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A MATHEMATICAL MODEL OF THE ELECTRICAL ENGINEERING COMPLEX FOR
DRIVE OF MAIN CIRCULATION PUMPS OF NUCLEAR REACTOR VVER-1000 OF
NUCLEAR POWER PLANTS

Tools for computer investigation of the modes of operation of induction motors of the main circulating pumps of the VVER-1000
NPP reactor have been created. The mathematical model of the electrical engineering complex ''synchronous turbogenerator of
NPP unit — electric grid of power system — two transformers of own needs — four induction motors" in phase coordinates, oriented
on explicit methods of numerical integration of the system of differential equations is developed. On the basis of the mathematical
model the software designed for the study of electromagnetic and electromechanical processes of the system of induction motors
of the main circulating pumps of the VVER-1000 nuclear reactor in the modes of: operative switching including start and run,
switching to standby power, self-start of the motors with turbogenerator’s run-out and without it is developed. The investigations
of the processes in the system of induction motors in the mode of operative switching during their power supply from the
turbogenerator are carried out and the basic regularities of their course in qualitative and quantitative relations are established.
References 10, figures 11.
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CmeopeHno 3acodou KomMn’iomepHozo 00CHI0NHCEHHA PEHCUMIe POOOMU ACUHXPOHHUX OBUZYHIE 207106HUX WUPKYIAUYIUHUX HOMNA
a0epnozo peakmopa BBEP-1000 AEC. Po3pobneno mamemamuuny mooensb el1eKmpomexniunozo komnuaexcy: «CunxpoHnuii
mypoozenepamop enepeoonoky AEC — enexkmpuuna mepesica enepzocucmemu — 06a Mpancopmamopu 614acHuUX nompeod —
YOmupU ACUHXPOHHI OGUSYHU» V (DA3HUX KOOPOUHAMAX, OPICHMOBAHY HA AGHI MEMOOU YUCENbHO20 IHMEZPYCAHHA CUCHEMU
ougpepenuyiansnux pisnanv. Ha 6azi mamemamuunoi mooeni po3pooneno npozpamme 3ade3neuenns, npuHavene O0as
00CNi0MHCEHHA eNeKMPOMAZHIMHUX | e/1IeKMPOMEXAHIYHUX NPOUeCie CuCmemMu ACUHXPOHHUX 0GUZYHIE 20N06HUX WUPKYIAUIIHUX
nomn adepnozo peakmopa BBEP-1000 ¢ pescumax: onepamuenozo nepemMuKkania KAOYHO 3 NYCKOM i uficom, nepexody na
pe3epene HcusieHHA, CaMOo3anycKy 06U2YHI6 3 eudicom mypodozenepamopa i 6e3 11020 eubicy. Buxonano oocnioxncenns npoyecie
cucmemu ACUHXPOHHUX OBUZYHIB 8 PedcUMi OREPAMUGHOZ0 NEPEMUKAHHA N0 uac iX JHcuenenns 6i0 mypoozenepamopa ma
6CHIAHOB/IEHO OCHOGHI 3aKOHOMIPpHOCHI IX nepeodizy 6 AKICHOMY ma KinbKicHomy cniggionouienni. bioin. 10, puc. 11.

Kniouoei cnosa: snepHUl peakTop, TOJ0BHI LMPKYJIsLiiHI NOMIHM, CHHXPOHHUI TypOoreHeparop, TpaHcdopMarop,
ACMHXPOHHUM ABUTYH, IIyCKOBi pPe:KMMH, CaM03aIyCK, MATEMATHYHA MO/eJIb, Tu(epeHUiaNbHi PiBHIHHS.

Co30ansl cpeocmea KOMNbIOMEPHOZ0 UCCAE008ANHUS PEHCUMOE PAOONBL ACUHXPOHHBIX Oguzameneil 2laeHbIX YUDPKYIAUUOHHBIX
Hacocos adepnozo peakmopa BBIP-1000 ADC. Pazpabomana mamemamuueckas mooesb 11eKMpPOmMeXHUUecK020 KOMNIeKca:
«Cunxpounslit mypoozenepamop nep2ooaoka AIC — anekmpuueckas cemov IHEP2OCUCEMBL — 084 MPaAHCHopmamopa codcmee-
HHBIX HYIHCO — Yemblpe ACUHXPORHBIX 06UZaAMeNnn» 8 aznvlX KOOPOUHAMAX, OPUEHMUPOGAHHAA HA AGHBIE MEMOObL YUCIEHHO20
unmezpuposanus cucmemol oupepenyuanvnovix ypasuenuil. Ha 6aze mamemamuueckoii mooeau papadomano npocpammHoe
obecneuenue, npeOHA3ZHAUEHHOE ONA UCCE008AHUA INEKMPOMACHUMHBIX U INEKMPOMEXAHUYECKUX HPOUECCO8 CUCHIEMbL
ACUHXPOHHBIX O08U2AMeENIell 2TIAGHBIX UUPKYIAUUOHHBIX HACOC06 A0ephoz2o peakmopa BBIP-1000 ¢ pexcumax: onepamuenozo
nepeKnouenus GKII0YUMENbHO C NYCKOM U 6blOezoMm, nepexooa Ha pe3epeHoe RUmanue, Camo3anycka osuzameineil ¢ evloecom
mypbozenepamopa u oe3 ezo evioeza. Boinonneno uccnedosanue npoveccos cucmemvl ACUHXPOHHBIX 0gUzamenell 6 pexcume
ONepamuenoz0 nepeknioYeHus Npu uUxX RUMAHUU Om MYpHozeHepamopa u YCMano61eHbl OCHOGHblE 3AKOHOMEPHOCHU UX
npomexanus 6 KauecmeeHHoOM U KonuuecmeeHnom coomuouwenuu. buon. 10, puc. 11.

