration in a research labo-
ratory, equipped powerful high-voltage GPC to form a
long-term load on the electric C- component of artificial
lightning current [12], it follows that the values dy, nu-
merically equal about 3.7-10° A/m?* [3, 7].

In connection with the above, the proposed settle-
ment and the experimental method of research in the mac-
rostructure selected based on visualization of the expected
electro manifestations (quantized longitudinal EWP and
forming their electronic half-waves of de Broglie) metal-
lic conductor with a pulsed axial current iy(f) is based on
the use of these quantum-physical laws and circuitry High
discharge circuit of mentioned GPC-C shown in Fig. 1.
As test samples (TS) of the conductor to be included as
shown in Fig. 1 and 2 in the high-current high-voltage
circuit GPC-C use the straight portions of commercially
available galvanized steel wire (7,=0.8 mm; /,=320 mm;
A¢=5 pum; S;=2.01 mm?) [17]. The presence in such TS in
a relatively thin coating of fusible and refractory enough
massive wire base provides in its intensive local Joule
heating (to temperatures of about 1500 °C) indirect detec-
tion by a sphere-like swelling on the cover of «hot» sec-
tions of longitudinal wires quantized longitudinal EWP
and accordingly electronic de Broglie half-waves forming
such EWP [7, 9].

<“—> , < 1
iUCA lcd

GHIP

TS

CS

Fig. 1. Schematic diagram of high-current discharge circuit powerful high voltage GPC-C applied to the study of quantized
periodic longitudinal VEP and electronic half-waves of de Broglie in the test piece of metal wire (GHIP — generator of high-
voltage ignition pulses of amplitude up to £100 kV; F|, F, — respectively, three and two-electrode spark high air switches;
C, — dividing capacity of 180 pF and a pulse voltage up to £120 kV in the GHIP circuit controlling actuation air spark
switches F| and Fy; TS — test sample of the metallic conductor; CS — coaxial shunt type IIIK-300 for measurement of pulse
current in the conductor; +U¢c — charging voltage of capacitors GPC-C; £U¢4 — charging voltage of capacitors of another
GPC of existing artificial lightning current generator; Lc~11.43 mH, R=~4.74 Q, C~45.36 mF — respectively, inductance,
active resistance and capacitance of the discharge circuit of GPC-C)

Used a powerful single-module GPC-C at rated
stores electric energy Wcy=567 kJ arranged according to
the scheme of Fig. 1 through 324 parallel-connected high-
voltage pulse capacitors UM-5-140 (rated voltage Uy==£5

kV; nominal capacity Cy=140 pF) has the following own
electrical parameters [12]: Cc~45.36 mF; R~4.74 Q;
Lc~11.43 mH. Note that in the GPC-C was applied resis-
tive protect it from accidental over-current capacitors
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implemented by placing on their high conclusions perma-
nent protective bulk graphite-ceramic resistors TBO-60-
100 Q [12, 18]. After charging to constant voltage
Ucc<+4.2 kV capacitors GPC-C (at Ug4=0) and the sup-
ply of high voltage generator of ignition pulses (GHIP)
control microsecond pulse amplitude voltage of £100 kV
high-voltage electrode is controlled three-electrode spark
air switch F1 cascade type hemispherical steel working

T, e

oy

electrodes and the spacing length of 4 mm and 9 mm
which is part of the present at the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the NTU
«KhPI» artificial lightning current generator [12], due to
the TS formed wire surge pulse occurs triggering high
voltage two-electrode spark air switch F2 rectangular
graphite electrodes and insulating the working gap of 3
mm in length.

e

- ;':;-.l'n.".""‘l"_‘i' rg

Fig. 2. General view of the continuous round galvanized steel wires (,=0.8 mm; /;=320 mm; 4¢=5 pm; S;=2.01 mm?)
included its ends by means of a bolted joint in high-power high-voltage discharge circuit GPC-C and placed on a thermal
asbestos cloth, before subjecting it to an aperiodic pulse axial current iy(f) of high density

As a result, through the TS wires will flow current
pulse required ATP. ATP measurement pulse wires run-
ning through the TS current iy(¢) is performed using a
digital storage oscilloscope Tektronix TDS 1012 and at-
torney metrological service measuring coaxial shunt (CS)
HIK-300 type with its own internal resistance of 0.185
mQ and fixable nano-, micro- and millisecond current
pulse amplitude of 10 A to 200 kA [12], is included as
shown in Fig. 1 nonpotential (grounded) part of the high-
current discharge circuit GPC-C. We use CS at regular
measurement in the discharge circuit GPC-C long aperi-
odic component of artificial lightning current conversion
ratio was equal to approximately 56.42:10* A/V [7, 12].

Fig. 3 shows the waveform of an aperiodic pulse of
negative polarity in the discharge current circuit GPC-C if
its TS instead of regular steel wire equivalent electrical
load in the form of an aluminum sheet 2 mm thick and in
terms 0.5 m x 0.5 m. It can be seen that when the ampli-
tude of the module /,,~835 A generated in this case
(W=400 kJ; Ucc=—42 kV) aperiodic pulse wave current
time ¢,/7,~9 ms/160 ms (#, is time corresponding Jo; 7, is
the duration 0.51,, current pulse level) is characterized by
a complete duration #=1000 ms and transfers in high-
current discharge circuit GPC-C large electric charge,
whose magnitude is approximately gc=~191 C.

Fig. 4 shows the negative polarity in the discharge
circuit GPC-C waveform iy(¢) aperiodic current pulse in
the presence of its TS investigated galvanized steel wire,
losing at £~380 ms its metallic conductivity due to intense
local Joule heating and electro-thermal destruction of its
structure.

Fig. 3. Waveform of aperiodic current pulse iy(f) negative
polarity of temporary form ¢,/7,~9 ms/160 ms flowing in the
discharge circuit GPC-C with the equivalent electrical load in
the form of a flat aluminum plate of 2 mm thick and in terms
500 mm x 500 mm (W=400 kJ; Ucc=—4.2 kV; 1y,~—835 A;

1,~9 ms; 7,160 ms; £,~1000 ms; gc~—191 C; the vertical scale -
282 A/cell; the horizontal scale - 100 ms/cell)

For this reason, the total duration of the flow in the
wires of the TS aperiodic current pulse temporal shape
/1,29 ms/160 ms in our ongoing experiments did not
exceed 7;=576 ms. Note that the conductive structures 10
wires with these TS use of current pulses is carried out
under the terms of the required research the relationship
between the variables 4, and ro [7]:
Aidro=2rg [t/ (mpagyo)] =42, where uo=47-10"7 H/m is the
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magnetic constant [10] and y;=8-10° S/m is the conductiv-
ity base metal wires used in experiments [10]. Current
waveform in Fig. 4 (W=310 kJ; Uc~-3.7 kV;
Ip,==T45 A) is a characteristic of all executed by us on
GPC-C experiments intense Joule heating TS galvanized
steel wire, caused by weak scattering in the crystal lattice
of metal atoms it electronic half-waves of de Broglie [10,
19]. Averaged amplitude of the critical current density
pulse iy(f) as shown in Fig. 4 is not exceed
S0n=0.37 kA/mm’. The experiments on the GPC-C
showed that when 6,,>0.37 kA/mm?>, there is a complete
sublimation of the electrically conductive material of the
TS steel wire, eliminating any visual observations it EWP
and electronic half-waves of de Broglie [7-9].

Fig. 5-7 show external views of the TS galvanized
steel wire immediately after exposure to the high-current
discharge circuit in the high-voltage GPC-C single aperi-
odic current pulse iy(f) of negative polarity according to
the Fig. 4 (Ucc~=3.7 kV; 15, =745 A; 60,~0.37 KA/mm®).

Fig. 5. External view of experimental distribution along the galvanized steel wire (r,=0.8 mm; /,=320 mm; 4,=5 um; S;=2.01 mm?)
of cooling air and heatproof asbestos cloth macroscopic one «hot» (high-temperature zone width EWP 4z,,~7 mm in the middle of
the wire) and two extreme «cold» (width 4z,.,~156.5 mm at partial sublimation of one of them) longitudinal portions after flowing

through it a current pulse aperiodic iy(f) negative polarity temporary form #,/7,~9 ms/160 ms of high density (/,,,~=745 A;
Bow0.37 KA/mm?; n=1; 1;~576 ms) [20]

Fig. 4. Waveform of affecting the electrothermal locally
destroyed analyzed straight round galvanized steel wire
(r6=0.8 mm; [;=320 mm; 4y=5 pm; Sp=2.01 mm?) aperiodic
pulse axial current #(¢) negative polarity of temporary form
tu/7,=9 ms/160 ms of high density (W¢=310 kJ; Ucc==3.7 kV;
Ton=—T45 A; 80,~0.37 KA/mm?; £,~9 ms; 7,160 ms; £,=576 ms)
(the vertical scale - 282 A/cell; the horizontal
scale - 100 ms/cell)

e & P i
Fig. 6. External view of experimental distribution along the galvanized steel wire (¢=0.8 mm; /=320 mm; 4,=5 pm; S;=2.01 mm?)
of cooling air and heatproof asbestos cloth macroscopic three «hot» (high-temperature zone width EWP 4z,,~7 mm) and four «cold»
(two extreme of width 4z,.,~50 mm at full sublimation of one of them and two internal of width 4z,.~100 mm) longitudinal portions
after flowing through it a current pulse aperiodic iy(f) negative polarity
temporary form #,/7,=9 ms/160 ms of high density (,~=745 A; d,,~0.37 KA/mm?; n=3; £,~576 ms) [20]
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Fig. 7. External view of experimental distribution along the galvani.

- f

zed steel wire (5=0.8 mm; /;=320 mm; 4,=5 pm; Sy=2.01 mmz)

of cooling air and heatproof asbestos cloth macroscopic four «hot» (high-temperature zone width EWP 4z,,~7 mm) and two internal
«cold» (width 4z,./~27 mm) longitudinal portions after flowing through it a current pulse aperiodic iy(¢) negative polarity temporary
form #,/7,=9 ms/160 ms of high density (£,,~=745 A; 6(,~0.37 kA/mm?; n=9; 1;7~576 ms; the other five are «hot» and eight «cold»
areas of the longitudinal wires have undergone complete sublimation) [20]

Thermal state of cooling air and heatproof asbestos
cloth thickness 3 mm, made of chrysotile asbestos (its
melting point is about 1500 °C [21]), the TS of the test
wire indicates a partial sublimation of the electrically
conductive structures (for zinc coating melting tempera-
ture is about 419 °C and the boiling point - 907 °C [10];
for the steel base, these temperatures are about 1535 and
2735 °C, respectively [10]) and the presence of a stochas-
tic manner arising along the galvanized steel wire from
one of said impulse current exposure to other meltblown
brightly glowing sphere-like quantized «entities» the
same in all cases, the width 4z,,~<7 mm.

