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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA
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VIRIAL THEOREM LIMITATIONS FOR THE TOROIDAL MAGNETIC ENERGY STORAGE
CFUSED BY THE LOCATION OF SUPPORT STRUCTURE ELEMENTS AND THEIR
MECHANICAL PROPERTIES

Yu.M. Vasetsky

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: yuriy.vasetsky@gmail.com

Based on the virial theorem, the influence of the following factors to characteristics of mechanical support systems of
toroidal magnetic energy storage is considered: the configuration of the coils, the support system elements location
under compressive forces, the mechanical properties of the material, the distribution of the cross-sectional areas of the
support rings and the corresponding distribution of radial forces. It is established that the volume of structure
requirement depends only on the radii from which the coils transmit forces to the support rings. The found general
relation, in contrast to the existing ones, establishes a relationship between all the parameters that determine the
volume of the support structures. The characteristics of support systems are analyzed both for identical mechanical
stresses and for identical mechanical properties of all support elements. The characteristics for specific examples of
toroidal systems with circular coils are found. It is shown that systems with support elements in compression located on
the side of the vertical axis of the torus have a significantly smaller volume of structure compared to other locations.
The influence of the relative radial size of the torus cross-section and the distribution of the cross-sectional areas of the
support rings on the structure requirement is analyzed. The relationship between dimensionless characteristics that
determine the volume of elements subjected to mechanical stresses of compression and tension is noted. References 37,
figures 8, table 1.

Key words: toroidal magnetic energy storage, virial theorem, structure under compression, support structure volume.

Introduction. The success of the use of superconducting magnetic energy storage (SMES) in large-
scale fusion installations [1 - 3] leads to interest in their widespread use in various technical fields. The
advantage of the SMES compared to many other energy storage devices is related to the response speed to
perturbations [4]. However, the high cost of installations limits their widespread use in improving the quality
of electricity [5]. Reducing the cost, in particular, of its component associated with the support structures that
are affected by electrodynamic forces, is an urgent task.

SMES as a fast-acting means of regulated consumer/source of energy in electric power systems can
perform, in particular, the following functions: voltage and frequency stabilization [6 - 8]; increasing the
level of static and dynamic stability, as well as the survivability of power systems [9 - 12]; damping of
electromechanical oscillations and compensate the random oscillations of generation and power transmission
[13 - 15]; in smart grid systems and in systems with renewable energy sources to compensate for power
fluctuations [16 - 18]. The variety of tasks that can perform SMES, determines the appropriate choice, or
special development of the superconducting storage, which primarily relates to the geometric configuration
of its windings.

The value of the magnetic field energy stored in SMES for use in the power industry is in a fairly
wide range W=30+10" MJ. The maximum value is about an order of magnitude smaller than the value of the
stored energy of the largest to date under construction thermonuclear installation ITER W~10° MJ. For
SMES with a large accumulated magnetic field energy W>10°-10" MJ, the mass of the supporting structures
makes a significant contribution to the total number of materials of the magnetic system in addition to the
superconducting winding [19].

© Vasetsky Yu.M., 2022
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There are several ways to reduce the total structural mass in toroidal energy storage. Reducing the
structural mass due to the redistribution of electrodynamic forces, but with the complication of the geometry
of the magnetic system and increasing stray fields [20], is achieved in helical toroidal windings [21 - 23], as
well as using toroidal systems with tilted coils of special configuration [24 - 26] ]. In toroidal systems with
flat coils without tilt, it is also possible to reduce the mass of the suppot system by choosing configurations
with constant stresses in the structural elements. These are toroidal systems with D-shaped coils [27 - 29],
which were studied primarily in the field of fusion, and devices with structural elements inside the toroidal
volume, which can be used for electric power applications [30, 31].

The volume (mass) of structures has limitations that set the lower limit of the required volume
(mass). General relations for the total structural masses of magnetic systems are formulated on the basis of
the Clausius virtual theorem [32] and written by Levy for electromagnetic systems [33]. According to the
theorem, the volume V' and, accordingly, the mass M =p) with the density p of unidirectionally stressed

structure satisfy the condition:

M=PVZT‘>, (D

where <G > is average stress.
If the part of the structure under tension V, is balanced by the structure under compression V, , then

w
: 2
<c>

V,-V.2

Volume ¥, can also be zero. An example of magnetic systems for which the compressive forces in

the supporting systems may be zero are helical toroidal systems or systems with tilted coils. For this case, the
total volume:
/4

<o >

V=V+V, 22V + 3)

is determined by only volume ¥, under tension.
In magnetic energy storage, part of the elements is in compression, and the other part is subjected to
tensile forces. In [32], for such systems, the corresponding volumes of stressed structures are presented as:

w w
: o, V.=

<o, > <o, >

Q. “4)

where dimensionless characteristics @, and (Q, are determined by dimensionless parameters that
characterize the configuration of the magnetic system. Here value Q, for structures under tension is positive
and value Q. is negative in compression one. This definition of the sign of the characteristics corresponds to

the positive values of tensile stresses and negative values of compressive stresses.
From the general statement valid for any configuration, current distribution and energy parts of
poloidal and toroidal fields,