Knrouegvle cnosa: sinepHblii peakTop, rJ1aBHble HUPKYJIAINOHHbIE HACOCHI, CHHXPOHHBII TypOoreHeparop, Tpancgopmarop,
ACHHXPOHHBIN IBUraTelIb, MyCKOBbIE PE:KHMBI, CAM03aMyCK, MaTeMaTHYeCKasi MOJeb, Tu(depeHIHANbHbIE YPABHEHUS.

Definition of the problem and its relevance.
Analysis of scientific publications. To date, 4 NPPs
operate in the Ukrainian grid, with 13 VVER-1000
reactors and 2 VVER-440 reactors installed. Water-
water nuclear power reactors of the VVER class are
double-circuit [1-3]. The first circuit is intended for the
removal of thermal energy from heat-emitting elements,
which are installed in the core of the reactor and which
contain nuclear fuel and the reaction of fission of nuclei
under the influence of thermal neutrons takes place
[1, 2]. Normal water serves as the coolant, which at the
same time has the function of a neutron moderator, since
the VVER reactors operate on thermal neutrons, that is,
low-energy neutrons. The coolant circulates in the first
circuit, the successive links of which are the following
structural elements of the nuclear power plant: reactor
core, main circulation pumps (MCPs), steam generators
and water mains.

For extraction of heat from the reactor core, it is
necessary to ensure the circulation of the coolant in the
first circuit. This function is performed by the MCPs
[2, 3]. At each of the VVER-1000 nuclear reactors, four
main circulation pumps of the GCN-195M brand with
power up to 6000 kW and coolant supply of 20,000 m*/h
were installed. Each of these MCPs pumps the coolant
through the reactor and the steam generator, which
together with the pump and piping system form a single
loop [2].

Each of the four MCPs is driven by a separate short-
circuited induction vertical motor VAZ 215/109-6AMO05
with 8000 kW power and 6.3 kV supply voltage [2, 4].
The main circulation pumps belong to the responsible
own need (ON) mechanisms. It is natural that the
mechanisms of the NPP's own needs are subjected to high
requirements for the reliability of the electric power
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supply of the motors, which propel these mechanisms and
for the reliability of their operation. Failure of electric
motors (EMs) of NPP’s MCPs due to break of its power
supply or their break may lead to a reactor emergency
shutdown and a system failure — first circuit
depressurization and, as a consequence, emission of
radioactive elements into the atmosphere, which is
dangerous for the life of the plant's personnel, damage to
its basic equipment and the environmental impact.
Therefore, for reliable electric supply of electric motors of
the main circulating pumps of the VVER-1000 nuclear
reactor, it is provided to use two power sources: working
and standby [2, 4].

In order to comply with the rules specified in the
instructions concerning the modes of operation of the EM
of the MCP, it is necessary to have a clear and
unambiguous understanding and reliable information
about the course of electromagnetic and
electromechanical processes that take place in these
motors, in order to make timely correct decisions about
their operative switching, conducting startup, switch to
standby and emergency power, etc. The analysis of the
literature indicates that the rules of operation of the EM of
the MCP are stated only in job descriptions for NPP
personnel [3], in which the algorithms of actions for the
execution of these operations, including carrying out of
profiles repairs and based solely on operating experience
without a thorough analysis of the processes and problems
of the motors operation modes.

The necessary information about the course of the
processes can be obtained in two ways: 1) by conducting
physical experiments directly on the electric motors of the
MCP; 2) by conducting computer simulations using
software developed on the basis of mathematical models
of high-level adequacy. The first method is quite
problematic due to the limitations of access to the systems
of the EM of the MCP and the practical inability to carry
out all the necessary experiments. The second one has no
such restrictions, and therefore is considered promising.