The number of these «entities» in Fig. 5-7 corre-
sponds to the quantum number n = 1,3,9. Between these
sphere-like «formations» that have white-hot steel and,
accordingly, the temperature of not less than 1200 °C [7,
16], located cylindrical «necks» in diameter 2r;=1.6 mm
and width of quantized 4z,, with visually intact due to the
pulsed heating zinc coating on them. Because of the heat
indicated «necks», together with their surviving zinc coat-
ing acquired dark color.

Metallographic examination under an optical micro-
scope MBC-9 type of cooled and carefully cleaned with a
soft cloth cylindrical «isthmus» TS wires showed that
they contain a uniform, shiny and adherent to a steel base
wires zinc coating [7]. These experimental data indicate
that the maximum heating temperature on cylindrical
«isthmuses» TS wire does not exceed the melting tem-
perature of the zinc coating (not more than 419 °C) [10].
With regard to the results of the survey on the optical mi-
croscope MBC-9, the cooled sphere-like «formations» TS
wires inside them contained hardened fraction of the
boiled and molten zinc coating steel wire base [7]. In this
regard, the maximum heating temperature of the sphere-
like «formations» TS wire is not less than the melting
point of its steel base (>1535 °C [10]). This conclusion is
confirmed by the fact that under all natural cooled air
sphere-like «formations» TS wires occurred keyhole heat

cloth, made of chrysotile asbestos not less than 1500 °C
with a melting point [21]. The above thermal results ob-
tained with use of a powerful high-voltage GPC-C and
line segments of thin galvanized steel wire high experi-
ments indicate that the quantized sphere-like «forma-
tions» in the TS wires correspond to the «hot» longitudi-
nal sections of its quantized periodic longitudinal EWP
and cylindrical «necks» wire in the TS - «cold» longitudi-
nal sections of these EWP.

For the case when n=1 (Fig. 5), the quantized width
Az, each of the two extremes of «cold» longitudinal sec-
tions of the EWP, the right of which was subjected to
partial sublimation, in these experiments was found to be
about 156.5 mm. The widths of these areas together with
the wide 4z,~7 mm single «hot» longitudinal section
EWP, located in the middle of the TS wire, according to
those in [1-9] for the laws of EWP in a metallic conductor
with an electrical conduction current form for the case
n=1 the length of the quantized A.,./2 of one half-wave
electronic de Broglie, numerically equal
Aen:d 272426+ Az,, = 320 mm. The amplitude of this half-
wave electronic de Broglie corresponds to the width of
the middle A4z,, «hot» longitudinal portion EWP. Ob-
tained for n=1 the experimental data for the quantized
longitudinal EWP and electron de Broglie half-wave in
the identity of the test wire is schematically illustrated in
Fig. 8,a. From (1) at n,=16.82-10* m™ [10] and
80»=3.7-10° A/m® we find that the estimated width of the
«hot» longitudinal portion of said EWP in the test wire is
about 4z,;,~5.7 mm. The estimated width of the quantum-
mechanical assessment of the extreme «cold» longitudinal
portion of the quantized longitudinal EWP in the test steel
wire can be made according to the following analytical
relationships [6]:

e =1 1(2n) = 0.5eqneoh /(m 50,8 +(7~2)*]. (2)

From (2) at n=1, n,~=16.82:10*® m™ and &,=3.7-10°
A/m? it follows that Az,.,~157.1 mm. Then, for the calcu-
lated length A,,./2~24z,..t4z,, of electron half-wave
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of de Broglie studied in the quantum case (n=1) we have:
Aen272x157.1 mm + 5.7 mm~319.9 mm. It can be seen
that the results of experiments performed by high-
quantum case n=1 is fully correspond to the data of quan-
tum-mechanical calculation of EWP in the studied steel
galvanized wire.

For the case of n=3 (Fig. 6) 4z, quantized width of
each of the two extremes of «cold» longitudinal portions
quantized longitudinal EWP, the left of which has under-
gone a complete sublimation is about 50 mm (if the width
calculated by (2) 50.5 mm). Two internal «cold» longitu-

dinal sections located in this case between the neighbor-
ing «hot» sections of the longitudinal width 4z,;, =7 mm,
had a quantized width 4z,.; =100 mm. It can be seen that
the experimental width 4z, internal «cold» longitudinal
sections twice the width 4z, experienced extreme «cold»
longitudinal sections TS steel wire. Therefore, the quan-
tum case n=3, the length of the quantized experienced
Aenz/2 half-wave of de Broglie in TS wires will be numeri-
cally A.,./2~Az,.+Az,,=107 mm. The experimental data
obtained for the quantum case »=3 is schematically
shown in Fig. 8,b.

I !

Oznlenz

Fig. 8. Simplified schematic representation of the experimental data for the «hot» (4z,,~7 mm) and «cold» longitudinal sections
quantized periodic longitudinal EWP and electronic half-waves of de Broglie in TS round galvanized steel wire radius 7,=0.8 mm
and length /=320 mm experiencing in the high-voltage high-current discharge circuit GPC-C single exposure time aperiodic pulse
current form ¢,/7,~9 ms/160 ms of high density ,,~0.37 kA/mm? (1 — «hot» EWP part; 2 — «cold» EWP part; 3 — electronic half-

wave of de Broglie length 4,,./2; for a — n=1 and 4,,,,/2~320 mm; for b — n=3 and 4,,./2~107 mm; for ¢ — »=9 and 4,,./2~34 mm)

From the estimated settlement of (1) at
n,0=16.82-10"* m™ and 6,,=3,7-10° A/M* width 4z, «hot»
longitudinal portion EWP follows that it is equal to about
5.7 mm. Settlement quantum mechanical estimate for n=3
width 4z, internal «cold» longitudinal portion EWP in
the test conductor will perform the analytical relation of
the form [6]:

i =l n—eqneoh(medo,)” B+ =21 (3)

From (3) for n=3, n,=16.82-10* m> and
Som=3.7-10® A/m? we obtain that 4z,,/~101 mm. As a re-
sult, the estimated length A,,./2=~A4z,.+4z,, electronic half-
wave of de Broglie relation to the quantum case n=3, we
find: A.,./2~101 mm + 5.7 mm~106.7 mm. Therefore, we
can say that the experimental results on the GPC-C by
indirect detection of a thin galvanized steel wire quantized
longitudinal EWP and electronic de Broglie half-waves in

the quantum case n=3, and correlate well with the calcu-
lated data.

For quantum case n=9 (Fig. 7) surviving «hot» EWP
quantized longitudinal portions also had 4z,,~7 mm width
(the width when calculated according to (1) of 5.7 mm).
Quantized width 4z, internal «cold» TS in the longitudi-
nal wire portions in this case was about 27 mm (when
calculated on the width (3) 29.8 mm). In this regard, the
length of the quantized experienced 4,,./2 half-wave of de
Broglie in TS galvanized steel wires for the quantum case
n=9 is approximately equal A,./2=A4z,.+Az,,~34 mm.
Fig. 8,c is illustrative in schematic form displayed corre-
sponding experimental data for the TS considered in the
case of quantum wires (#=9). In this case, as in the cases
with the quantum numbers n=1 (see. Fig. 5) and n=3 (see.
Fig. 6), the middle «hot» longitudinal portions quantized
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periodic EWP correspond to the amplitudes TS investi-
gated cylindrical propagated in conductive structure wire
quantized coherent electron de Broglie half-waves. In
view of the above data for the calculated value for n=9
length A.,./2 electron de Broglie half-wave in the TS
Aenz/2=29.8 mm + 5.7 mm~35.5 mm wires we have:
Aenz/2729.8 mm + 5.7 mm=35.5 mm. Therefore, we can
say that in this quantum case (n=9) experienced the re-
sults for the geometric parameters of the «hot» and «cold»
longitudinal sections quantized periodic longitudinal
EWP and accordingly the electronic half-waves of de
Broglie in thin galvanized steel wire with aperiodic pulse
current temporary form ¢,/7,~9 ms/160 ms of high density
(50,=0.37 kA/mm?) in the range of 4% in line with the
relevant data submitted by us quantum mechanical calcu-
lation estimates for the basic geometric characteristics of
EWP and de Broglie electron half-waves in the investi-
gated steel wire.
Conclusions.

1. The proposed and tested in a high-voltage laboratory
of computational and experimental method for the detec-
tion and direct determination of geometric parameters (in
particular, the widths Az,, 4z,.. u 4z,.) «hot» and «cold»
longitudinal sections quantized periodic longitudinal
EWP and thus indirectly determining the values of the
quantized lengths 4.,./2 (n=1,2,3, ...) they form the elec-
tronic half-waves of de Broglie in a round galvanized
steel wire (7=0.8 mm; /,=320 mm; 4y=5 pm; S;=2.01
mm?), which in a single operation from the one described
in brief high-voltage high-power GPC-C developed at the
Scientific-&-Research Planning-&-Design Institute «Mol-
niya» of the NTU «KhPI» unipolar momentum affects the
axial current temporary form ¢,/7,~9 ms/160 ms of large
average density (J,~0.37 kA/mmz).

2. For the first time settlement and experimentally in-
vestigated for a round galvanized steel wires, is confirmed
the important fundamentals of the theory of electricity
electrophysical the fact that in this metal conductor used
with aperiodic pulsed axial current conduction time form
9 ms/160 ms and high density (about 0.37 kA/mm?) in the
longitudinal direction extend quantized coherent elec-
tronic half-wave of de Broglie length /,,./2 defined during
the investigations by the quantum numbers n=1,3,9.

