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Absdtract: On the basis of Maxwell’s equations with
respect to potentials, calculations of electromagnetic pro-
cesses in movable and immovable areas of a turbogenerator
cross-section in transformed and physical coordinate systems
for no-load regime have been done. It has been shown that
employing the method of equivalentization of the device
tooth zones by continuous anisotropic media and ignoring the
coordinate systems in which the process is considered in
terms of mathematical field models lead to misrepresentation
of real electromagnetic phenomena.
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1. Introduction

The problem of developing mathematical field
models for electrodynamic devices is of great
importance for the theory and practice of designing,
developing, manufacturing and maintaining electrical
objects of the kind. Here also belongs a turbogenerator
being the main source of electric energy in the world.

The solution to the task set before us is impeded by
some theoretical and practical problems caused by a
need to calculate an electromagnetic field in movable
and immovable, linear and nonlinear, isotropic and
anisotropic media [1]. In modern scientific literature this
problem is paid much attention to for the purpose of
developing some approaches to determination of
electromagnetic processes in electrodynamic devices by
exclusively using the theory of electromagnetic field.

The most practically used method of the develop-
ment of mathematical field models implies application of
equivalent substitution circuits with lumped parameters
to the description of an electrodynamic object structure.
The parameters of the circuits can be calculated from
spatial distributions of an electromagnetic field obtained
for reciprocal fixed positions of moving and stationary
elements of a device under predetermined (given)
magnetomotive forces [2, 3]. The models of this kind do not
imply taking a vortical component of the field into account,
a possibility of analyzing dynamic electromagnetic
processes as well as electromagnetic phenomena occurring
in a time slot of the device zones on the basis of

Maxwell’s equations. This causes a significant misrepre-
sentation of real electromagnetic processes in electro-
dynamic objects.

Many scientific works dedicated to calculations of an
electromagnetic field in electrodynamic structures ignore
the coordinate systems in which basic calculation values are
formed in basic vectors or potentials [4, 5]. This results
from the use of timeless techniques to determine unknown
variables. Such an approach makes it impossible to analyze
electromagnetic phenomena both in movable and
immovable elements of a device in a time domain in
appropriate coordinate systems. But the electromagnetic
process in movable media is known to always depend on a
reference frame in which it is considered.

Given the major disadvantages of the above analy-
zed methods, let us consider some ways of developing
mathematical field models for a turbogenerator with
equivalent stator and rotor zones in transformed and
physical coordinate systems in the case of a no-load
regime. They are based on Maxwell’s equations with
respect to potentials, and involve both direct time
integration of the field equations and reference systems
the process is described in.

2. Statement of the problem

Since the development of a 3-D dynamical model of
a turbogenerator on the basis of the theory of
electromagnetic field is a complicated task, to ease the
problem let us consider a 2-D model with field flat-
parallelism along the device axis accepted. The models
of the class do not take electromagnetic phenomena in
the objects’ side face zones into consideration, but as the
given model is designed to reproduce a no-load regime
of a turbogenerator such an assumption is acceptable.
Given the complexity of the object design, and in order
to simplify its mathematical description, we are to
replace the stator and rotor tooth zones in the model by
the equivalent nonlinear anisotropic media with the
electromagnetic characteristics above. Their properties
can be determined by making use of the known methods
offered by the theory of electromagnetic circuits to
calculate parameters of substitution circuits of parallel
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and series connection of electricd and magnetic
resistances. Such an approach being more progressive
for analyzing electromagnetic processes than the use of
equivalent substitution schemes is widely used to
develop mathematical field models of sophisticated
electrical devices[6].

Experience of the development of mathematical
field models for electromechanical devices, calculation
algorithms as well as analysis of the computer simulation
results show that it is practically impossible to create a
uniform mathematical field model of a turbogenerator
intended for calculating all possible operating modes of a
real device. Investigations of operating conditions are to
be carried out employing severa models. a model
intended for calculating a no-load regime, a model for
computer simulation of a short circuit regime, and a
model for the reproduction of operating modes of a
turbogenerator. This is due not only to the peculiarity of
calculation of an electromagnetic field in movable media
[1] and some restrictions on use of the field approach to
the description of electromagnetic phenomena only in a
single link of a complicated electric circuit (of a
turbogenerator), but specifically to the necessity of
following the laws of switching both in methods of the
theory of field and those of the theory of circuits.