The problem of the analysis of the modes of
operation of electric motors of ON mechanisms of electric
power plants is discussed in a rather large number of
scientific works, and the material presented in these
works is based on the classical theory of electric machines
and presented in a general conceptual form, which makes
it problematic to use it in a specific situation with motors
of different types of different purposes and powers, as
well as of the peculiarities of power supply curcuits. This
means that in order to apply the provisions of these works
in the practice of operating electric motors of specific ON
units of power plants, significant refinements of these
materials are required. In the light of the above, it is
obvious that, to date, insufficient attention is being given
to the development of information and technical means of
analyzing the modes of operation of electric motors of the
ON of power plants, which would be suitable for their
immediate application in practice of operation of the
power plants in general and NPPs in particular.

It is clear that more reliable information regarding
the modes of operation of ON electric motors can be
obtained on the basis of the solution of the system of
differential equations, which describe the processes not

only in steady but also in dynamic modes of operation of
motors with the use of modern computer systems.

The above-mentioned suggests that the development
of means of analysis of the modes of operation of electric
motors of the own needs of NPPs, which are served by
mathematical models and their corresponding software, is
a relevant scientific and practical problem.

The goal of the paper is the development of a
mathematical model and related software as a means of
investigating the modes of operation of the induction
motor (IM) system of the main circulating pumps of the
VVER-1000 reactor of the NPP using modern computer
technology.

Presentation of the main material. According to
[2, 4], NPP’s own-distribution switchgears are
implemented with one assembled busbar system and one
switch for connection. The number of sections of
assembled busbars of the NPPs with voltage of 6.3 kV or
10.5 kV of normal operation is selected depending on: the
number of MCPs, the allowed number of simultaneously
connected MCPs without triggering the reactor
emergency protection and the number and powers of
installed ON operational transformers. On VVER-1000
reactors 4 MCPs are installed, drive induction motors of
them motors are powered by the assembled busbars of 4
separate sections of normal operation (SNOs), the first
two of which are powered by two secondary windings of
the first working transformer of own needs (TON) of the
first stage of transformation, and the primary winding of
this transformer is connected to the first branch of the
generating current lead. The other two SNOs are
connected to the second branch of the generator current
lead in the same way. Both working TONs are made with
one primary and two secondary windings, which ensures
the presence of four sections of normal operation per unit.
Each of the two operational TONs of the unit on the base
of the VVER-1000 nuclear reactor has power of 63 MVA.

Based on [2-4] and the above described, the system
of electric motors of the MCP is referred to as an
electrical engineering complex, the electrical circuit of
which is shown in Fig. 1. The following system of
designations is adopted in this Figure: the letter M
denotes a three-phase electrical network that includes the
power system together with the block transformer; TB,
T1, T2, B1, B2, B3, B4 labels denote steam turbine, two
operating TONs and four switches through which the
stator windings of the induction motors are connected to
the secondary windings of the TONs, and D1, D2, D3, D4
denote four asynchronous MCP’s motors; letter G denotes
synchronous turbogenerator (TG); letter F is the power
source of the TG excitation winding; BS is the generator
switch for power unit; P1 — P4 are the main circulation
pumps.

The other designations are: the letter ¢ denotes the
potentials of the independent nodes of the circuit, the
letter 7 denotes the currents of the phase branches of the
structural elements, and the letter E denotes the
electromotive force of the constant voltage source of the
electrical circuit of the excitation of the turbogenerator.
The lower indices indicate the numbers of independent
nodes, the number of phase branches of the structural
elements of the circuit and the numbers of the external
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branches of the structural elements. The letters M, T, G,
D, F in the lower indices indicate the belonging of
currents to the external branches: network, transformers,
turbogenerator, induction motors, the power source of the
excitation winding; M. and Tp inscriptions indicate
belonging to the internal currents of the network and
transformers. The letter S in the lower indices indicates

the identity of the phase currents to the stators of the
induction motors and the turbohenegator, and the letter R
— to the currents of the rotors of the induction motors. The
numbers in parentheses in the upper index of the currents
indicate the element number of the group of one type
(transformers, switches and motors) to which this current
belongs.
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For the practice of operation of the NPP unit on the
basis of the VVER-1000 nuclear reactor, it is relevant to
analyze the operation of the structural elements of the
system of induction motors shown in the circuit of Fig. 1
in the following basic modes:

1) operation of the turbogenerator G in the normal
mode on the power system M with the simultaneous
electric power supply of the transformers of own needs
T1, T2 and, accordingly, induction motors D1 — D4;

2) power supply of the TON from the power system
through the block transformer when the turbogenerator is
switched off;

P3
Fig. 1. Circuit diagram of the power circuit of the induction motor system of the MCP of the VVER-1000 nuclear reactor

3) operation of the MCP’s induction motors in the
situation of emergency shutdown with loss of connection
with the power grid and shutdown of the turbogenerator
due to the discontinuation of steam supply to the turbine,
which translates TG into the run mode. Such a mode is
indispensable for facilitating the transition to a natural
coolant circulation in a nuclear reactor;

4) loss of power supply to the MCP’s motors and the
switch to the natural circulation of the coolant in the mode
of the run of the units of the MCP (motors together with
the pumps). To maximize run-time, which is critically
important, induction motors are equipped with flywheels;

14
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5) switching to the standby power supply of
induction motors, followed by a short break in the supply
of voltage to the TON for the duration of the automatic
switching on of the reserve. Due to the re-supply of the
voltage, the motors are restarted, that is, their further
unwinding to the rated speed from the state in which there
is less than the rated starting speed of the motors («self-
start» in the literature);

6) mode of operative switching of MCP’s induction
motors.