3. The interference of de Broglie electron half-waves
gives rise to the conductive structure of the investigated
steel galvanized wire quantized periodic longitudinal
WEP macroscopic size, mid experimentally identical
fixed widths 4z,~=7 mm «hot» longitudinal sections
which correspond to the amplitudes of these half-waves
quantized electron de Broglie length in accordance with
the established contact ratio A,,./2~ly/n with n=1,3,9 in the
320, 107 and 34 mm, as well as an appearance in the mac-
rostructure of the longitudinal wires inhomogeneous peri-
odic temperature field with a temperature difference be-
tween its «hot» and «cold» longitudinal in about 1000 °C.
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THE TECHNOLOGICAL AND EXPLOITATIVE FACTORS OF LOCAL INCREASE
OF ELECTRIC FIELD STRENGTH IN THE POWER CABLE OF COAXIAL DESIGN

Introduction. Reliability of high voltage power cables in the process of long-term operation is largely due to the intensity of poly-
meric insulation aging. It is now established that the aging of polyethylene, which is the main material for the insulation of high
voltage power cables, under the action of the electric field is determined primarily by the presence of structural heterogeneity
arising both during cable production and during use. The cable is always there deviations from the ideal structure, which mani-
fest in a deviation of diameters of conductors from nominal values; in the arrangement of the conductor and the insulation is not
strictly coaxially and eccentrically; in elliptic (oval) core and insulation; change in relative dielectric constant and thickness of
insulation on cable length force the formation of low molecular weight products (including water) in the flow at the manufactur-
ing stage crosslinked polyethylene insulation and moisture during operation. Such defects are structural, technological and op-
erational irregularities, which lead to a local change in the electric field. Purpose. Analysis of the influence of the eccentricity,
elliptic and spherical inclusions in the electric field distribution in the power cable of a coaxial design with cross-linked polyethyl-
ene insulation, based on numerical simulation. Methodology. The bases of the numerical method of calculation of the electrical
field strength are Fredholm integral equations of the first and second kind (method of secondary sources) for an axially symmet-
ric field. Analysis of the influence of irregularities, including water treeing, the shape of the sounding signal is made using the
method of discrete resistive circuit inductance and capacitance of substitution with the initial conditions. Solving systems of linear
algebraic equations nodal analysis performed by the sweep method. Results. The presence of the eccentricity and ellipticity in the
construction of cable has different effects on the distribution of the electrical field strength at the conductor and the insulation.
The electrical field strength is increased by 50 % in the core and 17 % - on the surface of the insulation at 10 % eccentricity be-
tween conductor and insulation. Availability elliptic insulation leads to a redistribution of the electric field: field strength at the
surface of the insulation is 2 times higher electric field strength on the surface of the conductor. Water treeing spherical shape
filled with water with a dielectric constant of 6.9, lead to a local increase of electric field intensity is 5 - 10 times. Originality.
Simulation results show that the presence of water treeing concentrated with individual heterogeneity characteristic impedance
causes a change in shape and duration of the probe signal rectangular. Practical value. Time domain reflectometer can be con-
sidered as one of the promising methods for diagnosing operational irregularities (ellipticity, eccentricity, water treeing) in power
cables. References 10, figures 12.

Key words: eccentricity, ellipticity of insulation, water treeing, electric field strength, the wave impedance, the probe pulse.

Ha ochose uucnennozo mooenuposanusn 6blNONHEH AHANU3 GIUAHUA IKCUCHMPUCUMEMA MeHcOy MOKONPO6oOAw et Heuaiou u
uzonayueil, IMAURMULHOCINU U30TAYUU U GKTIIOUEHUTl chepuuecKkoil (hpopmbl Ha pacnpedenieHue HANPAICEHHOCHU ITIeKmpo-
CMAamu4ecKkoz0 noA 6 CUN060M Kabene KOAKCUANbHOU KOHCMPYKUUU CO CUIUMOU RoaudImunenosoli uzonayuei. Ilokazano,
YMo aKmueHulii XapaxKmep u 6blcOKUe 3HAYeHUA IPPHeKmueHoii RPOEOOUMOCIU ROTYRPOBOOAULUX IKDAHOE He GINUAIOM HA pac-
npeoenenue noaa mexncoy yHcunou u uzonayueil. Hanuuue ¢ monuie uzonayuu 600HuIX GKII0YEHUIL chepuyecKoil hopmul npueo-
oum K ycunienuio 31eKmpudeckozo nouas 8 5 u 6onee pas 6 3a6ucumocmu om OuzieKmpuiecKkoli nponuyaemocmu. Boonvie mpu-
UHZU, KAK JI0KAJIbHblE COCPEOOmOoYeHHble HeOOHOPOOHOCIU 8 CIMPYKMYpPe NOJUIMUIEHOGOH UZ0NAYUU, NPUBOOAM K U3MEHEHUIO
dopmul 30H0UpyIOWE20 NPAMOY20]IbHO20 CUZHANA, PACHPOCMPAHAIOWE20CA 6 CUNO0B0N KADEAbHOU TUHUU, YMO 0aem 603MOdiC-
HOCHb 6 IKCHILyamauuu OUAZHOCIUPOSAmMd UX ¢ HOMOUbIO UMNYIbCHOU pedrekmomempuu. but:.10, puc.12.

Kniouesvie cnosa: IKCHEHTPUCUTET, FIJIUNTHYHOCTH H30JISIMH, BOAHbIE TPUUHIH, HANPSKEHHOCTh 3JeKTPHYECKOro MOJIs,
BOJIHOBOE CONPOTUBJICHUE, 30HAUPYIOLIMIT UMITYJIbC.

Introduction. Reliability of high voltage power ca-
bles in the process of long-term operation is largely due to
the intensity of polymeric insulation aging. The high-
voltage power cables under the effect of electric field ag-
ing of polyethylene is determined primarily by the pres-
ence of irregularities arising in the process of production
of cables, as well as during operation. The cable is always
there deviations from the ideal structure, which manifest
in a deviation of diameters of conductors from nominal
values; in the arrangement of the conductor and the insu-
lation is not strictly coaxially and eccentrically; in elliptic
(oval) core and insulation; change in relative dielectric
constant and thickness of insulation on cable length force
the formation of low molecular weight products (includ-
ing water) in the flow at the manufacturing stage
crosslinked polyethylene insulation and moisture during

operation. Such defects are structural, technological and
operational irregularities, which lead to a local change in
the electric field strength [1-3].

The goal of the paper is analysis of the influence of
eccentricity, ellipticity and the spherical inclusions on the
electric field distribution on the basis of the numerical
simulation.

Effect of semiconductive screens on the distribu-
tion of the electric field strength. A feature of the con-
struction of high-voltage cables with XLPE insulation
semiconducting screens is the presence on the surface of
the core and the surface of the insulation. Three layers -
semiconducting coating on the core, insulation and semi-
conducting layer insulation - applied simultaneously per
core using triple extrusion. As a result, air gaps between
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the layers are not formed. In addition, the high conductiv-
ity of semiconducting layers of an electric field provides a
bypass air gaps between the conductor and semiconduc-
tive coating on the core, between the semi-conductive
coating on the insulation and the metal shield of the cable.
The partial discharges in these gaps do not arise.

In [4] it is shown that the effective conductivity of
the RC chain, replacing the semi-conductive layer is not
capacitive but active. In this case it is 40 - 40,000 times
higher than the conductivity of the capacitive layer with
relative dielectric constant é=10. The effective dielectric
constant of the semiconducting layers is about 400 -
400,000, which makes it possible to neglect their effect on
the field distribution in the gap «conductive wire - metal
screen» (Fig. 1).
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Fig. 1. The schematic arrangement of nodes on the surface of
wire (1), semiconductive screen by wire (2), surface of the
insulation (3), and semiconductive screen by insulation (4)

Fig. 2 shows the distribution of the line of tension
along the boundaries between the media 1 - 4 (Fig. 2).
When switching from the first layer (semiconductive
coating cores) for the second (core insulation), the field
strength increases abruptly in £1/62 times. In the transition
from the second to the third layer (semi-conductive shield
insulation) field strength abruptly decreases in £3/¢2 times
[5]. The strength at the beginning of the third layer and
the end of it (on the metal screen of the cable) is the same
in magnitude but opposite in sign: the tension on the sur-
face of the screen is taken negative, in contrast to the ten-
sion on the surface of the semiconductive screen by wire,
which is assumed to be positive.

Influence of eccentricity and ellipticity. In the case
of a homogeneous electric field in the insulation of the
power cable coaxial design (Fig. 3) is nonuniform by
thickness of insulation: the maximum on the conductor
and the minimum at the surface of the cable insulation.

Presence of eccentricity 4Z between conductive wire
and insulation leads to thickening (4,) and thinning (4,)
insulation (Fig. 4) resulting in the distortion of electric
field (Fig. 5, curve 2) on the surface of the wire (/) and
insulation (/I). The electric field intensity increases lo-
cally thinned areas and isolation areas in decreases thick-

ening, i.e. there is also the heterogeneity of distribution on
the surface of the conductor and the insulation (curves 2).
At eccentricity 4Z = 10 % of the radius of the conductor
to tension in the core is increased by 20 %, on the surface
of the insulation — 25 %. When eccentricity 100% of the
diameter of the conductor coefficient of uneven distribu-
tion of the electric field strength equal to the ratio of elec-
tric field strength with eccentricity E, to field without
eccentricity £ increases in 1.5 and 3 times on the surface
of wire (K1) and isolation (K2), respectively (Fig. 6) [2].
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Fig. 2. The distribution of the electric field strength along the
boundaries between the media 1 - 4 (Fig. 1) at different parame-
ters of semiconducting layers: 1) e;=e;=15; 2) &;=¢;=150.
The relative dielectric constant of the insulation &,=2.3
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Fig. 3. The distribution of the electric field strength in the
thickness of the homogeneous cross-linked polyethylene
insulation in single-core high voltage power cables of perfect
coaxial structure

The ellipticity (roundness) of insulation (Fig. 7) also
leads to a distortion of the electric field on the surface of
the conductor (/) and insulation (//): with ellipticity of 5%
(curve 1) the field strength in the wire increases by 10%,
on the surface of the insulation - 20%; with ellipticity of
11% (curve 2) by 30% and 45%; with ellipticity of 18%
(curve 3) by 53% and 87%, respectively, relative to the
field strength in a perfectly round cable design.
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Fig. 4. The schematic arrangement of nodes in the calculation of
the electric field strength in the power cable of coaxial design
with eccentricity 4Z between wire and insulation
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Fig. 5. The distribution of the electric field strength on the sur-
face of the conductive wire and the insulation when
absence (curve 1) and the presence of eccentricity 4AZ=0,1R,;
(curve 2) between the wire and insulation

% 200

400 600 800
Fig. 6. Coefticient of uneven distribution of the
electric field strength on the surface of wire (K1) and insulation
(K2) at 100% eccentricity AZ=R,

The presence of the eccentricity and ellipticity
causes a change in wave resistance of the single-core
power cable of coaxial design [1, 2]
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Fig. 7. Coefficient of uneven distribution of the electric field
strength on the surface of the conductive wire (/) and insulation
(Z]) in the presence of insulation ellipticity

where R is the total active resistance of the conductive
wire and metal screen, QQ/m; L is the total inductance as a
sum of internal inductance of the conductive wire and
screen and mutual inductance (external), H/m; G is the
active conductance of insulation, S/m; C is the cable ca-
pacitance, F/m; w=2xfis the angular frequency, rad/s.