0| +|0.|=1 (5)
it follows that the minimum value of the structure requirement is reached when
Q0 =-0.+1. (6)

For magnetic systems that have been built or designed, the minimum values were not achieved. The
values resulting from the virtual theorem and the corresponding values in the designed and implemented
magnetic systems can differ significantly [34]. However, the virtual theorem indicates a value that can be
approached and indicates the lower limit of the structure requirement, less than which can not be achieved.
Currently, based on the virial theorem, the structural limitations are compared both superconducting
magnetic energy storage (SMES) and other types of energy storage [35]. These circumstances determine the
relevance of research based on the general conditions of the theorem.

Expressions for the characteristics O, and Q. found in [32] under certain assumptions and are valid

in some cases of the support system. They not taking into account the location of the support elements and
the mechanical properties of the structures material. Since the volumes of structures under compression and

4 ISSN 1607-7970. Texnu. enekmpoounamira. 2022. Ne 1



tension are directly related by relation (6), consideration of only one component gives an answer to the value
of total structure requirement. So, the purpose of this work is to find for toroidal magnetic storage, based on
the general statements, the characteristics of support systems which are subject to compression forces, and to
study the influence of geometric configuration of toroidal magnetic field coils, the location of elements of
support structure, mechanical material properties.

1. Mathematic model. Basic relation for the support system.

We assume that the winding consists of a large number of coils. In this case, the winding can be
represented as a current surface of an infinite number of current filaments (Fig. 1). The toroidal configuration
is characterized by a large radius of the torus, which is defined as average value between the smallest p; and
the largest p, radii of the toroidal surface R=(p, + p;)/2. The geometry of the torus cross-section will be

A characterized by dimensionless parameters €,,¢;, where the first parameter
determines the relative radial size of the cross-section  torus
dp=todl g, =e¢=r/R= (p , — Py )/ 2R, and other dimensionless parameters determine
/ dl the shape of the torus cross-section and do not depend on the large radius
. e-nr

®B p The magnetic field B created by the current / = [N of all coils N
is concentrated only inside the torus and is directed in the azimuthal direction

along a single vector e_:

PLIN ’
- R =tV (7)

P2 2mp "
Fig. 1

The linear density of electrodynamic forces acting to the current of
each coil is

f=Lr =Ml (6)
2 4mp

Since the density of electrodynamic forces along the perimeter of each coil increases as it approaches
to the vertical axis of the torus, the forces are unbalanced and the resultant force F,, :j fodl = Fy e, is
!
directed in the radial direction to the vertical axis.
Radial directed forces act to the elements of the support structure, which in this case can be
represented as a dense system of a large number of rings located on the generatrix torus (Fig. 2, a). In this
case, all characteristics (ring thickness A(/), Young's modulus of the ring material E(l), stresses o(l)) will

be represented as continuous functions of length along the perimeter of torus cross-section calculated from
the starting point.

To determine the required volume of the
zt supporting structure, we will use the model of virtual
work 84 of forces with a virtual change of the
generalized coordinate, in this case the large radius of
the torus R, and the associated virtual change of
magnetic field energy 6W . All other generalized
coordinates that characterize the state of the system
are considered constant, i.e. the geometry of the coils
(cross-section of the torus) does not change. The
projection of radial forces on the radial direction is
negative and it leads to compression of the supporting
structures. For this reason, in Fig. 2, b the virtual
change —OR are shown as negative value.

Since the current at elementary movement

a b OR remains unchanged, the corresponding relation
Fig. 2 between the virtual work 64 of the generalized force

and the change in energy 6W of the system will be

A
upport rings

Winding R

A
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following [36]:

04 =38W , where 6W=%—Z§R=FR8R. )

Here the generalized force is the sum of the radial forces of all coils F}, = F, N .

We present the energy of the field distributed in the volume of the torus in the form of the product of
dimensional quantities and dimensionless characteristic &, (¢, , €, ):

2 I’R
W:jB ay =
v 21, 4

ky (g1, €,)- (10)

The energy of the field (10) depends on both the large radius R of the torus and the dimensionless
parameters €,,¢€,, where only the first parameter €, (the relative radial size of the cross-section of the torus)

is also determined by the value of R . Hence the generalized radial force can be found as

an_WZHO_ﬁk & Oy (11)
R 4 "\ Kk, 08 )

The radial force F, is distributed between the rings with some linear density f,(/), for which

F,= I fr (l )dl , where L is the length of the generatrix torus with support rings.
L

Let's obtained one feature, which is that the support requirement does not depend on the radius of the
individual rings.

We will assume that each elementary radial force from each coil f,dl/N (Fig. 3, a) is transmitted
by a connecting element with a cross section dS, (Fig. 3, b) to an elementary support ring of radius R, with
a cross-section dS, . Each connecting element is under compressive force and there are compressive stresses
o, . The elementary support ring is also subjected to compressive forces and the stresses o, take place in it.