The mathematical model of the electrical
engineering complex (EEC) «TG-EM-T-IM» is
developed on the basis of the theory of mathematical
modeling of electromachine-valve systems (EMVS) [5]
and a number of other developments presented in [6-10].
Thus, the mathematical model of the (EEC) «TG-EM-T-
IM» is a system of differential equations of the electric
state for the circuit of Fig. 1 and differential equations of
mechanical state for induction motors together with MCP,
turbogenerator with steam turbine, which serves as a
source of primary mechanical torque of turbogenerator.
The first system of equations describes the
electromagnetic processes of the whole circuit of Fig. 1,
and the second one — -electromechanical processes
occurring in induction motors and turbogenerators. The
system of equations of electric state is written in phase
coordinates and, together with equations of mechanical
state, is oriented to explicit methods of numerical
integration.

Each of the structural elements of the circuit (mains,
transformers, switches, induction motors, turbogenerators,
DC power source of the TG excitation winding) are
represented by multipoles in the form of equations written
by the second Kirchhoff law [5, 6].

Consider the mathematical models of structural
elements of the electrical engineering complex on the
example of a mathematical model of a turbogenerator.

System of equations of electrical and mechanical
equilibrium of synchronous turbogenerator. According
to [5, 8], a synchronous generator is represented by an
eight-pole spanning three phases of the stator and the
excitation winding, which is obtained by excluding the
circuits of the damping winding represented by two
circuits along the longitudinal d and the transverse ¢ axis.
The damping winding simulates the rotor array of the
turbogenerator.

The electrical state of the synchronous generator is
described by a vector equation of external branches that
looks like this

Pic+ I ¢c+Tc=0, (1)
where p=d/dt is the differentiation operator in time ¢
i6=iGiG,iGyiGeiGsiGeiGriGs) is the vector of
currents of external branches;
P = (P33 939> Pag » Po» Pa1> Par-Pa1-P4) 18 the vector of
external potentials of the generator;
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are the matrix of coefficients and the vector of free terms.
The components of the matrix of coefficient and the

vector of free terms in (2) are determined by the following
formulas:
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where p=27/3; K; is the excitation current reduction
coefficient of the stator current.

The matrix of mutual inductances between the stator
and the excitation windings, on the one hand, and the
circuits of the damping winding along the axes d, ¢, on
the other hand, is as follows

Laq ©0s(y) Laq sin(y)
Laa©08(y =p)  Lagsin(y — p)
Lei=|LagC0S(y +p)  Lagsin(y +p) |- “)
2-K;
The matrix of intrinsic inductances of the damper
winding circuits is as follows

Li,i = diag(Lad + LoD > Laq + Lqu) . (5)

The matrix of mutual inductances between the

damping winding circuits and the external circuits (stator
and excitation winding) is as follows

2| LadC0S0) Lagcos(r—p) Logcos(y+p) >-Led
Li,e=§ 2.K: | (6)

LaqSinO/) LuqSin(j/_p) LaqSin(y—"p) 0
Vectors y”, v, are determined by formulas

w' =Ll i+ L ip, wph=Ll.l, (7

where L7, L7;, L7, are the derivatives of matrices

Le,e:Le,i’ Li,e by the angle Of rotation J’, iD = (iDd’iDq)
is the vector of currents of the circuits of the damper
winding; i = (iGsl’iGsz’iG53’iG,f ).

In (4)-(7) Ls L, Lo are the inductances along the
longitudinal, transverse axes and inductance of the zero
sequence; L,, L,, are the inductances that correspond to
the yoke response along the longitudinal and transverse
axes of the yoke; Ly, Lsp are the inductances of the
scattering of the damping coil along the axes d, g.

We describe mechanical processes occurring in a
turbogenerator by differential equations of mechanical
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equilibrium, which has the following form:

Ums+Je) pog—Mm—Ms)=0, ®
where Jrp, J; are the moments of inertia of the turbine
and generator rotor; pwg is the derivative of the
mechanical angular rotational speed of the generator rotor
in time #; Mrp is the mechanical torque of steam turbine;
M is the electromagnetic torque of the generator.

Taking into account that the differential equations of
the electric and mechanical states of the mathematical
model are oriented towards explicit methods of numerical
integration, an important point in the algorithm of
integration of these equations is the definition of the
integration vector, which all the coordinates are
systemized that are included in the differential equations
under the sign of the derivative and which are solved
directly by integration.