As, in the field consideration, the results of no-load
regime calculations are initial data for computer
simulation of other modes of the device, let us develop
mathematical field models intended for simulating a no-
load regime. Besides, there exist some peculiarities of
electromagnetic processes in such, at first sight, asimple
no-load regime of aturbogenerator.

Let us consder the development of a 2-D mathematical
fidd modd of a noload regime turbogenerator in
transformed and phase coordinate systems.

Fig. 1 depicts the location of the available media of
the turbogenerator cross-section with equivalent stator
and rotor tooth zones, where 1 stands for the massive
rotor body; 2 represents the equivalent rotor tooth zone;
3 is the air gap between the stator and rotor; 4 is the
equivalent stator tooth zone; 5 stands for the stator body;
6 isthe air gap outside the turbogenerator. If we consider
a zone scheme given in Fig.1 concerning radii of the
device design elements, then R; is the externa edge
radius of the rotor dot; R, is the external radius of the
rotor; Rs is the interna radius of the stator; R4 is the
external edge radius of the stator dlot; Rs is the external
radius of the stator; and Rg is the nominal radius of the
ar gap over the turbogenerator in which the
electromagnetic processis cal cul ated.

The main geometric dimensions of cross-sectional
areas of the real turbogenerator TGV-500 corresponding
to Fig. 1 aregivenin Fig. 2.

Fig. 1. Zones of turbogenerator cross section in which field
calculations are carried out.

Fig. 2. Main geometrical dimensions of cross-sectional areas
of the turbogenerator TGV-500.

3. A turbogenerator mathematical model in the
transformed system of coordinates

Cdculations of eectromagnetic processes in dectrical
devices can be done by Maxwell’'s equations either in the
base vectors H, E, B, D, or in the potentids A,p. Choosing
the variables depends on the peculiarities of the device
design, its symmetry rdative to the windings as wel as the
necessity to minimize the number of equations and the poss-
hility to create both boundary and edge conditions for them.

Taking the periodicity of eectromagnetic processes on
the pole divison of a turbogenerator into account, it is
acceptable to caculate dectromagnetic phenomena only in
the sector of a device cross-section that corresponds to the
pole divison of the object. To smplify the task of
determining boundary conditions and decreasing the number
of man equations, let us apply the equaion of
eectromagnetic fidd written with respect to potentids. To
introduce a single-valued relation between functions of the
vector A and scdar potentide, let us choose the known
cdibration ¢ = 0[6].

The only mathematically possible and physicaly
reasonable way of the transfer of electromagnetic values
from one reference frame to another is the Lorentz-
Poincare transformation which is written with respect to
the vector of electric field intensity.
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E'=E+vxB, Q)
where E'is the vector of electric field intensity in the
moving system of coordinates;, E is the vector of
electric field intensity in the stationary system of
coordinates; v is the vector of linear velocity of the
moving coordinates system relative to the stationary one;
B is the vector of magnetic induction in the immovable
reference frame.

As we see from the equation (1) the difference
between the values of eectric field intensity vectors in
the moving and fixed systems of coordinates reaches
(vxB)which defines the character of electromagnetic

phenomenon occurring in a moving environment relative
to an observer being in an immovable frame of
reference. That is why the key moment when calculating
electromagnetic processes in moving elements of
electrodynamics devices by means of the theory of
electromagnetic field is choosing a system of coordinates
in which the main calculated values are written.

If we base on the expression (1), we shdl obtain the
following ratio for converting the values of vector potentia
function from one reference frame to another [1]

% = THVx(NVxA)+oxVxA'). (2

The ratio (2) cannot be used for direct calculation of
electromagnetic processes as it contains two unknown
variablesA, A’ - the functions of vector potentia in

moving and fixed systems of coordinates. It can be
applied only to convert the value of A (according to (1))
from once frame of reference to another [1]. It is
possible for the electromagnetic quantities to be
calculated only in such a coordinate system with respect
to which main equations can definitely be formed. The
equation (2) is not appropriate to be applied in this
particular case [1]. From the practical point of view, the
calculation of electromagnetic field can be carried out
either in moving or fixed coordinate systems, or
simultaneously in moving and fixed frames of reference,
with the boundary conditions being recal culated.