The volumes of structural material of all connecting elements dV, and elementary support ring dV, are

\)

av, = s, [p(0)- p )= 2D o),

o,
’ (12)
dV, =2np,dsS, = fR(l)dl Pr-
Oy
zZ A z 4
p()) =
frdl/N
RS
" NN dl
Ry
a b C
Fig. 3
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On condition the same compression stresses o, =c, =c,, the total volume of the connecting
elements and the elementary support ring are the following:

dv, +de:fR(l)de(l)=dV. (13)

C
Gy

Thus, on condition o, =, =c, the required volume of support structure does not depend on the

radii of the support rings. It depends only on the radii from which the coils transmit forces to the support
rings. For this reason, we will consider the support system when the support rings are located directly on the
toroidal surface.

When under the action of radial force the large radius of the torus is changed by the length SR, each
elementary ring is changed by 2ndR and in the ring there is a compressive force d7, (l ) The ring is in

compression stress (/) and the compressive force appears d7.(I)=o,(/)dS(I), where the cross-section area
of the elementary ring is dS (Z ) = h(l )dl . The work of compressive forces of all rings will be the following

84 = [dT,(1)2n3R =2n8R[ o (1)h(1)dl = F,3R., (14)
L L

or
Fp=2n[o, ()h()dl . (15)

On the other hand, according to Hooke's law, the stresses in the rings are proportional to their
relative deformation (the sign "-" corresponds to the compression stress). Using this law, from (15) we
obtain the relation between the generalized force F, and the virtual change of the large radius of the torus
OR as follows:

F R

o { EOn(0)p()dl

SR = (16)

Taking into account (16), as well as (10) and (11) we obtain the basic general relation between stress
o,(1), Young's modulus E(/) and geometric size (radius of the elementary ring) p(/):

o()plt) Fy id (1 _ia"_wJ{ | E(I)h(l)dl}l . (17)

EQ)  2n[EQnQ)p0)al ~ 27R\ K, e

L p(l)

As can be seen from (17), for chosen support system, the local value o(/)p(/)/E(/) does not depend

on the coordinate /, i.e. each of the parameters is not independent.
Another characteristic is important for the analysis of support systems. It concerns the distribution of
radial forces along the generatrix torus f, (/). This distribution is easy to determine if we take into account

that the radial force of the elementary ring cross-section is related with the compression force d7,(/):

fol0)dl = 2rdT (1) = 2no, (1)a(1)dl = 2nSR E(n )dl . (18)

p(7)

Taking into account (16) the distribution of radial forces f, (/) will be

[ E( )h(l)dl}l : (19)

ISSN 1607-7970. Texn. enexmpoounamira. 2022. Ne 1 7



The found equations (17) and (19) are the main ones that allow to determine the support structure
requirement.

2. Support structure requirement for average stress

Let us first consider the volume of support structure based on the average value of the compressive
stresses <o, > used in the virial theorem.

By definition, the average value of compression stresses <o, > in the volume V, of support rings is

[o.dV  [o. (12rp(l)n(1)dl

<o, >==& = ) 20
¢ ” (20)

c c

From (20) taking into account (17) the volume of the support system will be

[o. (12mp(1)n(t)d! [E@)n(1)al
vV =L R L

‘ <s.> <o, > { EOn(Q)p()dl”

21

c

Instead of the force F, taking into account (10) and (11) we write the expression containing the
energy of the field W as the main characteristic of the energy storage

<o, > <o, > k, oOe

where the expression for the parameter  is written as

y= { E()n(1)dl / [R { E(l)h(l)/p(l)dl} : (23)

As follows from (22) and (23), the first factor in the dimensionless characteristic Q. is determined
by the geometry of the torus cross-section of the torus and the relative radial size €. The second factor

depends on the mechanical properties of the material of the support rings, their thickness and location along
the generatrix of the torus. It should be noted that in [32], in which the approaches of the virial theorem are
applied to magnetic energy storage systems, the value is equal to one. This is a special case, in contrast to
(23), when the support system, in particular, has a constant radius equal to the large radius of the torus.

Two typical cases of the support elements location.

The cases under consideration are typical because they provide a clear explanation of the influence
of the support system location to the value of the parameter in expression (23).
The first system contains only those support rings that are located at the points of the perimeter of

the cross-section of the torus, which are closest to
z # the vertical axis (the radius of support ring has
minimum value). As an extreme case of support
with small height, it is possible to consider a
support system in the form of single ring of the
»  smallest radius (Fig. 4, a).

p p In this case, the thickness of the ring can
be formally represented in the form (/)= h(0)3(7),

where 8(/) is the &-Dirac function, and the

R(1-¢) R coordinate / is calculated from the location of the
R ring. Substituting this value in (23), we obtain the
< a > b minimum value of the parameter W and,