In the high frequency range for single-core power
cables coaxial structure can assume that R < wl and G <
wC. Then the wave resistance is active and is determined
by the simplified formula

Z,, =+[L/C . 2)

Cable inductance in this range is determined by ex-
ternal inductance only [1]
_Hop | Ry

out —

L= , C=27Z'606‘/111&,

Ry R,
where pp=47-107 H/m is the magnetic constant,
€0 =8.85-107"? F/m is the electric constant, ¢ is the rela-
tive dielectric permittivity of the insulation material, u
is the magnetic permeability of the conductive materi-
als (for diamagnetics —copper and paramagnetics —
aluminum u =~ 1).

Fig. 8 shows the change in inductance, capaci-
tance and wave resistance of the coaxial cable design
with increasing eccentricity between conductive wire
and insulation.

Fig. 8. Effect of eccentricity on the inductance, capacitance and
wave resistance of the power cable of coaxial design (indexes
«o» show parameters without eccentricity)
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Having a thicker crosslinked polyethylene power
cable insulation MV two water treeing spherical shape
filled completely (Fig. 9, curve 1, & = &; = 80), [6], or
partially (Fig. 9, curve 2, &, = ¢; = 6.9) with water, leads
to an increase in strength is 5 - 10 times or more. The
basis of the numerical method of calculation of the field
strength is Fredholm integral equations of the first and
second kind (method of secondary sources) for an axi-
symmetric field [6].

R2=R3= 50 mkm 1

—

, P
-5} '%,h

#8095 o 0.01

SDL, m 0.0105
Fig. 9. The influence of the relative permittivity of two spherical
inclusions of 100 um in diameter, spaced 2.5 pm apart, by a
factor of electric field inhomogeneity.

The dielectric constant of polyethylene &, = 2.3

At presence a thicker cross-linked polyethylene insu-
lation of two spherical inclusions, filled with air (Fig. 9,
curve 3, &, = &; = 1), the electric field strength on the sur-
face of the inclusions is less than the average value
(2 kV/mm for medium voltage power cables).

Influence of the electrical characteristics of the
water treeings on the form of probe signals. Degrada-
tion of high-power cables with cross-linked polyethylene
insulation, laid in the ground, due to the formation of wa-
ter treeing is a growing problem. Such tree structures -
clusters [7-9] representing the number of water-filled mi-
crocavities with connecting channels, reduce the electric
strength of the polymer insulation.

Water treeings (WT) lead to local concentration of
electric field in the insulation of crosslinked polyethylene
(see Fig. 9), the capacity increase, reduction of insulation
resistance, increase of dielectric loss tangent. Thus, the
numerical simulation of WT growth in power cables show
[10] that the increase in capacity does not exceed 1.5% in
the case of a single elliptical water treeing in full (100%)
germination through the thickness of the insulation (from
the metal screen to the conductor) regardless of the design
screen performance. Insulation resistance at the same time
significant changes: more than an order of magnitude.
The result of this change in the insulation resistance is to
increase the dissipation factor, conductance and insula-
tion, eventually, decrease in cable impedance. Water tree-
ing are local discontinuities in the structure of polyethyl-
ene insulation with wave resistance different from the
wave resistance of the main part of the cable. At the dis-
tributing by cable high-frequency electromagnetic waves
(probe signal - voltage certain of form and frequency) will

be observed from the reflection part inhomogeneities that
lead to distortion of the (reflectometry in time-domain).
To analyze the effect of water treeing in the form of con-
centrated defect with relevant electrophysical characteris-
tics of the shape of the probe pulse the power cable repre-
sented in the form of T-shaped equivalent circuit (Fig. 10)
[4]: R, L - resistance and inductance of the cable wires;
Co, Ry - geometrical capacity (capacity due to rapid po-
larization modes), and insulation resistance of the leak;
Ry, C; - parameters due to polarization processes in isola-
tion. The number of units of the equivalent circuit to 1
meter for a correct representation of the cable must be
large enough, depending on the operating frequency [4].
Thus, at 1 MHz - not less than 10. The cable is connected
to a source of pulsed EMF E(f) with an internal resistance
Re. Resistances R, and R, — resistances of a source and
the load respectively.

1 Rk Lk 2 Rk Lk M+l

— — N § —
=0 Rs [] Cu% CIT Ro CU% ClT o
|
>

Fig. 10. T-shaped equivalent circuit of the power high-voltage
cable of coaxial design [4]

To ensure a consistent mode of operation, excluding
the appearance of additional reflected waves influencing
the shape of the probe pulse, it is necessary that the equal-
ity of load impedances, source and cable impedance. For
this purpose, at a frequency of 1 MHz, the measurements
of the parameters of the sample single-core power cable
length 25 cm AIIBI-1x95/16 for 35 kV with aluminum
conductor section 95 mm? and copper screen section 16
mm?*: R=0.3262 Q; L=112 nH; C=36.3 pF/m; G = 0.7 uS;
tgo=2-10"; R;,,=10"> Q:m.

Complex wave resistance determined by (1) is
practically active: 7.1906e+002 — 5.7684e+000j. The
real part of 125 times the imaginary component. Wave
impedance is 719 Q module that significantly exceeds
the typical values for coaxial cables construction:
93 Q, 75 Q and 50 Q. Complex longitudinal resistance
per unit length is (1.4480 + 0.0001j), /m: determining
a real component due to the resistance contribution of
the metallic screen (more than 10,000 times greater
than the inductance component). Integrated transverse
conductivity per unit length is equal to (2.8000e—006 +
+ 4.5216e—008j) S/m: the real part is more than 60
times the imaginary (capacitive) component. High val-
ues of conductance display screen processes semicon-
ductive insulation and water-swellable tape, and not in
the cross-linked polyethylene insulation. The value of
the wave resistance, determined according to the sim-
plified formula (2) based on the inductance and capaci-
tance of the cable is equal to 57.5 Q (close to the value
of 50 Q)! For a correct simulation of the probing signal
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propagation in the insulation of the power cable char-
acteristic impedance is accepted equal to 57.5 Q.

Measurement data cable parameters are used to de-
termine the parameters of the T-link for a given number
M and length [ of the cable. The next step is to compile
the equivalent circuit cable line method of discrete resis-
tive circuit inductance and capacitance of substitution,
taking into account the initial conditions. The next step is
made a system of linear algebraic equations (SLAE) of
nodal potential method [4]

G-g=J,

where G is the tree-diagonal matrix of coefficients — own
(G115 Gag,...y Gapsr 1) and mutual (Gia, Gop,..., Guprrn)
conductivities of branches

Gy Gp 0 0 -0

Gyy Gy 0 0 -0

0 0 Gy G0 :
-0

0 0 0 0 Gyymu

where @ is the desired column matrix of nodal potentials,

J the column matrix of nodal currents.

SLAE is solved by the sweep method. currents are
determined at each sampling step, flowing through the
inductor and the voltage drop across the containers.

Numerical calculations are performed when con-
nected to a pulsed source of EMF (E = 100 V) power
cable line length of 1 m at a frequency of 1 MHz. The
duration of the sounding of the rectangular pulse is
4.0 ns. Resistances of the source and load are assumed
equal to 57.5 Q.

Fig. 11 shows the behavior of the shape and duration
of the probing signal traveling along the cable line: curve
1 - cable with characteristic impedance of 57.5 Q (meas-
ured parameters); curve 2 — cable with wave resistance 48
Q (eccentricity between the conductor and insulation);
curve 3 - cable with wave resistance of 60 Q and the iso-
lation parameters: R, =10"" Q-m, tg5=2~10’2 (water tree-
ings). Area [ is the beginning of the line, area I is the
middle of the line. Influence of dielectric losses (imitation
WT) on the shape of the probe pulse is shown in Fig. 12:
curve 1 corresponds to 7gd=2-10""; curve 2 — 1gd=2-10";
curve 3 — 1gd=2-10".

Conclusions.

The presence of the eccentricity and ellipticity in
the construction of cable has different effects on the dis-
tribution of the electric field strength at the conductor
and the insulation. When eccentricity between the wire
and the insulation is 10 % of the radius of the core the
field strength increases by 1.5 times in the wire and 1.17
times - on the surface of the insulation. The electric field
strength on the surface of the insulation is doubled with
respect to the strength on the tendon when roundness
insulation.

The presence in the thicker crosslinked polyethylene
insulation aqueous inclusions spherical shape leads to an
increase in tension of 5-10 times the average value of

2 kV/mm in the high-voltage power cables. At such elec-
tric fields in the cross-linked polyethylene insulation
threshold effects occur, in particular, the nonlinear de-
pendence of the density of the current field, the depend-
ence of the dielectric constant of the applied high voltage.

Simulation results show that the presence of water
treeings as concentrated with individual heterogeneity
characteristic impedance causes a change in shape and
duration of the probe signal rectangular.

Time domain reflectometry can be considered as one
of the promising methods for diagnosing operational ir-
regularities (ellipticity, eccentricity, water treeing) in
high-voltage power cables.
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Fig. 11. Character of change of shape and duration
probing signal traveling along the cable line in the presence of
defects located at a distance Y2 from the start line
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Fig. 12. Effect of dielectric losses due
the presence of water treeings on the shape of the probe signal
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THE EXPERIMENTAL VALIDATION OF THE GROUNDING DEVICE RESISTANCE
MEASUREMENT METHOD

Purpose. The paper considers experimental research of three-electrode units for measuring the resistance of grounding devices
for different purposes. Methodology. The experimental study of the method of resistance measurement of grounding devices for
any design in any soil structure using the method of physical modeling is presented. Results. By results of model operation the set
of equations of the sixth order is solved. It allowed to determine the own and mutual impedance in the three-electrode unit with
high accuracy without searching the point of zero potential. Features of measuring and defining the own and relative resistances
of various combinations of electrodes for three-electrode measuring unit are considered. Originality. The necessity of finding a
zero potential point is excluded. Practical value. The proposed method provides the smallest possible spacing of potential elec-
trodes outside the grounding devices. This reduces the wiring length measurement circuit in several times, increases the ratio
«signal — noise», removes the restrictions on building of the territory outside the test grounding device. References 7, tables 10,
figures 5.