The integration vector for a
turbogenerator has the following structure:

pPvg= (piGS]’piGSZ’piGS3’pin’piGd’pqu’pyG’pr)’ (9)

synchronous

where j;,, ig, are the currents of the damper winding

along the axes d, ¢; ys g are the electric angle of
rotation and the mechanical angular speed of the
generator rotor.

The mathematical models of the switches were
developed and described in [6] with the same approach
(using the modular principle) as the mathematical model
of the turbogenerator, and the mathematical models of the
rest of the structural elements, including induction
motors, were developed in a similar way based on [5, 8].

Direct integration of the system of differential
equations of electrical and mechanical states is preceded
by the formation and solution of a linear system of
algebraic equations in the basis of the potentials of
independent nodes in the electrical circuit of Fig. 1. For
this purpose, derivatives of the currents of all electrical
branches of the circuit are excluded from the system of
differential equations of the electric state. Obtained in
such a way system of linear algebraic equations of electric
state has the following form [5, 6]:

A-p+B=0, (10)
where A is the matrix of coefficients; B is the vector of free
terms; g=(¢1, @2, ..., P42), 1s the vector of the potentials of
the independent nodes of the circuit of Fig. 1.

The matrix of coefficients 4 and the vector of free
terms B of the system of equations (10) are formed from
the matrices of coefficients, vectors of free terms, and
incident matrices of the structural elements of the circuit
of Fig. 1.

To the mathematical model of the electrical
engineering complex of the circuit of Fig. 1 (apart from
the system of differential equations of electrical and
mechanical states) an automatic control system (ACS) is
also included designed to stabilize the voltage of the
turbogenerator while increasing and reducing the load on
it, as well as to stabilize the rotation speed of the
generator rotor which is driven by a steam turbine. To
stabilize the generator voltage, a proportional-integral
controller is used, the operation of which is described by
the following equation:

ur = Kopuz=uli) + Ko [z =ue)dt +upy, (11)

where U, U, are the current and initial value of the

excitation voltage; ., “gs are the set value of voltage

and module of imaging vector of phase voltages of the

generator stator (their amplitude); K, p-K,, are the

proportional and integral coefficients of the voltage
regulator.

To stabilize the rotation speed of the generator rotor,

a proportional-integral-differential controller is used, the

operation of which is described by the following equation:

MT:Ka,p(a)Z—wG)-f-le.J(a)z—wg)dt-f- (12)

+K oy Plow: —w6 )+ My,
where M7, M T, are the current and initial value of the

mechanical torque of the turbine; w,, w¢ are the set value
and current value of generator rotor rotation speed;
K w0, K 42K o, 1€ the proportional, integral and

differential coefficients of the generator rotor rotation
speed controller.

The algorithm for the calculation of
electromagnetic and electromechanical processes. The
main input data are the catalog parameters of: electric
network M; own need transformers T1, T2; induction
motors D1, D2, D3, D4; turbogenerator G and DC voltage
source F, as well as the initial conditions, which are
systemized into a vector of integrated variables, having
the following structure:

NN GG NG NG N
18 A U 7 U SO AN 7 T
j(”z_ugg)df,f(a)z—wg)dt,t):

:(lMel, U\ er? lMe3,
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131313231333 313132,1333

O ) IO I OO I O I ) [OOSR ()]
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(13)

(D) L) L2 ) ) ) ,(2)

(2)
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(3 .3 3 B 3 () G (3)
lelleSZa Dgy> Dpy? DRZ’ZDR3’7/D sCUD 5
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.(5) (5 .5
l%l)y lea 1(33)9

l.GSl’ iGSz’iGS3’in’iGd’qu’ de9a)an

[(uz=ugg)dt, [(wz = wg)dt, 1).
The main points of the process calculation algorithm
are the following actions:

e on the basis of the initial conditions of the vector V'
(13) and the catalog data, the matrixes of coefficient and
vectors of free terms of structural elements (for the
turbogenerator (2)) are formed and through them the
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matrix of coefficients 4 and the vector of free terms B of
the system of equations of electric state (10), which is
solved with respect to the vector ¢;

e on the reverse course on the basis of the vector ¢ of
the potentials of the independent nodes of the circuit of
Fig. 1 the integration vector pV is defined equal to the
derivative vector of integrated variables V7 (13) over time ¢
(pV=dVv/dr);

e one of the explicit methods of numerical integration,
on the basis of the vector of integration p} and a given
step of integration A¢, a new value of vector V' is defined;

e the described procedure continues until the current
time of integration ¢ is exceeded beyond the specified
final value.