Fig. 4 accordingly, the minimum value of the modulus of

the function Q_, and therefore the minimum value
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of the support structure for any selected shape of the torus cross-section:
w=p(°)=1—8’Qc=( _iaaﬂJ(l—s)- (24)

If coils (the shape of the torus cross-section) of a circular shape are selected, then taking into account
the expression for the parameter k, (¢)= 2(1—\/1—82) [27] the dimensionless characteristic Q. takes the

value:
€ Oky |\ N_ | 1 o |1-e
QC_[ _kW Ot j(l 8)_ [Vl—gzj(l 8) 1+8. (25)

Another example of the closest to the vertical axis location of the support system is a toroidal system
with D-shaped coils (Fig. 5, a) [27, 29]. In this case, also y =1—¢ . For this system, the forces on the curved

section of the coils are balanced, and the forces on the vertical section are uniformly distributed along the
height of the support. Therefore, the support system can be performed not in the form of individual rings, but
as a solid support cylinder.

At a given value of the current of the D-shaped torus in [29] was found the energy of the magnetic
field, whence the expression for the dimensionless characteristic &, can be written as following:

ky =2k*\1—¢? {Io(k)+%11 (k)} : (26)
where 1,(k) and I,(k) are modified Bessel functions of the first kind of zero and first order, respectively;

k= lIn(“——gJ . Taking into account (26) from expression (24) we find the expression of the characteristic

l-¢
0.

0. {k—nkﬁ((’;ﬂ_l. 27)

The same result is found in the direct calculation of the support system, based on the value of the
magnetic field pressure on the surface of the cylinder of known height.

In the second extreme case (Fig. 4, b), the two support rings are located at the points of the torus
surface for which p(/,)= R . Therefore, the corresponding characteristics, as follows from (23), will have the

values obtained in [32]:

0 e Ok
(U O PO 2. | (28)
R k, Oe
) At any value of the
A z  Support rings relative radial size of the torus
7— J cross-section ¢, the value |QC| in
( Q (28) is always larger than in (24).
N In addition, the dependence on the
— f 0 p
e le— T — a— 7 parameter € can differ
/ s » |H significantly. For example, for
Support — p c;lﬁgder Pl torus with circular cross-section
cylinder — T RS— equation (25) shows a decrease in
— j§ Y r magnitude |Q.| with increase €.
A—ﬂ At the same time, at y =1 from
R R Winding (28) it follows that the value |Q.
—> < » ¢
a b increases with increase € .
Fig. 5.
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Let us analyze the value of the parameter y for different cases of the support rings location, for the

distribution values of the Young's modulus of the rings, and for different distribution of the compressive
stresses.
Uniform compressive stress throughout the support system G, (Z ) =c,=const (<o, >=0,).

In this case, as it follows from the general relation (17) the Young's modulus E(/) must be chosen
different for the individual elements of the support system namely in proportion to the radius of the support
rings p(/):

E(l)= 2np(1)FL [E@D(1)/p(t)al . (29)

R L
The equation (19) gives the following distribution of radial forces along the perimeter of the torus cross-

section within the length L:
=F, h(l)/ [h(t)dt . (30)
L

The multiplier y =y in this case of uniform compressive stresses takes on the value:

v, = { (1 )p(1)al / {R { h(l)dz] (31)

As can be seen from (31), the parameter y_ does not depend on the specific thickness of the rings
h(l ) , it depends only on the distribution of the relative value of the thickness (for example, normalized to the
maximum value). Note also that if the support rings are located on the side of the vertical axis of the torus,
then p(l)/ R <1 and consequently y_ <1. If the rings are located on the opposite side, where p(l)> R, then
y_ >1. Obviously, the arrangement of the rings on both sides of the cross-section of the torus can give the
value of the parameter y_ =1.

A special case is the uniform distribution of radial forces along the vertical axis z, which is realized
if the thickness of the rings is distributed according to the law h(l)~ cosa, where a is the angle between

the vertical axis and tangent to the generatrix torus (Fig. 3, b). In this case, as it follows from (30),
fr=Fy/H, where H =fcos0tdl =jdz is the vertical size of the support system. This distribution is
L

important because in the design of the support system, the coils often have a support in the form of a straight
cylinder, in which there are no bending mechanical moments and there are only compressive stresses. The
value of the factor y_ at o (/)=const and /(/)~ cosa has a simple geometric interpretation. This factor is
equal to the ratio of the planes, as shown in Fig. 3, ¢, W, =S 50p/S s -

An example of the support structure under condition o, = const, 4(/)~ cosa is toroidal magnets with

racetrack shaped coils (Fig. 5, b). Determination of the characteristics of such system, in particular, the
structure requirement, was performed in [37] using direct calculation of electrodynamic forces. The feature
of this toroidal storage design is that the elements of the support system under tensile forces are inside the
toroidal volume. To implement this configuration, the curved sections outside the section with the support
rings are balanced by choice of angle 0, . As a result, the support elements meet action only forces from the

sections of the winding that support on the rings. The expression obtained in [37] for the characteristic Q, is

2e’(A—1)+&(1+¢)sin@,,

(1+s)[n(1 VI—g2)+e(h— 1)1nl+‘j

0.= (32)

where A =H/2r=(H, +2r)/2r . Expression (32) is also in accordance with the results derived from the
presented theoretical positions. It should be taken into account that for a balanced section the angle 0,
depending on ¢ is determined by the solution of the nonlinear algebraic equation:
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2 lI-¢ 9
n—-0, - arctg ctg—|=0. (33)
1-g2 l+¢ 2

We give more the results for a special case of system with circular coils of radius » (Fig. 6) and
support system symmetrical about the horizontal plane at arbitrary value of the angle 0, .