Key words: experimental research, grounding device, the resistance measurement method, three-electrode unit, the method of
physical modeling, experimental validation.

Paccmompensl IKcnepumenmanvuole UCCAe008AHUS MPEXINEKMPOOHOI YCMAHOBKU Ol U3MEPEHUSI CONPOMUGIEHUs 3aA3eM-
JAIOWUX YCMPOTICME pa3nuuno2o Hasnavenus. Ha ocnose ucnonv3oseanus memooa puzuueckozo mooenuposanus npeocmaeie-
HO IKCHEPUMEHMATIbHOE 000CHOBAHUE MEMO0A UBMEPEHUA CORPOMUBICHUSA 3A3EMIAIOULE20 YCIPOTICEA 1000 KOHCMPYKYuU
6 npou3seovnoli cmpykmype pyuma. Ilo pezynemamam mooeauposanus peuieHa Cucmema ypasHeHuil wecnozo nopaoKa, Ymo
Nn03801UNI0 ONPedeumy COOCMEeHHbIE U 63AUMHbBIE CONPOMUBTCHUS 8 MPEXIIEKMPOOHOI YCHAHO8KE C OCHAMOYHO 8bICOKOIL
MOYHOCMbIO U 0e3 OMbICKAHUA MOYKU HY1e6020 nomenyuana. bubn. 7, tabn. 10, puc. 5.

Knrouesvie cnosa: IKCIIepUMEHTAIbHbIE HCCIET0BAHHUS, 3a3eMJISI0IIIee YCTPOiiCTBO, METOJ H3MEPEHNsI CONPOTUBJIEHNUS, TPeX-

JJIEKTPOJAHAAA YCTAHOBKA, METOX (I)I/BYI‘ICCKOFO MOAEJTMPOBAHMS, JKCIIEPUMEHTAJIbHOE 000CHOBaHUE.

Introduction and problem definition. Currently,
the three-electrode measuring device for measuring the
resistance of grounding devices (GD) is widespread [1].
One of the main problems to be solved to get to this set-
ting, sufficiently accurate results, is as specified in [2], the
right choice of locations of measuring electrodes, i.e. such
their arrangement in which the resistance of the measured
value differs from its true value by not more than 10 % in
either direction. However, in many cases (50 %) measur-
ing the GD resistance for urban and industrial substations
poses a serious problem to the present.

Analysis of recent investigations and publica-
tions. The problem of improving the accuracy of meas-
urement of electrical parameters of the earth and GD are
engaged many scientists both domestic and foreign.

Calculation method for determining the optimal po-
sition of the measuring electrodes in the measurement of
GD resistance of large dimensions allowing to place the
electrodes at short distances from the GD is described in
[3]. However, it is noted that the calculations with the
help of considered GD models have only limited applica-
tion due to their external fields.

Analysis of Tagg methods for measurement of GD
resistance given in [4] is shown that Tagg method is not
suitable in soils with increasing of soil resistivity by
depth.

The theoretical possibility of precise measurement
of the GD resistance for each character of the soil hetero-
geneity and of any size and configuration of GD without
the use of computer codes is noted in [5]. However, un-
fortunately, in this case it will be necessary to determine

the location of the potential electrode by finding the point
of zero potential on-site measurements.

Mathematical modeling of the process of GD resis-
tance measurement current of industrial frequency in mul-
tilayer soil is presented in [6] which describes an algo-
rithm for calculating measurement errors at different loca-
tions of the measuring electrodes and an example of the
construction of lines of equal errors for GD of complex
shapes in a four ground. Unfortunately, as the authors
note [6], choose a layout of electrodes, in which the
measured GD resistance equals true, experimentally in
measurements on the ground impossible.

In [7] the author provides a theoretical basis of a
new method of GD resistance measurement with a three-
electrode measuring setup with any character of soil het-
erogeneity, of any size and configuration of GD and the
arbitrary placement of the measurement electrodes with-
out finding the point of zero potential.

The goal of the work is the experimental validation
of the method [7] for measurement of GD resistance by
means of a three-electrode measuring unit without finding
a point of zero potential.

Experimental technique. For the study models of
GD in the form of discs of different diameters d1 = 10
cm, d2 =5 cm, d3 =9 cm were accepted. The locations of
GD in the electrolytic bath are shown in Fig. 1 and did not
change in all experiments. The minimum distance be-
tween the edges of GD were a = b = ¢ = 1 cm. Several
series of experiments were performed.

© LV. Nizhevskyi, V.I. Nizhevskyi, V.E. Bondarenko
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d of bath

Fig. 1. Location of GD on the water surface in the electrolytic
bath (plan view)

In the first series measurements of flowing from the
GD current (10, 1, I30) and voltage (U, Uy, Usp) were
performed to determine the internal resistance of GD, i.e.
of each in its place in the absence of the others as shown
in Fig. 2 for GD 1 and dashed to GD 2 and 3. The results
of measurements and calculations of own GD (R;g, Ry 1
R3) resistances are presented in Table 1.

: Uro U. Uso
—O- T — 1
| |

| |

i/m i/zo /30

1 2, 3, i

\ /

\\ II

\\ /I
\\ //
\\ ///

~ N d 100 em

7 777

Fig. 2. Schematic layout of GD in the electrolytic bath
(sectional view) and connection of devices for measurements

Table 1
Results of measurements and calculations
of own GD resistances
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Fig. 3. Schematic layout of GD in the electrolytic bath
(sectional view) and connection of devices for measurements

Similar measurements were made for cases source
connection between the bath housing and the GD 2, and
then GD 3. The results are shown in Table 2.

Table 2

Results of measurements at the source connection
between the bath body and GD

Source input Source input Source input

into GD 1 into GD 2 into GD 3
Measured | Parameter| Measured | Parameter| Measured | Parameter
parameter| value |parameter| value |parameter| value

110, mA 159.4 120, mA 82.1 [30, mA 137.2
Uy, V 8.7 Uy, V 8.89 Uso, V 8.75
U, V 7.7 U, V 8.4 U, V 0.3
Uy, V 7.9 UsV | 001 Up, V 77
Uss, V 0.2 Ups, V 8.4 Ups, V 74

GD No. 1 2 3

Measured| Z1o, | Ui, | Rio | D20, | Uaos| R20s | 305 | Usos| R0
parameterf mA| V | Q |mA| V Q |mA| V Q

Parameter

159(8.63|54.28| 84 | 8.8
value

104.76( 146 |8.65]59.246

The second series of experiments was carried out
using the three GD. In this case, a source connected to the
earth electrode 1 and the bath body, i.e., current is in-
jected into the first GD. We conducted /;, current measur-
ing circuit, the voltage on the grounding conductors 1, 2
and 3 with respect to the bath housing (Ujy, Usg, Usp), the
voltage between grounding 1 and 2 (U),), GD between 1
and 3 (U}3), and the GD 2 and 3 (U>3) in the circuit shown
in Fig. 3.

Then, studies were carried out in the third series
with three GD without their connection with the bath. In
this case the source is introduced between GD 1 and 2 as
shown in Fig. 4. In this case, measured flowing in the
current circuit /;, and the voltage between GD 1 and 2
(U1»), between GD 1 and 3 (U13), between 2 and 3 (Uy;),
and the voltage between each GD (1, 2 or 3) and the wall
(casing) of bath, i.e. Uy, Uy and Usg as shown in Fig. 4
for GD 3.

Uiz
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Usz Uzs
5 : Uszo
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| 1 2 3
i

\ /
\ /
\ ]

\ /

\ /
\ 7/
\ 7
\ 7/
\ /
\
AN 7
AN
/

270 D

g. 4. Measurement 01rcu1t for three GD
w1thout their connection with bath housing
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Similar measurements were made while entering the
source between GD 2 and 3, and between GD 1 and 3.
The results of these measurements are presented in
Table 3.

Table 3

Results of measurements of GD parameters
without source connection with bath housing

Table 4

Results of measurements for two GD
without their connection with bath housing

Measured | Source entering | Source entering | Source entering
parameter between between between
GD 1 and 2 GD 1and3 GD 2 and 3

I1p, mA 70.4 - -

713, mA — 103.6 —

L3, mA - — 70.1
Up, V 8.97 4175 5.447
Ui, V 3.27 8.65 3.05
Uss, V 5.7 4.475 8.5
Uy, V 2.34 3.58 0.65
Usp, V 6.62 0.6 6.1
Usp, V 0.94 5.1 24

In the fourth series of experiments, measurements
were made with two GD, i.c., in the absence of the third
one and without their connection with bath housing.
Sources include grounding between 1 and 2, as shown in
Fig. 5. In this case, we measured flowing in the current
circuit (/},), the voltage between the GD 1 and 2 (Uj,) and
the voltage between the bath housing and GD 1 (U,), and
between the bath housing and the GD 2 (U,y).

U Uiz Uz
{V) {V) {V)
—_—
Iz
1 2
\ /
\ )
\ /
\ /
\ /
\ 7
\, 7
\ 7
\ 7
N\ /
\ 7
7
7
N

I

Fig. 5. Measurement circuit for two GD without their connection
with bath housing

Similar measurements were made and when the
source is turned on between the GD 1 and 3, and between
the GD 2 and 3. The measurement results are shown in
Table. 4.

Comparative analysis of the results of physical
modeling of three-piece group of GD and the results of
determination by the developed method of measuring
own and mutual resistances of GD. According to the
results of experiments for the measurements of earth
models derived parameters that are given in the Table 5.
In this case, the definition of resistivity of the medium
gives p =12 Q'm, i.e. AR = 3.8 Q) - the amendment to the
final dimensions of the bath as determined by the formula
for the hemisphere.

Measured |Source entering|Source entering|Source entering
parameter between between between
GD 1 and 2 GD 1 and 3 GD 2 and 3
112, mA 71.6 — —
113, mA — 105.3 —
L3, mA - - 69.8
U, V 8.9 - -
U, V — 8.8 —
U23, \4 — — 8.8
U, V 24 3.7 —
Uno, V 6.5 - 6
Usp, V — 5.1 2.8
Table 5

Results of assessment of GD own resistances

Determined parameter R]Own res};itances, (1233
By Table 1 54.28 | 104.76 | 59.246
Taking into account AR 58.08 | 108.56 | 63.046

The measurement results shown in Table 4 can de-
termine the input resistance at the input source between
GD, for example as 1 and 2, by the expression

RlZinp = U12/ 112 =8.9/0.0716 = 124.3 Q.