According to the algorithm of the mathematical
model, a software complex was developed. Below is a
generalized  analysis  of  electromagnetic  and
electromechanical processes occurring in the system of
MCP’s induction motors of a VVER-1000 nuclear reactor
during the feed of transformers of own need (and thus of
the induction motors) from a turbogenerator. In the actual
operating conditions of the power unit, the rotational
speed of the turbogenerator rotor is practically stable and
corresponding to the frequency of the power grid voltage.
In order to ensure such conditions, we use the possibility
of a mathematical model and a software complex, which
allows to provide a completely stable rotational speed of
the generator rotor wg=const (although, as mentioned
above, the mathematical model and the software package
provide the possibility of calculation also the dynamic
electromechanical process of the turbogenerator).

In this mathematical experiment, the corresponding
ACS, described above (11), is used to stabilize the
generator voltage during the operational switching of the
MCP’s induction motors.

The mathematical modeling results are the
calculation dependencies of the basic coordinates, which
include: the voltages and currents of all the electrical
branches of the circuit of Fig. 1, the electromagnetic
torques of IM and the moments of resistance of the MCP,
as well as the rotational speed of the induction motors.

The input data are the catalog data of the
turbogenerator, including the data of the power source of
its excitation winding, induction motors, transformers of
its own need and the electrical network. Here it is
necessary to emphasize that the start-up AD of the MCP’s
IM of the VVER-1000 nuclear reactor is executed at total
voltage of 6 kV (direct start), and the mechanical moment
of inertia of the rotating mass of the rotor together with
the flywheel is equal to 7250 kg'm®. In addition, the input
data includes information of an auxiliary character that
determines the modes of operation of the software
complex (integration step, end time of integration, etc.).

Simulation of electromagnetic and
electromechanical processes is performed for the
following mode of operation of MCP’s induction motors:
in the state of the moving with synchronous frequency
rotor of the generator at the time taken by the initial
(t = 0) the power source of the generator excitation
winding is switched on. In the next stage, the first three
IMs start in 5 s and at 5 s intervals (at times # = 5 s,

t,=10s, and #; = 15 s). At time ¢, = 30 s, the third motor
is switched on, and at time #5 = 40 s, the fourth motor is
also switched on. At time #5 = 70 s, all three induction
motors that are currently running (the first, the second and
the fourth ones) are switched off.

Below are graphs of the calculated dependencies of
the basic coordinates on time and their analysis for the
physics of the processes and operation of the electrical
engineering complex of the drive of induction motors of
the main circulating pumps of the VVER-1000 nuclear
reactor while powering the motors from the
turbogenerator of the nuclear power plant unit.

In Fig. 2 the calculated dependencies of the
generator stator phase voltages are shown.
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Fig. 2. UG UGs, UGy ~ generator phase voltages

Figure 3 shows the calculated dependencies of the
phase currents of the generator. The nature of phase
voltages and currents in Fig. 2, 3 reflects the processes of
start and switching off of induction motors. The
amplitude of phase voltages in Fig. 2 remains constant
under the action of the ACS, and the amplitude of phase
currents in Fig. 3 varies depending on the induction
motors operation.
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More clear and substantive information about the
nature of phase voltages and currents in this mode of
operation of the generator is given by the calculated
dependences of the modules of the pictorial vectors of
phase voltages and stator currents of the generator, which
are shown in Fig. 4.

vV .V
UGy iggr VoA

40000

30000 {11 .
uGS
20000
iV
/ Gs
10000
Mk—q
O T T T

0 20 40 60 80 100 120 140 160 t,s
Fig. 4. yg,, iy, —modules of pictorial vectors of phase

voltages and currents of the stator of the turbogenerator
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The nature of the voltage and current curves in
Fig. 4 clearly illustrates the patterns of change in the
amplitude of the phase voltages and currents of the
generator stator in the mode of operational switching of
the IM, as well as the reaction and consequences of the
action of the voltage ACS.

From Fig. 3, 4 it can be seen that during the period
when the IMs are switched off (¢ > 70 s) the generator
phase currents do not equal zero, although the voltage
remains stable. This is due to the fact that at this interval
both transformers of own need which are connected to the
generator, operate in idle mode, and therefore in their
primary windings the current does not equal zero in the
situation with the motors switched off and has the value
corresponding to this mode.

Functionally important information regarding the
generator includes information about the nature of its
voltage and excitation current. Therefore, in Fig. 5 the
calculated dependencies of these coordinates are shown.
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excitation

It is worth noting again that the ACS of the
generator stator voltage operates precisely on the
function of the module of the pictorial vector of phase
voltages (11).