As there is a necessty to do cdculation of the
electromagnetic field in movable media, the given modd
implies reducing an immovable coordinate system of a stator
to movable coordinates of arotor. In thisway we can dispose
of the actua physicad movement of the media, but at that the
obtained electromagnetic process in the stator tooth zone as
well asin its body corresponds to the transformed reference
framerather than to the physical one

In the mode conddered, the tooth zone of the Sator has
been replaced by a continuous anisotropic medium, and it is
isotropic along the angular coordinate, that is why the use of
the transformed system of coordinates is advisable, as this
enables the calculations to be considerably smplified without
ignoring the peculiarities of eectromagnetic phenomena both

in the tooth zone and the body of the stator in the physicd
system of coordinates. Trangtion to the physicd reference
frame occurs by the certain angular coordinate displacement
of the obtained digtributions of the electromagnetic quantities
that corresponds to the red reciproca postion of the stator
and rotor in the given fixed moment of timet [1]. Hence, the
caculations of dectromagnetic processes in the body and
equivaent medium of the rotor tooth zone aswell asintheair
gap between the rotor and stator will be carried out in the
physica frame of reference reated to the rotor while in the
equivaent tooth zone of the ator, in its body, and in the air
gap beyond the turbogenerator the same procedure will be
performed in the transformed system of coordinates reduced
to the coordinates of the movablerotor.

The equation for calculating an electromagnetic field
in movable equivaent media (with given externa
currents) of the rotor tooth zones is represented in the
following form [6].

%—? =T HVx(NVxA)£§), €)
where A is the vector potential of electromagnetic field
in the coordinate system of a moving rotor; T is the
matrix of static electrical conductivities; N is the matrix
of static inverse magnetic penetrability of the medium; &
isthe extraneous current density vector.

To caculate electromagnetic processes in the rotor
body we can use the following expression [6]

%: TVx(NVxA), 4
where A is the function of electromagnetic field vector
potential in the coordinate system of a moving rotor.

The electromagnetic process in the air gap zone
between the stator and rotor can be calculated by means
of thefollowing ratio

0=vogVxVxA, (5)

where v, isthe inverse magnetic air penetrability.

The calculation of an electromagnetic field both in a
tooth zone and body of the stator in the transformed
coordinate system for a no-load regime is carried out by
the expression below [1]

0=VxNVxA', (6)
whereA'is the function of vector potential of the
electromagnetic field in the transformed coordinate
system of the stator reduced to the moving rotor.

The electromagnetic process in the air gap zone
outside the turbogenerator can be calculated by the
following equation

0=vyVxVxA". ()

The nonlinear electromagnetic characteristics of the
stator and rotor materials in the mathematical field
model of a turbogenerator are taken into consideration
by means of the following splines
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3
v(B)=>a¥(B, -B)", k=1.2,....n, (®
m=1

where n is the number of segmentations along the B axis,
with the module value of a magnetic induction vector in
the gpatial grid nodes of the cylindrical coordinate
system being obtained from the following ratios
10A oA | 2 o2

B, =T B, = o B=4BZ+B2, (9
where B;, B,, B are the radial tangential components and
module of a magnetic induction vector in the grid nodes
of the physical and transformed coordinate system.

The recalculation of anisotropic electromagnetic
characteristics of the equivalent stator and rotor tooth
zones as well as the zone of laminated stator body is
carried out by means of the known ratios for the
determination of series and parallel connection of
electric and magnetic resistances [6]

di +vg-do/v d; +dg

T, 1 d, "7, +v-dov,

_ Vi df +vcudo
d; +dg

is the electrical conductivity of the rotor

: (10)

where vy

material; v, is the copper conductivity; d;, do are either

the width of the tooth and dot, or the ferromagnetic sheet
and isolation of the laminated stator.

Since the main eectromagnetic field equations written
with reference to the vector potentia contain the second
spatid derivetive with respect to A, and the caculaion of
eectromagnetic quantities is performed only on the pole
turbogenerator divison, it is reasonable that the boundary
condition given beow be used so that the boundary
conditions on a leve of the second spatial derivative of the
vector potential can morefully be taken into consideration.

oH, _ OH,
ool |o=0 do |q-180

This ratio is theoreticaly grounded and physicaly valid
as the dectromagnetic process on the pole turbogenerator
divison is periodica not only on the leve of the first spatial
derivative of the dectromagnetic field vector potentia, but
aso onthelevd of the higher derivatives of thisfunction.