Similarly we obtain R, and Rysin,. Results are pre-

sented in Table 6.

Table 6
Results of assessment of GD input resistances for two GD
without their connection with bath

Determined Input resistances between GD, Q
parameter Riginp Riinp Roing
Parameter value 124.3 83.6 126

The obtained results for the input resistances (see
Table 6) make it possible to determine the approximate
values their own resistances of separate GD as follows.
Measurements performed for the respective pairs of GD,
i.e., input resistance between the GD (Table 6) allow us to
write the following equations

Ry + Ry = 2R = Riginp;
Ry + R3 = 2R13 = Rizing;
Ry + R3 = 2R3 = Rysing.

Neglecting (assumption) mutual resistances (R, R;3
and Ry;) within a couple and the influence of the third
electrode we obtain a system of three equations with three
unknowns. We carry out solution to this system, and the
results of calculations of its own approximate values of
GD resistances are summarized in Table 7.

)

Table 7
Approximate values of own GD resistances

Own resistances, Q
Ry Ry R

40.95 42.65

Determined parameter

Parameter value 83.35

We calculate approximate values of the mutual resis-
tances of the corresponding pairs of GD based on the fact
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that the mutual resistance of two interacting GD resis-
tance is always less than the least of them. [4] On the ba-
sis of the relation (1):
Riomu = (R + Ry — Rininp)/2 =
=(58.08 + 108.56 — 124.3)/2=21.17 Q.
Similarly we obtain mutual resistances Ri3y, and
Ry3mu and summarize results in Table 8.

Table 8
Assessment of mutual resistances between corresponding
GD couples

. Mutual resistances between GD, Q
Determined parameter

R 12mut R 13mut R23mut

Parameter value 21.17 18.79 22.8

The obtained approximate values of circuit parame-
ters (see Table 7 and Table 8) according to the procedure
described in [7] we input as initial values for the solutions
of the system of six equations with six unknowns in
which the right sides are represented by measurements
shown in Table 3 as follows.

The results of voltages U;; and U,; and current /i,
measurements at the input of the source between GD 1
and 2 allow to obtain input resistances:

R13A = U13/ 112 =46.45 Q,
R32A = U23/ 112 =81.1 Q.

Results of similar calculations for input of the source
between GD 2 and 3, as well as D 1 and 3 are shown in
Table 9.

Table 9
Results of assessment of input resistances at the input of the
source between corresponding GD

Source Between GD 1| Between GD | Between GD 2
connection and 2 1and3 and 3
Determined
parameter Riza | Raoa | R | Ra | Rioc | Rusc
Parameter 46.45 | 81.1 | 403 | 432 | 77.7 | 43.599
value, Q

Results of solving the system of equations [7] by de-
veloped by the author program in MathCad packet are
summarized in Table. 10.

Table 10
Assessment of discrepancies between calculated and experimen-
tal values of own and mutual GD resistances

Parameter, Q R, R, R; Riy | Rizs | Ry
Initial value [40.95| 83.35 | 42.65 |21.17|18.79| 22.8
Calculation 60.42| 98.43 | 62.39 |20.62|17.56|22.74
Experiment 58.08 | 108.56 | 63.046 |21.17|18.79 | 22.8

Discrepancy, % | 4.04 | 9.33 1.03 | 257 | 6.5 0.2

Analyzing the data in Table 10 we conclude that the
results of the calculations are in good agreement with the
results of measurements obtained in the experiments. The
discrepancy does not exceed 10 % which is a good result
with acceptable error.

It should be noted that during the time of measure-
ment, as the voltage source has been applied, the voltage
change occurred almost negligible and can be neglected.

However, due to the processes taking place at the surface
of the electrodes when the current flows the current
change occurred more noticeable. This affects the results
which are shown in Table 9 and Table 4, and it should be
excluded.

Obviously, this can be attributed to the resulting dis-
crepancy between calculated and experimental results. In
the real world measurements, these differences should be
significantly less. In all cases possible real conditions
discrepancy can expect less than 10 %.

It should also be emphasized that the definition of
the own and mutual GD resistances as the initial values
was performed and the results of measurements in the
three-clement system (Table 3). The values obtained for
GD own and mutual resistances have a slight difference
from the similar values obtained for the respective pairs
of GD in the absence of a third grounding (Table 4). Sub-
stitution of these values as the initial program for calculat-
ing own and mutual resistances of GD gives the same
result as in Table 10. This important factor must be used
when performing on-site measurements.

Conclusions.

Firstly experimental investigation in the electrolytic
bath at the NTU «KhPI» of a three-electrode unit for
measuring the resistance of grounding devices for differ-
ent purposes is carried out

On the basis of the method of physical modeling ex-
perimental validation of the method of resistance meas-
urement of grounding devices of any design in any soil
structure is presented.

By simulation results the system of the sixth-order
equations is solved that allowed to determine own and
mutual resistances in three-electrode unit with high accu-
racy and without finding a point of zero potential.

The proposed method provides the smallest possible
spacing of the measuring electrodes outside the grounding
devices. This is several times reduces the length of the
connecting wires of the measuring circuit increases the
ratio «signal - noise», removes the restrictions on the de-
velopment of the territory outside the tested grounding
device.

The obtained results showed that developed in [7]
method provides fairly accurate results in all cases of
measurements of resistance of grounding devices of elec-
trical equipment.
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IDENTIFICATION OF GENERALIZED LINEAR LOAD IN THREE-PHASE
THREE-WIRE NETWORK IN THE PROBLEM OF THE DISTRIBUTION OF ACTUAL
CONTRIBUTIONS AT THE POINT OF COMMON COUPLING

Purpose. To perform structural and parametric identification of generalized load equivalent circuit of three-phase three-wire load
in the network in the space of phase components. Methodology. Underlying structural identification methods are matrix analysis
of electrical circuits. Parametric identification is based on the basic laws of electrical engineering. Results. The structure of a
generalized load equivalent circuit is composed in three independent nodes. An approximate method for determining its parame-
ters is proposed. The estimation error determination undistorted and distorted parts of the parameters of generalized load equiva-
lent circuit. Originality. Approximate determination of equivalent circuit parameters are based on the results of a single meas-
urement of voltages and phase currents. Practical value. The proposed replacement structure and a method for determining its
parameters of the circuit can be used in the problem of the distribution of actual contributions at the point of common coupling.
References 7, tables 1, figures 4.

Key words: equivalent circuit of linear generalized load, actual contribution, point of common coupling.

Ha ocnose mampuunozo memooa anauu3a 31eKmpudecKux yeneil onpedesiena CmpyKmypa IK6UGAIeHMHONU CXeMbl 3aMeueHUs
0606wennon nazpysku. Ilpeonoscen cnocod npudnuICennozo onpeodeieHus napamempos IK6UGAIEHMHOU CXeMbl 3AMEU{eHUA
0000wennoit nazpysku. Boinonnen ananusz owudoK npudnuiceHn020 onpeoenenus napamempos IKGUGAIEHNMHOU cXeMbl 3ame-
wienus 0000w eHnoll HAZPY3KU RPUMEHUMEILHO K 3a0aue pacnpedenenus hakmuueckux 6Kiadoe 6 mouke oouje2o npucoeoume-
Hua. bubn. 7, Tabun. 1, puc. 4.

Kniouesvie crosa: 3kBHBaIeHTHAsl cXeMa 3aMellleHHsl JIMHeiiHol 00001eHHol HArpy3KH, ¢paKkTHYecKHii BKIajA, TOYKa 00L1Iero

NPUCOCIUHECHUS.

Introduction. The asymmetry and deviation of
voltages is one of the main characteristics of electric
power, which in most cases do not meet its quality [1].
Consequences of electrical consumption and lower
quality of transmission power are well known [2], and,
ultimately, to reduce financial losses [3]. Determina-
tion of the actual contributions to the reduction of elec-
tric power quality at the point of common coupling
(PCC) is a solution of the problem of the distribution
of compensation for economic loss to the injured party
by all electricity market participants.

Problem definition. Existing methods for the distri-
bution of actual contributions [4], irrespective of the im-
plementation of the selected mathematical space, have a
common problem. It is an adequate representation and
parameterization of the generalized equivalent circuit
load. So, in the space of generalized symmetrical compo-
nents are load in the form of a set of current source or
EMF with its resistance, which corresponds to the Norton
or Tevenen equivalent circuits. In the space of phase
components can restrict passive elements, where a clear
opinion on the equivalent circuit of the structure in rela-
tion to the actual distribution of the contributions is not
the problem. At asymmetrical load using the method of
symmetrical components does not give any advantages
over the phase space components. On this basis, the paper
discusses the definition of the structure and parameters of
equivalent circuit linear distorting the generalized three-
phase three-wire load in networks within the space of
phase components.

The goal of investigations is to develop an ap-
proach for generalized linear identification in three-phase
three-wire load in the network within the space of phase
components for task allocation of actual contributions to
the current of common coupling.

Results of investigations. We consider the power
supply system (PSS) with a dedicated load relatively PCC
which made measurement of indicators of quality of elec-
tric energy (Fig. 1,a). We assume that all the elements of
the electric power system and electric energy receivers
generalized stress can cause only linear (sinusoidal) volt-
age distortion. Then, the equivalent circuit can be repre-
sented PSS such as active and passive elements connec-
tion (Fig. 1,b). In addition, we take the assumption of
neglecting the mutual impedance and conductivity of in-
dividual PSS components.

According to the method of nodal potentials the total
equivalent circuit of power system and the generalized
load described by the following matrix equation:

Y aa Y ab d)a Ja
X = ) (D

Yoa Yool | Do) |»
where a is the serial number of the last node from the side
of the equivalent circuit of power system;

b is the number of independent nodes in the overall
equivalent scheme of the electric power system and the
generalized load.

The solution of equation (1) relative the sub-matrix

@, in the absence of active elements in the equivalent
circuit of the generalized load is as follows:

(¥ + Yoy I ®a =T, ?)

where ¥,
generalized load which characterizes the structure of its
equivalent circuit.