From the point of view of the operation of the
MCP’s induction motor system, it is important to have
information about the main coordinates (voltages and
currents) of the TON. In this context, let us consider and
analyze the voltages and currents of the primary and two
secondary windings of the first TON. In Fig. 6 the
calculated dependencies of the modules of the pictorial
vectors of the phase voltages of the primary and two
secondary windings of the first TON are shown.
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of the voltages of the windings of the first transformer of own
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— modules of the pictorial vectors

The Figure shows that the voltage of the primary
winding is very close to the voltage of the generator in
Fig. 4, and the voltage of the two secondary windings, the
values of which coincide, corresponds to the current

voltage value of 6.3 kV, which feeds the induction motors
of the MCP. It is obvious that the voltages of the primary
and two secondary windings of the second TON will be
identical with the voltages of the first TON (Fig. 6).
Similarly to voltages, let us consider the winding
currents of both transformers of own need. The modules
of pictorial vectors of currents of the primary and two
secondary windings of the first TON are shown in Fig. 7.
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As for the first one, the modules of the pictorial
vectors of the currents of the primary and two secondary
windings of the second TON are shown in Fig. 8.
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The calculated dependencies of the modules of the
pictorial vectors of the secondary windings of the first and
second TONs, which are shown in Fig. 7, 8 clearly
illustrate the modes of operation of induction motors fed
from the secondary windings of the TON. These Figures
unambiguously and clearly show the moments of
switching on and off of all four IMs, as well as the nature
and frequency of the starting currents. The curves in Fig.
7, 8 also carry information on the nature and correlation
of the primary and secondary windings of the TON, and
together with Fig. 4 also about the ratio of the currents of
the primary windings of the TON and the turbogenerator.

In the secondary windings of the transformers, the
same currents flow as in the corresponding stator
windings of the induction motors, which are connected by
the switches. Therefore, the analysis of the currents of the
secondary windings of the transformers serves at the same
time for the currents of the IM stators. But to obtain more
complete information about the IM stator windings
currents, here we present only the instantaneous values of
the phase currents of one of the randomly selected
induction motors, which is the first. Therefore, the
calculated dependencies of the instantaneous values of the
phase currents of the first IM are shown in Fig. 9.
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It can be seen from the Figure that the curve of the
module of the pictorial vector of the currents of the first

secondary winding of the first transformer l(rlf,’;

in Fig. 7
is such that goes around the current curves in Fig. 9,
which  uniquely responds to the physics of
electromagnetic processes occurring in the system of the
MCP’s IM in accordance with the circuit in Fig. 1.

Above, we have considered and analyzed the
electromagnetic processes described by the electrical
coordinates to which the voltages and currents belong.

For the sake of completeness of information
regarding the possibilities of the mathematical model and
software complex in the analysis of modes of operation of
induction motors of the MCPs of the VVER-1000 nuclear
reactor, let us analyze the electromechanical processes,
which are regarding IMs described by their rotational
electromagnetic torques and mechanical moments of
resistance of the MCP. Figure 10 shows the calculated
dependencies of these coordinates.

It can be seen from the Figure that at the stage of
acceleration of the first IM and, accordingly, the first
MCP, the electromagnetic moment of the motor is
substantially greater than the moment of resistance. In
steady state, they are balanced, and at the run-out stage
the electromagnetic torque of the motor is zero, and the
mechanical torque decreases with the regularity of the
decrease of the mechanical angular frequency of the
motor with the pump according to the mechanical
characteristics of the whole MCP unit. It is obvious that
the regularities of the electromechanical processes of the
other three motors are analogous, so there is no need to
state them.
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When it comes to the analysis of electromechanical
processes of the MCP’s IM of the VVER-1000 nuclear
reactor, it is fundamentally important to have information
about the nature and regularity of changes in the
mechanical angular frequencies of rotation of the IM
rotors, since these coordinates determine the productivity

of the MCP operation and, respectively, the operation of
both the nuclear reactor and the unit as a whole.
Therefore, Fig. 11 shows the calculated dependencies of
the mechanical angular rotation frequencies of the MCP’s
induction motors.
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speeds of MCP’s induction motors

The Figure (as opposed to the Figures with curves of
the currents) clearly shows not only the moments of
switching on and off the IM, but also the time of their
acceleration and running to a complete stop. Such
information is critically important in ensuring the
successful transition to the natural circulation of the
coolant in a nuclear reactor in the event of an emergency
shutdown of the power unit. To this end, the MCP’s
motors are further equipped with flywheels to increase the
unit's run-time by the IM-MCP system.

Generalized analysis of curves in Fig. 11 and the
curves of all other coordinates (the torques in Fig. 10,
currents and voltages in all other Figures) shows that their
character is fully consistent and fully interconnected in
terms of the regularities of the electromagnetic and
electromechanical processes, and at the same time it
indicates a sufficiently high level of adequacy of both
mathematical and numerical models. This result was
achieved by  describing  electromagnetic  and
electromechanical processes by a single system of
differential equations, including the ACS of the generator
voltage and the rotor speed of the generator.

In the future, it is planned to carry out the research
and to analyze the processes, including the transition to
standup power, restart (self-start) of the IMs, as well as
the analysis of the already mentioned modes of operation
taking into account the dynamics of the generator rotor.

Important prospective studies (the necessity of
which is especially emphasized in the scientific and
technical literature [2, 4]) include the study of modes of
operation of MCP’s IMs during the transition to the
natural circulation of the coolant of the nuclear reactor
with the use of turbogenerator, which is obviously is of
theoretical and practical interest in the operation of NPPs
units based on the VVER-1000 nuclear reactor.