The boundary conditions aong the radii of the rotor
body zone, equivaent rotor tooth zone and air gap between
the stator and rotor on the turbogenerator pole divison in the
physica coordinate system of the rotor, with the equations (9)
and (11) being consdered, can be represented as|[ 7]

Act=2A5+2A 1~ Acs— Acnz— A

Acnii=Ac2t Acat Acna—2A—2AL,, (12)

whereas along the radii of the eguivalent stator tooth
zone, the stator body and the air gap outside the
turbogenerator correspondingly as[7]

(11)

Ac1=2A+2A 1~ Az~ Acno— A

Accnir = A2 + Aca + Accna— 2R3 - 2”0, (13)
where k is the index corresponding to certain nodes of
the spatial grid along the angular coordinate.

The boundary conditions for the equations of vector
potential outside the turbogenerator are determined from
theratio below

A':ITH—]. = 2'A{:m - A’:m—b (14)
where i is the index corresponding to the nodes of the
spatia grid in the cylindrical system of coordinates along
the radius.

On the internal boundaries of the tooth zone of the
rotor and its body, the body of the rotor and the air gap
between the stator and rotor, the tooth zone of the rotor
and the air gap between the stator and rotor, the
boundary conditions are found from the expression

A = ViaAatViaAa ,

Vicat Vi

(15)

and between the tooth zone of the stator and its body,
the body of the stator and the air zone by means of
A = ViaAa+tVviaAa

Vicat Vi

(16)

in which the indexes i point to the numbers of the nodes
that correspond to the media distribution boundary.
The vaue of the rotor's winding current is

determined by the equation
di . Oy,
—=|Us —r¢iy —— | /L¢, 17
a [f A B J/f (17)
where
v —wkli% (18)
dit o

i=1
with ws being the number of the rotor's windings; I,
being the axis winding length; Ax being the value of the
function of vector potentia in the coordinate system of
the rotor in the grid nodes being located in the winding;
ki being the coefficient involving the number of the
nodes along the angular coordinate o which get into the
rotor’swinding zone.

The determination of the voltage in the stator
winding phases is performed on the basis of the ratios
given below

n ’
U =%=wikilz%, i=A,B,C, (19
m=1
where u; is the voltage in the stator’s windings; w; is the
number of stator armature windings in each phase; | is
the axial winding length; Ag is the value of the vector
potential function in the nodes of a dimensional
discretization grid connected to the transferred stator
coordinate system within the windings zone.
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4. Mathematical model of a turbogenerator in
physical system of coordinates

Let us consider the development of a mathematical field
model of a turbogenerator in a physica system of coordina-
tes. The specific feature of the modd is that electromagnetic
processes in a movable rotor are consdered in the coordinate
system of amoving rotor, while in a gtator thisis done in the
coordinate system of an immovable stator. The given model
implies the redization of physicad movement of the rotor
relativeto the stator aong the angular coordinate.

The calculation of electromagnetic phenomena in
the equivalent tooth zone and the massive rotor body is
performed by the expressions (1) and (2) respectively. In
these eguations the function of vector potential in the
electromagnetic field A is connected with the rotor
coordinates system. In al the other zones of the
turbogenerator cross-section, A-values belong to the
coordinate system of an immovable stator.

The electromagnetic processes in the tooth zone and
in the stator body can be found from the ratio [1]

0=VxNVxA, (20)
whereas the electromagnetic phenomena in the air gaps
zones between the stator and rotor, and outside the
turbogenerator can be calculated by the expression

0=vyVxVxA, (21)
whereA is the function of vector potentia of the eectro-
magnetic field in the coordinate system of an immovable
dator.

The boundary condition along the radii of the
turbogenerator cross-section zones on the pole division
of the turbogenerator in physical coordinate systems
takes the following form [7]

A1 =2Ac2+2An1— Az Accn-2 = A

Accnia = P2+ Aca + Acna —2A3 - 2A,, (22)

And outside the turbogenerator it (this)can be expressed
as

Acnir=2A-m— Ao (23)

On dl the interna boundaries of the turbogenerator’'s
cross-section zones, the boundary conditions are to be found
on the basis of the equations (15).

The voltage values of the stator’s winding phase are
found from the expression

d¥,
U =—=

oAy .
: =wkl) =, i=A,B,C, (24
& 2

where Ag is the vector potential of the electromagnetic

field in the stator coordinate system.