The matrix ¥, is determined as follows:

is matrix of nodal conductivities of equivalent

Y

-1
eqg = Yap X ¥pp X¥p, . 3)

© Yu.L. Sayenko, D.N. Kalyuzhniy
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Generalized
load

—

Fig. 1. Power supply system: a — structural circuit relative PCC;
b — schematic diagram of the replacement of the power system
and the generalized load

A feature of the matrix ¥, in our case is that all the

elements in it, except for the block elements of the dimen-
sion [3x3], zero. This implies that an equivalent substitu-
tion of generalized load circuit must have three independ-
ent node. This condition corresponds to the structure of
the equivalent circuit shown in Fig. 2.
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Fig. 2. Structure of the equivalent circuit of the generalized load
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Let us consider a problem of the determination of
the generalized load equivalent circuit parameters. Initial
data are measured in the PCC phase currents (1 ,, I,

and /) and linear voltages (U ;5 ,U p-and U ;).

Parameters of the equivalent circuit and measured
mode parameters are interconnected as follows:

Uup Y yp+t0-Ypo+U oY yo =1y @)
Ups Y yp+Upc Ype+0-Y 4o =1p.

The system (4) consisting of two linear algebraic
equations and containing three unknowns (Y ,p,Y p~ and

Y 4c) is uncertain and joint. Its general solution has the

form
Y p= (iA -Uyc ‘ZAC)/QAB;

Ype=-Ue+U Y 4 /QBc-

To determine unknown conductivities Y ,p, Yp-

(6))

and Y ,- it is possible to resort to a redefinition of the

system (5) by the use of two independent data, for exam-
ple, successive measurements. Applying the least squares
method to such a system of equations, unknown conduc-
tivity will be determined as follows:

- 1 -
Y = (UTUT v'r, (6)

-

rae U is the matrix of measured voltages; I is the col-

N
umn matrix of measured currents; ¥ is the column ma-
trix of unknown conductivities.

Using the above approach determine the unknown
conductivities requires compliance with the following
conditions. Measured parameters mode must display two
different PSS condition caused by changes only from the
electric power system. From a practical point of view, this
situation is unlikely in PSS so many researchers, for ex-
ample, [5, 6], propose to conduct active experiment based
on forced switching capacitor banks in the PCC. Taking
into account the method of measuring the parameters of
electrical energy quality, where the minimum measure-
ment interval mode settings begins with 0.2 s this ap-
proach is unacceptable. In addition, the results of mathe-
matical modeling show high sensitivity of the solution (6)
to minor changes in the state of generalized load, as well
as the magnitude of the disturbance from the power sys-
tem. As a consequence, an adequate definition of the
equivalent circuit parameters of the generalized load ac-
cording to the expression (6) in a real operation is not
technically feasible.

We consider the possibility of determining the ap-
proximate equivalent circuit parameters of the generalized
load. For this purpose, we turn to its equivalent circuit
represented as a star connection of elements (Fig. 3).

Power system

@
L,

—>

Fig. 3. Equivalent circuit of the generalized load
with star connection of elements
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The considered equivalent circuit with four nodes is
the described by the following system of three equations:

QA ‘ZA :lA;
UpYp=1p; 7
UcYe=1c.

As it is known, an accurate measurement of the
phase voltages of three-phase three-wire in the networks
due to a physical lack of a neutral point, generally can not
be performed. Therefore, for an approximate determina-
tion of the phase voltages use the measured values of the
line voltages:

Uy = (QABl 01U gy e )/\/§
Up=Ups +U ®)
Uc=Ucp+Usp

where U ,, and U ,;, are the linear voltages of direct

and inverse sequences, respectively.

The error of the determination of phase voltages for
the equivalent circuit of Fig. 3 will be determined by the
difference  of exact ¢ It and  approximate

(QZ +UR+UL )/3 values of potentials of the point N
(Fig. 4):
AQ:EN—(QZ+QZ+Q2)/3. 9)

Fig. 4. Exact and approximate values of phase voltages for the
equivalent circuit of the generalized load with star connection of
elements (Fig. 3)

So, approximate values of conductivities Y75, Y7

and Y7, calculated by (7) taking into account (8) con-
nected with their exact values by the following equality:
(10)

where the symbol “ph” corresponds to phase A, B or C.
To solve the problem of the distribution of phase
values the basic is dividing of the equivalent circuit into

Yo=Y =Y a0 /U

nondisturbing and disturbing parts. Here, from the point
of view of phase conductivities determination, the most
sensitive for this dividing are nondisturbing and disturb-
ing parts used for the phase values determination by the
voltage asymmetry:

dis .
Z;(;,n is :(XA+ZB +ZC) 3’

dis _

(1)

nondis
— th .

From here, we conduct analysis of error of determi-
nation of nondisturbing and disturbing parts of the gener-
alized load equivalent circuit parameters for two charac-
terized cases when on buses of balanced and nonbalanced
loads there is asymmetric voltage.

At the balanced load with asymmetric voltage errors

of determination of Y Z‘;l”d” and Y ilhs are:

. Y ,-Ap
é'YnilndlS=_ph —,[L_,_L_{.LJ. (12)

P 30 \uy Uz uz)

. Y 4@ 1 1 1
dis B~ = ph
sY', =Y -ap/U", — | —+—+—1.(13)
= ph Zph /_ph 3 ( z 73 ~

We simplify the factor [LJFLJFLJ assuming

Uy Up Uc

that ‘(gjz )/Qjﬂ‘ <<1:

{ 1 1 1 J
~—z+_z+_z =
UntUp Up Ue

Upn Uz  Upo 31U

e F GF el f

Then, taking into account (14) the approximate

(14)

value of Y ;?f'd’s is:

. U”®
nondis _, . 2 A2
oY " ®=Y - Ap (7: )2 (15)

UAl

Taking into account that factor U, / (Qzl)z in two
order reduces the result of product Y ph AP B (15), the
value of error §Y ;%"dis can be considered as tending to

zero. For example, at |A¢)| equal to 10 % of the direct se-

quence phase value module ( ‘Q jl‘) and ‘Q 22‘ equal to 4

lvsf

anced load will have order of —0,004-Y oh which corre-

% of the error of determination Y Zindis of bal-

sponds in relative units to —0.4 %.

Error 6{‘;’2 taking into account (14) will be ap-

proximately determined as follows:
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U~”
dis = A2
(Sth ~ th 4+ )2
(—Al

Taking into account that U7, / (le)z is the value

(16)

of the second order with respect to 1/g ph » We can write:

4
dls
Y =Y,

17
_ph
From (17) it can be seen that the value of error 5{2’2

will be determined by the value 4¢. For example, at
|Af| = 0.1 ‘Q:h‘

0.1Y, at the true value Yd’s =0.

the order of the error Y, d’S is

At the unbalanced load with asymmetric voltage we
have:

ZA A% e].(a_q)A)_}_XB.A_%X
Ui Up
5Ynondls_%. - — . (18)
xe](a ¢B)+ZC.A_: e.f(“—(f’c)
Uc
di - 1 A2\ ila-
5YplZ:th-A£/Uph_ YAF.eJ(a (/JA)+
=4
(19)
+ZB_: e (@-¢5) ZC_: el(a—‘/’c)
QB QC

where o = arg(Ag); Pph = arg@;h).
Let us assume that phase voltages values (U7, U’

u Uy) are approximately symmetrical. Then, with the

possibility of an arbitrary rotation of the system of vec-
tors, we have:

¥R 0y |22 120y |22 240
Uy Up Uec
(20)
‘A‘p‘ dis  jO . vdis 120 | vdis j240
03]

Assuming that arguments of disturbing parts of con-

ductivities (Y%, d" and Y 4is ) are such that their mul-
1120 240

e’ and ¢/** ina sum
dis

+ ‘Z B

Y}, ”O"d” for the case of unbalanced load can be estimated

tiplication on unit vectors e’

dis +‘Z ‘é’s , the error module

give a vector

by the following inequality:

‘ ‘dev

nondis
‘§Y phmax| ,
‘—Ph‘

21

dis

where Y Y hmax

is the maximal phase disturbing conduc-

tivity which for the limit case (asymmetric load with star
connection (Fig.3) set by one shoulder)equals to:

dis 2
_pli:max = gzph : (22)
So, for ‘AQ‘ = 01 ‘Q:h‘ we  have
‘5Ynond1v < 0,067 - ‘th‘ .

Let us consider the error 6Y Zis taking into account

that the second summand in (19) is 5Y’ "O"d” 21):

dls ~ 50 (7 nondls)
Y~ oY),

Taking into account (22), the module of the maxi-

(23)

mum error value Y ff; can be estimated by the following

inequality:
dis ‘A(D‘
% ] < 3‘zph‘ (24)
|
Quantitatively, at |A¢’| = 01 ‘—;h‘ ’
di.
‘ Y <0,17-‘th‘.
nondzv

From the carried out analysis of errors §Y and

dis

sY Dh it follows that disturbing parts of conductivities of

balanced and unbalanced generalized load can be deter-
mined with high accuracy. Determination of disturbing
parts is characterized by significant errors commensurate
with the exact values of the unknown quantities.

Conclusions.

The structure of the equivalent circuit of substitution
generalized linear loads in three-phase three-wire network
is determined by three independent units, which corre-
sponds to the connection diagram of elements in a trian-
gle. The exact definition of the equivalent circuit parame-
ters based on the methodology for measuring the quality
parameters of electric energy is not technically feasible. A
method for the approximate determination of the parame-
ters of the equivalent circuit of substitution generalized
linear load based on an approximate determination of the
phase voltages. Errors calculating nondisturbing parts
equivalent circuit parameters of generalized linear substi-
tution loads are characterized by small quantities, which
can be neglected. Errors calculation distorting parts may
reach values comparable with the exact values.
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ANALYSIS OF OPTIMUM OPERATING MODES OF POWER TRANSFORMERS
UNDER OPERATING CONDITIONS

Purpose. The study of parallel operation optimal modes of transformer equipment for a variety of operating conditions: same or
different types of transformers, with or without reactive power flows. Methodology. Losses of energy in transformers make 30 %
of all losses. Therefore the choice of the economically justified parallel operation of transformers is effective action to reduce
losses. Typically, in the calculations of reactive power flows in the transformers are not taken into account. It is interesting to
analyze the optimal operating conditions of transformers with and without reactive power flows. Results. Calculations for trans-
formers in distribution networks showed that the inclusion of reactive power flows in transformers significant impact on the
calculated optimum regimes of transformers. References 9, tables 1, figures 2.

Key words: transformer equipment, parallel operation, optimal mode, reactive power, economically reasonable mode.