In this case, the general expression for the multiplier vy looks like this:

A 0,, 0,
: v, = | h(6)1-gcos6)db / [h(6)d6 . (34)
0 0
0., The value y, for the two characteristic distributions of the support
5 ! rings thickness A(0) will be as follows:
h(0) E 1) h(@): const — uniform thickness of the rings along the perimeter of
the torus cross-section
sin@,,
L R N Yo = 1-¢ em ’ (35)
Fig. 6. 2) h(9)~ cos® — uniform distribution of electrodynamic forces along
the axis z
e (0O 1
=1- %+ —sin20, |. 36
Vo sinf,, ( 2 4 '"j (36)

Support structure with the same value of the Young's modulus E (l ) =const for all rings
In the case E (l )= const from the general relation (17) it follows that the stresses are non-uniformly
distributed along the generatrix of torus and they has the maximum value G, (Z ) for the rings of the smallest
radius p(7):
F
c.(l)= £ : (37)
2mp(1)[ (1) p(t)al

L

The distribution of the radial forces along coordinate /, as it follows from (19), is

foll)=Fy %{I h(l)/p(l)dl]l- (38)

From (23) we receive the value of the parameter y =, that is valid for the average value of compressive
stresses and for E(/)=const :

W, = { h(1)dl / [R { h(l)/p(l)dl}. (39)

As before, we present the results for a torus with circular cross-section. The multiplier v, which
depends on the thickness of the rings h(e), for a support system symmetrical with respect to the horizontal
plane, will be:

v, = 1‘" 1(0)do / efh(@))/(l —£c0s0)d0 . (40)

The values v, for the two typical thickness distribution 4(0) will be as follows:
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-1
1) ()= const : v, =0,J1-¢ {2arctg( 1+—(C"Eg O, H ; (41)

1-¢ 2

-1
2) h(9)~ cosO: Y, =¢sinf, | -0, + 2 arctg ‘/H—Stge—’” . (42)
1-¢g2 l1-¢ ~ 2

The presented examples differ in the distribution of the compressive stresses, mechanical properties
of the structural material, as well as specific distributions of the support rings thickness. It is advisable to
compare them in terms of the structure requirement at given storage energy, comparing the dimensionless
characteristics .. For circular coils the corresponding dependences of the characteristics O, on the angle

0,, that determines the size of the areas where the support rings are located are shown in Fig. 7, a and b for
two values of the relative radial size of the torus: (a) — €=0,3 and (b) — €=0,6. Solid curves refer to the
case E(/)=const, dashed lines correspond &, = const .

As can be seen from
0. O] Fig. 7, for tori with a larger
h(ly=const // relative radial cross-sectional
size the structure volume is
smaller. The distribution of the
rings thickness under the
condition  A(/)~cos® ie.

h(ly=const /

0.8

h(z)=const

0.75 0.6 h(z)=const leads to smaller

structure volume compared to

h(z)=const the uniform thickness of the

0.7 05 support rings.
0 30 60 6, degree 0 30 60 0,,, degree A smaller amount of
a b material will be in the case of
Fig. 7 choosing the same material

properties  for all  rings
E(l)z const, and it would seem that such choice is more appropriate. Note, however, that the conclusion
relates to the values found for the average stresses <o, >, and not taking into account the choice of material
for the most mechanically stressed element of the support structure.

3. Support structure requirement by the condition of maximum stresses
In the case of E(/)=const the greatest stress & will be in the ring of the smallest radius p,, .

That is, the stress in this ring determines the choice of mechanical property of the support structure. We find
the expressions for the characteristics of the support system in this case and analyze them.
The problem is to determine the volume of the support structure V, . = J'2Tth(l )o(0)dl , taking into
L

account the expression o, (/)p(/)=0 =const that follows from the general equation (17) at

c maxpmin

E(l)=const. To do this, in the integrand for the volume V,

max» W€ perform the substitution
21h(l)= f,(1)/5. (1) that follows from (18):

Np*(1) !
V. = R( dl = Dp*(1)dl . 43
=L 06 o 1 F P .
Taking into account (19) and (21) from (43) we obtain:
F, w
Ve = =2 [h{1)p(t)al /J 1)/ p()dl = ———0, s (44)
cmaxM min L L ¢ max
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where

O - [1—iak—ijm, W = [HOp) / [Rpmwz)/p(z)dz] @)

k, Oe

The results are illustrated by an example of the circular cross-section torus (Fig. 6), for which the
parameter . . takes the form:

0

N e!"’(1 — £c0s0)h(0)d0 / {(pmm /R) [ h(8)/(1-gcos e)de} . (46)

0

Again, consider the following two cases:

-1
1) h(e)zconst: W max =(6m —¢sinb,, 21/1_—8 arctg H—gtgei ; 47)
I+¢ l-¢ 2
-1
2) h(B)~cosB: ., =€ sinbd, —¢ 6—’”+lsin29m —(1-¢)p,, +21/1_—8 arctg 1Jr—gtge—’” . (48)
2 4 1+¢ 1-¢ 2

We will compare the dimensionless characteristics 0., when choosing &, =const, E(/)=var and
G.=0C,....E (Z ) =const (Fig. 8). As before, the results are given for two values of the relative radial size of

the torus: (@) — €=0.3 and (b) — €=0.6. Solid curves refer to the case ¢, =0_,,., E(l)zconst, dashed

lines correspond o, = const, E(/)= var.
The main difference

1Ol O] between the dependencies in
Fig. 8 from similar

1 _ dependences in Fig. 7 is that

0.9 hly=cqust the  characteristics 0.
0.8 associated with the choice of

0.8 material for the maximum
: 0.6 value of compressive stresses
: — G, are significantly larger.

h(z)=const h(z)=const .

07 0.4 In this case, a smaller volume
0 30 60 0, degree V-7 30 600, degree  of the support structure is
a b achieved when o, =const.

Fig. 8

However, due to the difficulty
of fulfilling the conditions c, =const in practice, it is still more likely to choose the material by condition

o, . As follows from the presented results, it is more appropriate to distribute the cross-section of the

support rings, when uniform distribution of compressive forces along the vertical axis occurs, i.e.
h(z)=const — h(6)~ cosH.

4. The total structure requirement of toroidal energy storage

The total structural volume is the sum of the two main components. One of them is the volume of the
support structure that receives electrodynamic compressive radial directed forces of the torus. Another
component is structures that are subjected to tensile stresses (belt around the coils or spokes inside the
toroidal volume). A direct calculation of this component for a number of toroidal systems shows that relation
(6) O, =-0, +1 is valid for it. This relation is performed for tori with non-circular D-shaped coils and for
tori with racetrack shaped coils (including circular coils) with spokes [37]. In both cases there is a
distribution of the thickness of the support rings (cylinder) by condition o, = const, h(z)z const. That is,
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relation (6) occurs not only in the special case of the support structure location, when y =1. It is valid for
support structure when y #1.

It should be noted that for structures with belts around the coils, the condition of constant tensile
stresses is fulfilled not only for the system with D-shaped coils, which are characterized by constant tension
along the perimeter of torus cross-section. For other configurations with variable tension, the belts can be
made of variable cross-section, for which o, =const and accordingly the volume of the belts material will
also be minimal. Otherwise, the volume increases and inequality Q, > |QC| +1 occurs.

We perform a comparison of different support structures on the basis of the general characteristic
Q=|Q,|+ Q.| for which condition (6) is valid. The Table shows the results of the calculation of the

characteristic O for a number of systems on condition &, =const, ¢, =const for different values of the

relative radial size of the torus cross-section ¢ .

As can be seen from the presented

Circular Circular | D-shape | Racetrack data, the distribution method of the support

& Eoﬁs with COIIE with lc)oﬂs with Shaied with | svstem location has the greatest influence on
= Spokes LS SPOXes the total structural volumes. Structure with
support elements on side of vertical axis

= require significantly less volume of support

q& @ structure. The values for such support

systems differ little. Moreover, the influence

is appeared in a significantly different

0.2 3.041 2.638 2.649 2.641 dependence of the value Q on the relative
0.4 3.182 2.338 2.362 2.344 radial size of the torus cross-section ¢. For
06 35 2079 5 104 2081 structurc? Wlth'support elemenFs on s1de'of
the vertical axis of the torus with increasing

0.8 4.333 1.836 1.838 1.821 ¢ the value Q decreases, in contrast to the

case where the support elements has the size of large radius of the torus.

Conclusion. The generalization performed on the basis of the virial theorem with respect to any
structure in compression for toroidal magnetic energy storage allows us to find specific expressions that, in
contrast to existing one, take into account not only the configuration of windings but also the feature of
support structure, the distribution of the cross-section areas of the support rings and the corresponding
distribution of radial electrodynamic forces, and mechanical properties support elements too.

The expression for the dimensionless characteristics of the components in compression and in
tension included in the expressions of the virtual theorem for toroidal magnetic energy storage is valid not
only in the case of equality of the radius of the support structure and the large radius of the torus, but in the
more general case of arbitrary distribution of the radial forces along the perimeter of torus cross-section.