All the other auxiliary mathematical ratios (6)—(8),
(14), (15) are of the same form asin the previous model.

The consdered mathematical fiedld modd of a turbo-
generator in the phase coordinates implies reciproca
displacement of movable mediain physica reference frames
relive to the nodes of spatia discretization grids provided
theratio (22) isfollowed

Ao = @At , (25)

whereAo is the angular step of the discretization grid;
At is the step of time integration of the differential
equations system; o is the angular rotary speed.

5. Computation results

On the basis of the developed models there was
carried out computer simulation of the transition process
of a no-load regime of the real turbogenerator TGV-500
when the voltage of its excitation winding was equal to
w=141V.

Fig. 3 represents the time dependence of excitation
winding current i; of the turbogenertor’s rotor in the
transition process of the no-load regime.
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Fig. 3. Time values of an excitation winding current
of the turbogenertor rotor.

Fig. 4-9 demonstrate the calculated spatia divisions
of the magnetic induction vector module in the
turbogenerator cross-section zones in the transformed
and physical coordinate systems.

On the given spatial radius distribution, the
coordinate grid nodes correspond to the following zones
of the turbogenerator cross-section: 0+54 is the
ferromagnetic rotor body zone; 54+75 is the equivalent
rotor tooth zone; 75+87 isthe zone of an air gap between
the stator and rotor; 87+-117 is the equivaent stator tooth
zone; 117+174 is the stator body zone; 174+186 is the
air gap outside the turbogenerator. The number of the
discretization grid nodes along an angular coordinate on
the pole division of the turbogenerator is equal to 192.

Fig. 4 depicts the spatia distribution of magnetic
induction vector module in a coordinate system on the
pole division of a turbogenerator when t = 1 sec of the
transition process in a no-load regime obtained on the
basis of the mathematical field model in the transformed
system of coordinates.
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Fig. 4. Spatial distribution of magnetic induction vector
module in transformed coordinate systems on the pole divisi
on of a turbogenerator whent = 1 sec of transition process

in a no-load regime.

Fig. 5 shows the spatial distribution of magnetic
induction vector module in transformed coordinate
systems on the turbogenerator pole division when t =
100 sec of transition process in a no-load regime
obtained on the basis of the mathematical field model in
the transformed system of coordinates.

Fig. 5. Spatial distribution of magnetic induction vector
module in transformed coordinate systems on turbogenerator
pole division when t = 100 sec of transition process
in a no-load regime.

Fig. 6 illustrates the spatia distribution of the module
of a magnetic induction vector in the rotor coordinate
system on the pole division of the turbogenerator whent =
650 sec of the trangition process in  a no-load regime,
obtained on the basis of the field mathematical model in the
transformed coordinate system.

Fig. 7 represents the spatial distribution of magnetic
induction vector module on the pole division of the
turbogenerator in the phase coordinate systems when t =
650,01543 sec of the transition process in a no-load
regime obtained on the basis of the mathematical field
model in the phase coordinates.

Fig. 8 shows the spatial distribution of the magnetic
induction vector module on the pole division of the
turbogenerator in the phase coordinate systems at the

time when t = 650, 01766 sec of the transition processin
a no-load regime obtained on the basis of the
mathematical field model in the phase coordinates.

Fig. 6. Spatial distribution of the magnetic induction vector
module in transformed coor dinate systems on turbogener ator
pole division when t = 650 sec of transition processin a no-
load regime.

Fig. 7. Spatial distribution of the magnetic induction vector
module on turbogenerator pole division in phase coordinate
systems when t = 650,01543 sec of transition processin
ano-load regime.

Fig. 8. Spatial distribution of magnetic induction vector
module on turbogenerator pole division in phase coordinate
systems when t = 650, 01766 sec of transition process
in a no-load regime.
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Fig. 9 demonstrates the spatial distribution of the
magnetic induction vector module on the pole division of
the turbogenerator with an conductive tooth zone of the
stator in the phase coordinate systems at the time when
t = 650, 01988 sec of the transition process in a no-load
regime obtained on the basis of the mathematical field
model in the phase coordinates.

Fig. 9. Spatial distribution of magnetic induction vector
module on turbogenerator pole division with an conductive
stator tooth zones in phase coordinate systems when t = 650,
01988 sec of transition process in a no-load regime.