Conclusions.

1. Analysis of scientific literature indicates that the
features of operation of electric motors of the MCP are
stated only in the official instructions for NPP personnel,
which stipulates the rules of operation: start-up, self-start,
shutdown, switching to alternative power sources without
a substantive scientific analysis of the regularities of the
course of electromagnetic and electromechanical
processes. There is clearly a lack of specific scientific
research on this issue in scientific literature. The presence
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of mathematical models and related software as a
computer research tool would allow to investigate the
modes of operation of the MCP’s IMs system of the
VVER-1000 nuclear reactor, necessary both in theoretical
and practical aspects of exploitation of the NPP units.

2. A mathematical model of the system of MCP’s
induction motors has been developed, which takes into
account the most important determinants that influence the
course of electromagnetic and electromechanical processes,
including: the mutual influence of the structural elements of
the circuit of the IM system, the influence of the ACS on
the operation of the TG excitation system, mutual influence
of IMs and MCPs, which are driven by these motors, and
also allows to study the operation of the MCPs during the
self-start of the IMs and their operation during the run-out
of the TG rotor.

3. A mathematical model has been developed that
allows to study the most important modes of operation of
the system of induction motors of MCPs with the help of
modern computer technology.

4.In the first approximation, the study of
electromagnetic and electromechanical processes of the
system of induction motors of MCPs is carried out. In
particular, the starting modes are investigated, the
qualitative and quantitative parameters of the run-out of
motors with large fly masses are obtained, which
(according to the authors) is also the subject of a new
scientific result.

REFERENCES

1. Baranov M.I. An anthology of the distinguished
achievements in science and technique. Part 44: Traditional
power engineering. Nuclear power stations: retrospective view,
state and prospects of their development. Electrical engineering
& electromechanics, 2018, no.3, pp. 3-16. doi: 10.20998/2074-
272X.2018.3.01.

2. Topolnytskyi M.V. Atomni elektrychni stantsii [Nuclear
power stations]. Lviv Polytechnic National University Publ.,
2004. 562 p. (Ukr).

How to cite this article:

3. Shevchenko V.V., Kosmyn S.M. Features of work of drives
engines technological pumps of reactor area of nuclear power
plant. Transactions of Kremenchuk Mykhailo Ostrohradskyi
National University, 2010, n0.4(63), part 2, pp. 79-83. (Rus).

4. Feldman M.L., Chernovets A.K. Osobennosti elektricheskoi
chasti atomnykh elektrostantsii [Features of the electrical part of
nuclear power plants] Leningrad, Energoatomizdat Publ., 1983.
172 p. (Rus).

5. Plakhtyna E.H. Matematicheskoe modelirovanie
elektromashinno-ventil'nykh sistem [Mathematical modeling of
electric machine-valve systems]. Lvov, Vyshcha shkola Publ.,
1986. 164 p. (Rus).

6. Vasyliv K.M. A mathematical model of thermal power
plants smoke exhausters induction motors system operation
modes. Electrical engineering & electromechanics, 2017, no.3,
pp. 19-26. doi: 10.20998/2074-272X.2017.3.03.

7. Poliak N.A. Sovremennye krupnye dvukhpoliusnye
turbogeneratory. Elektromagnitnye kharakteristiki [Modern
large bipolar turbogenerators. Electromagnetic characteristics].
Moscow, Energiya Publ., 1972. 472 p. (Rus).

8. Fylts R.V. Matematicheskie osnovy teorii
elektromekhanicheskikh ~ preobrazovatelei [Mathematical
foundations of the theory of electromechanical converters].
Kyiv, Naukova dumka Publ., 1979. 208 p. (Rus).

9. Kopylov LP. Elektricheskie mashiny. [Electrical machines].
Moscow, Vysshaia shkola Publ., 2006. 607 p. (Rus).

10. Krause P.C., Wasynczuk O., Sudhoff S.D. Analysis of
Electric Machinery and Drive Systems. IEEE Press, 2002. 632 p.

Received 09.09.2019

KM. Vasylivl, Doctor of Technical Science, Professor,
LI Mazurenkoz, Doctor of Technical Science, Professor,
! Lviv Polytechnic National University,

12, S. Bandera Str., Lviv, 79013, Ukraine.

2 The Institute of Electrodynamics of the NAS of Ukraine,
56, prospekt Peremogy, Kiev, 03057, Ukraine,

e-mail: karl.vasyliv@gmail.com,

mlins@jied.org.ua

Vasyliv K.M., Mazurenko L.I. A mathematical model of the electrical engineering complex for drive of main
circulation pumps of nuclear reactor VVER-1000 of nuclear power plants. Electrical engineering & electromechanics,

2019, no.6, pp. 12-20. doi: 10.20998/2074-272X.2019.6.02.

20 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.6