Ilpusedensvt meopemuueckue u RPAKMUYECKUE RONONHCEHUA ONMUMANLHOCINU PENHCUMOB PAOOMbL MPAHCHOPMAMOPHO20 000py-
006aAHUA HA NOOCMAHUUU NPU UX NAPANIeNbHOU pabome. Pacuemul adanmuposansi 015 peanbHbliX yca06uil IKCHIYamayuu ons

Inepeemuxu Ykpaunwol. buoin. 9, tabn. 1, puc. 2.
Kniouesvie cnosa: TpaHcdopMaTopHoe 000py/l0BaHHe,
MOIIHOCTb, IKOHOMUYECKH LeJ1eCO00Pa3HbIi Pe:KIM.

Introduction. In the power system of Ukraine in
operation there are more than 100 high-voltage substa-
tions. At the same time in parallel operation can be up to
four transformers at a substation. At the same time a sub-
stantial part of all electricity losses account for losses in
transformers. Therefore, any cost-effective modes of
transformers in substations are effective measures to re-
duce energy losses.

Theoretical studies provide enough valid recom-
mendations for optimizing the operation of the trans-
former equipment based on catalog data. However, in
actual use due to the aging of the individual elements of
the transformer has to operate passport or experimental
values. Experiments show that the values of no-load
losses are most affected. When operating of transformer
over 20 years loss value can be increased by 1.75 % per
year [1].

Analysis of recent investigations and publica-
tions. The problem of reducing losses in power trans-
formers are engaged many scientists both domestic and
foreign. In the end, it all comes down to the controversial
problem of determining the optimal test operation of
transformers in substations. The most widely used graph-
analytic methods.

The optimization criterion of minimum active power
losses presented in [2]. This approach is simple, gives
good qualitative results in terms of operation but requires
significant additions.

In [3] the criterion discussed above is designed to
meet the reactive power flows. The proposed method
improves the accuracy of calculations, bringing the theo-
retical calculations to real practical results in the field.

The optimization criterion of minimum energy loss
is represented in [4]. This approach is different interpreta-
tions are today widely used in a variety of regulatory,
scientific and practical materials. These criteria are effec-
tive, but require a sufficiently accurate and reliable de-

napauieibHasi padora,

ONTUMAJIbHBIH PeKUM, peaKkTHUBHasA

termination of the time of inclusion in the work of power
transformers.

Optimization criteria given transformer efficiency
values presented in [5]. This complex combination of
important characteristics of the transformer equipment
requires precise calculations and studies [6], but clearly is
of great scientific and practical interest.

Connection of optimization criteria and the period of
service of power transformers are presented in [7].

Based on the literature and the wide statistical mate-
rial can draw the following conclusion: any optimization
criteria reflect the various aspects of efficient operation of
power transformers. Addressing practical value criteria
optimal performance of parallel-connected transformers is
impossible without taking into account the reliability of
power supply circuits, load profiles, on-time, the technical
condition of the main power equipment (transformers,
switches).

The goal of investigations is a comparative analysis
of the optimal mode of parallel operation of transformer
equipment for a variety of operating conditions and the
same type for different types of transformers, with and
without reactive power flows. As an optimization crite-
rion used for at least the total active power losses. In view
of the above, this problem is an actual scientific and prac-
tical problem [6, 8].

Theoretical principles. Most economic mode corre-
sponds to a load of transformers, proportional to their
nominal power [9].

Economic load distribution between parallel operat-
ing transformers occurs in the case of identical parame-
ters. Unfortunately, in practice it is not always possible to
achieve such a position that would have on each substa-
tion transformers are of the same type. This transformer
load will be slightly different from the economic due to
the occurrence of circulating currents.
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To determine the most economical mode of trans-
formers built according to the loss of its power load of
transformers AP, = f(S).

Consider the substation with n-parallel operating
transformers of the same type. Power loss in the trans-
formers of the same type, excluding the reactive power
flows are according to the formula:

1 AB-S*

2
n Smt

APy =n-APy + : (1)
where 7 is the number of parallel operating transformers;
AP, is the no-load losses of the transformer; AP; is the
losses of short-circuit of the transformer; S is the load
power; S,,, is the nominal power of the transformer.

Power losses in the transformers of the same type
based on the reactive power flows are according to the
formula:

1 (AR +K-Qc,) S

APT—I’I (APO+K QF8)+ 5 ,(2)
Srat
where K is the coefficient equal 0.08;
10 Srat
3
OFe = 100 A3)

is the reactive power losses in the steel, [ is the trans-
former no-load current;
Uk Srat

Ocu = 100 “4)

is the reactive power losses in the copper, U, is the trans-
former no-load voltage.

If installed at the substation transformers of different
type or different power, they will have different losses P,
and Py. Use under these conditions of inequality can not
be listed above. Then to select the number of parallel-
connected transformers are the curves shown losses. They
build on the coordinate plane for each transformer for
several simultaneously [3].

The power loss for different types of transformers
without taking into account the reactive power flows:

S2
APp =Y Ry+ Y B

The power loss for different types of transformers, taking
into account the reactive power flows:

)

rat

52
Pr=Y) (By+K-Or)+ ) (B +K-0c,) ZS - (6)

rat

If the substation is installed n three-winding trans-
formers with capacities of all three windings, equal to the
nominal capacity of the transformer Sy, it is necessary to
postpone the loading Sgy substation on the x-axis:

2 2 2
Seub = \/(SLV +Syy” +Spy )/2 : @)
Indeed, in this case, the expression takes the form:

2 2 2
_(SHV +Suy +SLy } ()
rat

Rygo

APSub =n- APO + . )
U

where Rjq, is the rated the active resistance of the coil,
which is equal to the power 100 % of St

Rigp = A0, -U /(2ST ) )
Substituting this relation in (8), together with (7) we
obtain

2
AP, =n- APO+Pk (Ssubj . (10)

n ST

In those cases where a low voltage output winding
(LV) of the transformer is 50, 40, or 25 % of nominal,
R100 resistance must be correspondingly increased in 2,
2.5 or 4 times, after which it will be equal to the resis-
tance given winding LV. If by «a» denote the coefficient
of resistance reduction, in general terms the value of the
dummy load of three-winding transformers can be repre-
sented as follows:

Ssub:\/(aSLV2+SMV2+SHV2)/2 .an

Calculations. As initial data for calculation exam-

ples we use the passport data of transformers TPJIH-

80000/110 and TPJIH-63000/110 of life of 32 and 37

years, respectively (Table 1). The calculations were per-
formed in the environment MathCad.

Table 1
Passport data of transformers

TPJIH 80000/110 | TPAH-63000/110
Rated power S,,,, MVA 80 63
Short-circuit
losses APy, MW 0.310 0.245
No-load
losses APg, MW 0.0696 0.06
No-load current [, % 0.5 0.5
Short-circuit
voltage Uy, % 10.5 10.5
K 0.08 0.08

Example 1.
We optimize the work of similar TPJTH-80000/110
= 3, without taking into account the reactive power
flows.

Total losses, depending on the number of parallel
operating transformers (n) and the load (S) are defined by
the expression (1).

Load range S =
shown in Fig. 1,a.

Example 2.

We optimize the work of similar TPZTH-80000/110
n =3, taking into account the reactive power flows.

Reactive power losses in the steel are determined by
the expression (3) Q. = 0.4 MVAr, and in copper - by the
expression (4) QOc, = 8.4 MVAr.

Total losses, taking into account the reactive power
losses are determined by the expression (2).

Load range S = 0...100. Optimization zones are
shown in Fig. 1,b.

0...110. Optimization zones are
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0.8 2
AP+ K- -S
APT1(S)3=(4‘PO,1JrK'QFel)Jr( Al 2ch1) -
ratl
0.6 // losses in TPIH-80000/110,
APT(1,5) 1 2
AP, + K- -S
/ APry(S8) = (APy + K - Open) + (A2 3 Gau) 5 _
.ﬁPTI:2 : S) 0.4 A SratZ
losses in TPZIH-63000/110,
APT(3.%) ___i_... Total losses are determined by (6).
0.2 — Load range S = 0...40 MVA. Optimization zones are
/7 shown in Fig. 2,b.
—
0 0 20 40 60 80 100
S
a 0.3
. AP1(S) /
API(S) o, o
— 3 i
APT5(S) 1
APT(1.8y 1
- 1 2 0.1 ____P_fs"""
ﬂprtz N S) / _,_,_—’-"F—
- 3
API(3.S) A 0
— %/ 0 20 40 60
S
— :
0 0 20 40 60 &0 100
5
b
Fig. 1. Dependence of power losses on the load and the number AP
of similar transformers TPZIH-80000/110 105) 04
(1 - one transformer operates, 2 - two AP
transformer operate; 3 - three transformers operate): (%)

a - excluding the flow of reactive power;
b — taking into account the flow of reactive power

Example 3.

We optimize the diverse TPJH-80000/110 and
TPH-63000/110 transformers operation excluding reac-
tive power flows.

2
APr((S)=AR +Apké—.S — losses in TPJIH-
ratl
80000/110,
2
APry(S)=AR), +API‘22—'S — losses in TPJIH-
rat2
63000/110,

Total losses are determined by (5).

Load range S = 0...60 MVA. Optimization zones are
shown in Fig. 2,a.

Example 4.

We optimize the diverse transformers TPJIH-
80000/110 and TP/IH-63000/110 taking into account the
reactive power flows.

Reactive power losses in the steel and copper of the
indicated transformers are determined by (3) — (4):
Ore1 = 0.4 MVAr, Q¢ = 8.4 MVAI, OF, =0.315 MVAr,
Ocz = 6.615 MVA.

3 i
APTX(S) |, =____=—-7

"]

0 10 20 Jo 40

S
b

Fig. 2. Dependence of power losses in transformers of different
types of loads (1 - transformer TPJTH-80000/110 operates, 2 —

transformer TPIH-63000/110 operates;

3 - both transformers operate):
a - excluding the flow of reactive power;
b — taking into account the flow of reactive power

Conclusions.

As a result of the calculations optimization zones of
transformer equipment of the substation at their parallel
operation are determined. The calculations were per-
formed for the actual operating conditions: for the same
type and different types of transformers, with and without
reactive power flows.

Comparative analysis shows errors due to the use of
certain optimization techniques that ultimately determine
the admissibility of their use. Maximum error due to the
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difference of catalog and passport data for the cases ex-
amined, does not exceed 20 %.
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