The obtained character of changing the turbogene-
rator's rotor excitation winding current i (Fig. 3) in the tran-
sition process of ano-load regime shows that whent = 1 sec
the transition process in the winding is practically
completed. While in Figure 4 we see that the transition
electromagnetic process in the turbogenerator in a no-
load regime when t = 1 sec has just started, and is still far
to its end. Even if t = 100 ¢ (Fig. 5) it is still going on.
This confirms the importance of considering el ectromag-
netic phenomena in different elements of the device
construction (not only in the windings) when modeling
even such a simple operating mode of the turbogenerator
i.e. a no-load regime. The behaviour of electrodynamics
devicesin different modes is defined by electromagnetic
processesin al their elements and not in windings only.

If we compare the results given in Fig. 6 and 7, then
we can see that the spatial distribution of the magnetic
induction vector module in the equivalent stator tooth
zone and in the stator body (Fig. 6) is displaced relative
to the angular coordinate for a value that corresponds to
the real reciprocal location of the rotor and stator at the
given fixed time (Fig. 7-8).

The data given in Fig. 6 are obtained by using the
mathematical field model of a turbogenerator in the
transformed coordinate system. It is easier to develop the
model of this kind than that in the phase coordinates
because of the absence of any physical medium
movement in it. That is why, it is reasonable that the

mathematical field model in a transformed coordinate
system be used to calculate a no-load regime of a
turbogenerator. Transition to a physica system of
coordinates is realized by displacing electromagnetic
guantities obtained for a certain angular coordinate [1].
Thisis verified by the results given in Fig. 7-8 obtained
on the basis of the mathematical field model of a
turbogenerator in the physical coordinate system. The
relative erro for the difference of the results of spatial
distributions of electromagnetic quantities on the pole
divison of the turbogenerator cross-section zones
obtained on the basis of the two considered models for a
random fixed time point of the stator and rotor reciprocal
placement can achieve less than 1 %.

Specia attention should be paid to the spatial
distribution of the module of the magnetic induction
vector in the turbogenerator cross-section zones (Fig. 9)
calculated by means of the mathematical field model in
the phase coordinates. Fig. 9 shows a large increase of
the magnetic induction vector module in the equivalent
stator tooth zones as well as a considerable magnetic
skin-effect on both the surface of the massive rotor and
the surface of its equivalent tooth zone. This is because
the electromagnetic process in an equivalent stator tooth
zone in the mathematical model of a turbogenerator in a
physical coordinate system was determined by the
expression given below

%:—F_1V><(NV><A),
ot

(26)
as it is the very ratio to be used for describing
electromagnetic phenomena in conductive zones of
electrical devices[6].

In the turbogenerator no-load regime, the stator
winding is open, i.e. there are no conductive currents in
it. Since the mathematica model in phase coordinates
involves physical displacement of a rotor (a source of
turbogenerator magnetic field in the given mode) relative
to a stator, as it occurs in a real object, this leads to
changing values of the function of vector potential of the
electromagnetic field in the stator tooth zone, i.e.

oA

o #0. 27
This phenomenon, if the medium is conductive (I" = 0),
results in inducing an eddy component of the field (an
eddy current). Thus, by using the expression (26) we
can present a regime of symmetric short circuit of the
stator winding rather than the no-load one of the
turbogenerator. These are the results that demonstrate
the spatia distribution shown in Fig. 9. The results we
obtained just confirm the adequacy of the developed
model, as in any conductive environment moving in a
magnetic field, eddy currents will be induced.
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To reproduce a no-load regime of a turbogenerator,
the electromagnetic process in an equivalent tooth zone
of a stator should be calculated by the expression (20)
rather than (26), as the equation (20) implies the absence
of conductive currents in the tooth zone of the stator
functioning in the no-load regime. It was the very way of
obtaining results presented in Fig. 7-8.

The availability of T = 0 in the equation (26) of the
mathematical field model of a turbogenarator in a no-
load regime in phase coordinate systems while
describing electromagnetic processes in the tooth zone of
the stator leads to reproduction of the winding short-
circuit mode.

Fig. 10 shows time dependences of A-phase voltage
of stator winding after completing the transition process
for the linear (1) and nonlinear (2) cases of electromag-
netic media characteristics achieved on the basis of the
mathematical models in both the transferred and physical
coordinate systems.
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Fig. 10. Time values of A-phase voltage in the stator
winding after completing the transition process for linear (1)
and nonlinear (2) characteristics of electromagnetic media
obtained on the basis of the models devel oped.