On condition of identical compressive stresses in the support ring and in the connecting element the
required volume of support structure does not depend on the radii of the support rings, it depends only on the
radii from which the coils transmit forces to the support rings. Structures with support elements on side of
vertical axis of torus require significantly smaller structural volume compare to the case where the support
elements has the size of large radius of the torus. The uniform height distribution of radial forces leads to
smaller support structure volume compared to the uniform thickness of the support rings.

Further theoretical studies for a wider range of support structure with elements in tension stress will
be able to answer the validity of the relation of the virtual theorem for dimensionless characteristics of
toroidal magnetic systems. This will make it possible to reasonably indicate the minimum structure
requirement, which can be approached in the development of toroidal magnetic energy storage.

Pobomy euxonano 3a 6r0xcemnoro memoro «Pospobumu 3acobu niosuwenns egexmusnocmi cucmem
eIeKMPOMEXAHIUHO20 NepPemeopeHHs eHepii mpaouyitiHumu ma BIOHO6MI08AHUMY  Odicepenamuy («Aepecam-2»),
KIIKBK 6541030.
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InctutyT enekrponunamiku HAH Yxkpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: yuriy.vasetsky@gmail.com

Ha ocnosi meopemu gipiana posenadaemscs 6n1U8 HA XAPAKMEPUCUKY MEXAHIYHUX ONOPHUX CUCHEM MOPOIiOanIbHUX
IHOYKMUBHUX HAKONUYYBAYIE eHep2li HaCMYRHUX (paxmopig: Kougicypayii KOmyuwox mopoioaibHo20 MazHIMHO20 NoJis,
PO3MAWYBAHHA  eJleMeHMi8 ONOPHOI cucmemu, Wo CHPUUMAIOMsb 3YCULIA CMUCKY, MEXAHIYHUX elacmusocmel
KOHCMPYKYIUHO20 Mamepiany, po3nodinly nIow nepepizy ONOPHUX Kileyb i GiON0GIOHUL pO3N00iN paodialbHUX
eneKxmpoOuHamiunux cui. Becmanoeneno, wo 06’em KOHCMPYKYIIHO20 Mamepiay 3a1exicums milbku 6i0 mux paoiycis,
3 SAKUX KOMYWKU Nepedaioms 3YCULIsl HA ONOpHI Kiibys. 3HANOeHO 3a2aibHe CNI6BIOHOWLeHHS, sIKe, HA GIOMIHY 6i0
ICHYIOUUX, BCMAHOBNIOE 38 30K MIJC 6CIMA NApAMempaMu, W0 GNIUGAI0OMb HaA 00’cm Mmamepiany ONOPHUX
KoHcmpykyii. Tlpoananizosano xapaxmepucmuxy ONOpHUX cucmem Ois UNAOKI6 0OHAKOBUX MEXAHIYHUX Hanpyz ma
O00HAKOBUX MEXAHIYHUX 6IACMUBOCMEl Mamepianry KOHCmpyKyiu. 3uatideno xapaxmepucmuku Ons KOHKPEMHUX
NpUKIA0ie MopoioanbHux cucmem 3 Kpyenumu xomywxamu. Iloxkaszano, wo cucmemu 3 ONOPHUMU eleMEHMAMU,
PO3MAUIOBAHUMU HA MOPOIOANbHIL NOGEPXHI 3i CMOPOHU BEPMUKAILHOI OCI mMopa, Marms 3HAYHO MeHwull 06’em
KOHCMPYKYIUHO20 Mamepiany HNOPIGHAHO 3 IHwuUM posmauty8anHam. Jlocniodceno enaue Ha 00°em mamepiany
BIOHOCH020 pAdianbHO20 PO3MIPY NepemuHy mopy ma po3nooiny niow nepemuHy onopHux Kineyb 8300834 nepumempy
Komywox. Biosnaueno 38’°a30Kk midxc 6e3pO3MIpHUMU XAPAKMEPUCUKAMU, WO BUSHAUAIOMb KINbKiCMb mamepiany
eleMeHmi6, Wo 3a3Hal0mb MexXaniuni nanpyeu cmucky i posmsenenns. bion. 37, puc. 8, Tadmn. 1.

Key words: topoinanpHi iHIYKTHBHI HAKOIMYyBadi €HEprii, TeopeMa Bipiaia, CTHCKAaHHS OMOPHHX €IEMEHTIB, 06’ eM
ONOPHHUX KOHCTPYKIIH.
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3HUKEHHS PIBHSI MATHITHOT'O T1OJISI HIIBEMHOI KABEJILHOT JITHIT
HA BUINOBLIAJIBHUX JLISIHKAX 3A JJOIIOMOI'O1O
KOMMO3ULIAHUX MATHITHUX EKPAHIB KIHLIEBOI JOBXXUHU