Some attention should also be paid to voltage curves
shown in Fig. 10. According to specifications of the
turbogenerator TGV-500, the phase voltage pesk vaue
equals 16300 V. The voltage peak value in the linear model
is equd to 22000 V, while in the nonlinear one is 20000 V
(Fig.10). Thus, the most accurate fidld modd of a
turbogenerator is the cause of a 35% error in alinear variant
and a 23% eror in a nonlinear one. No assumptions
introduced by the theory of circuits can explain this. For a
long time the results obtained could not be explained
logically. Seeking the causes of such an error in the theory

and in the cdculation dgorithm was a failure. Only after
developing more detailed modds accounting real tooth
sructures of a stator and rotor the identified problem was
solved. Therefore, it must be emphasized that only the fied
mathematical modd of a turbogenerator more fully teking
into account ared structure of adevice ensues cal culations of
high accuracy.

Using the method of replacement of complex structures
of eectrica devices by equivaent media actualy changesthe
sructure of the device, and in this case it is a mistake to
expect red dectromagnetic processes in changed structures
of the objects to be reproduced by such mathematical modds.
But in integrd vaues of such class, the modds can
demondtrate high accuracy. This is a specific task of finding
appropriate parametersfor the devel oped models.

5. Conclusions

When developing mathematical field models of
electrodynamic devices on the basis of Maxwell's
equations it is necessary that the systems of coordinates
the process is considered in be taken into account. With
this factor being ignored, el ectromagnetic phenomena in
the models devel oped can be misrepresented.

Most of the works dedicated to the analysis of
electromagnetic processes in electrodynamic devices on
the basis of the theory of electromagnetic field do not
focus on coordinate systems, as they apply timeless
calculation methods and consider real dynamic of media
movement as a series of reciprocal fixed positions of
movable and immovable structures. This oversimplifies
the physical nature of real electromagnetic processes in
devices as they ensure observing the law of total current
and not objective regularities (laws) of electromagnetic
phenomenain general.

As the results obtained by means of the developed
models show, calculations of electromagnetic processes
in electrodynamic devices with a constructive periodicity
of structures on their pole division should be done by the
mathematical field models in the transformed coordinate
system. Absence of mechanical movement of media in
such models greatly simplifies the model itself, its
realization program, and the calculation process.

The method of replacement of complex sructure
elements by continuous anisotropic media possessing the
above mentioned characterigtics can be used in mathemeatical
fidld models of eectrostatic and eectrodynamic devices. This
results in actua changing the device design and in obtaining
wrong eectromagnetic processes. Only the mahematical
fiedld modds which mog fully take into account design
peculiarities of the devices can adequatdly reproduce
electromagnetic phenomena both in the case of dimensional
distributions of electromagnetic values and in the case of
integral parameters of the devices.
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PO3PAXYHOK EJIEKTPOMAT'HITHUX
INPOHECIB TYPBOI'EHEPATOPA
3 EKBIBAJIEHTHUMMH 3YBIIEBUMUA
30HAMMU CTATOPA I POTOPA B PEXHUMI
HEPOBOYOI'O XO4Y

Spocnar KoiBuak

Ha ocHoBi piBHsiHP MakcBeuia B IOTEHLIaaX MPOBEICHO
PO3paxyHOK ENEKTPOMArHiTHUX IMPOLECIB Y pPYXOMHX i
HEPYXOMHX 30HaX IONEPEYHOro mepepizy TypboreHeparopa y
nepeTBopeHii 1 Qi3uyHIA cHcTeMax KOOPAWHAT IS PEKHUMY
HepoOoyoro xoxmy. [lokazaHo, IO BHKOPHCTaHHS METOJIY
CKBIBAJICHTYBaHHS 3yOIIEBUX 30H HPUCTPOIO CYLUIBHUMH
AHI30TPONIHMMH ~ CEPEOBHIIAMH Ta HEXTYBaHHS CHCTEM
KOODJMHAT, Y SKHX PpO3IJIANAETHCSA INPOLEC Y MOJIBOBHX
MaTeMaTHYHHX NPUBOJHUTH JI0  CIIOTBOPEHHS
pCajibHuX eHCKTpOMaFHiTHI/IX SIBHIII.
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