A.A. Hlep6a*, un. kop HAH Ykpainu, O./. IlogoabueB**, TOKT. TEXH. HAyK,
I.M. KyuepsiBa, 1OKT. TEXH. HAYK
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Y pobomi euxonano uyucenvHull po3PAxXyHOK mMa aHANI3 MPUSUMIPHO20 MACHIMHO2O0 NOJIsL NI03eMHOI KabenbHOol NiHIl 3
MASHIMHUMU eKPaHaMU KiHYe8oi 008CUHU, AKI GUKOPUCMOBYIOMbCA OJis 3SMEHUIeHHS PiHS NOJIsL HA NO8epXHI 3emii. Ak
eKpaHU NPONOHYEMBCA BUKOPUCIOBY8AMU HACUNHULL A 3ACURHULL TPYHM, WO MICHMUMb MASHIMHI YACMKU | 8HACTIOOK
Ybo2o mae egexmusHi macHimui enacmugocmi ( Heff =1+1000). [ocnioxceno epexmusnicmo GUKOPUCMANHS MAKO20

muny ekpamis 011 niozemnoi kabenvroi ninii Hanpyeoro 330 kB 3anexcHo 8i0 iXHIX ceoMempUYHUX PO3MIPIE Ma 3HAYEeH-
HA eghekmusHoi MasHimHOi NpoHUKHOCTI Heff - Toxazano, wo 3acmocy6éants 3aCUNHO20 IPYHMY 3 MAZHIMHUMU 61AC-

MUBOCHSIMU OA€E 3MO2Y OOCASMU N'AMUKPAHO20 3HUICEHHSL MACHIMHO20 NOJISL HA NOBEPXHI 3eMJli, I MAKULL MUn ekpana
€ OLIbW eheKMUBHUM, HIJC eKpan Yy GU2NA0l HACUNHO20 IPYHMY 3 MASHIMHUMU é1acmugocmsamu. Komn tomepni po3pa-
XYHKU NOKA3AAU HEMOHOMOHHULL XAPAKMEP 3MIHEHHs MASHIMHO20 NOJISL HA NOGEPXHI 3 ML HAO KPAloGUMU 30HAMU Mde-
HIMHO20 eKpana. Buseneno maxoaic, ujo no3008CHIU pO3MIp Kpatlogux 30H MAE NOPAOOK 2IUOUHU, HA AKIU PO3MAuio-
eani kabeni. bion. 16, puc. 9.

Kniouoei cnosa: ninzemua kadesnbHa JIiHisI, TPUBUMIPHE MarHiTHE 110Jie, MarHiTHUN eKpaH, KOMIIO3ULIHNI MaTepian 3
MAarHITHUMH BIIACTUBOCTSIMH, 3HH)KCHHS PIBHS MarHiTHOTO ITOJIs, CKIHUCHHO-CJICMEHTHHI aHaJIi3.

Beryn. Po3BHTOK enekTpoeHepreTHKH Oe3rnocepeqHbO MOB'S3aHUM 3 YIOCKOHAICHHSIM TMPHCTPOIB
riepeadi eNeKTPOeHeprii Ha BenuKi BigcTaHi. Jlo mpUCTpOIB TpaHCTIOPTYBaHHS €IEKTPUYHOI €HepTii BigHO-
CATHCS KaOECIbHI JIiHII Ta TMOBITPSHI JiHII eleKTpornepenadi BUCOKoi Hanpyru. KabemsHi Mepexi Ha OCHOBI
Ka0eJiB 3 130JIAII€0 31 3MIUTOTO MOJIIETHIICHY MOBHOK0 MIpOIO BiJIIOBIAal0Th CyYaCHHM BHMOTaM MO0 Ha-
nittHocTi [1]. Taki kabemi MOXYTh MPOKIAATHACS PI3HUMHU CIIOCOOaMH, B TOMY YHCII B 3eMJIi Oe3 TpaHIei y
BEJIMKMX MICTax 1 IPOMUCIIOBUX IIEHTPaxX 3 JOJATKOBUMHU 3ac00aMH 3HMKEHHS CTBOPIOBAHOTO HUMM MAarHiT-
HOTO TOJISI UIsl TOTO, 100 3a0€3NeUnTH 3aXUCT HABKOJHUIITHHOTO CEPEIOBHINA Ta 33JJOBOJBHUTH CYYaCHUM
BHUCOKHM BHMOTaM €KOJIOT14HOT OE3MeKH.

Sk 3aco0M 3aXUCTy Bil BUCOKOT'O PiBHS MarHiTHOTO IOJIS IPOMHCIIOBOI YaCTOTH, CTBOPIOBAHOTO Ka-
OCTLHUMU JTIIHISIMH, 3aCTOCOBYIOTBCSI MarHiTHI Ta €JIEKTPOMArHiTHI ekpanu [2—4]. YV pobori [5] mocmimky-
IOThCSI BUMAJK BUKOPUCTAaHHs TOHKUX 1 00'€eMHUX €KpaHiB, BAKOHAHUX 3 MarHITHOTO KOMMO3HULIHHOTO Ma-
Tepiany.

OcHOBHA MeTa €KpaHyBaHHS CHJIOBHX KaOeJiB — JOCATHEHHS OE3IEeYHOTO PIBHS MAarHITHOTO ITOJIS
BIZIMIOBIIHO JI0 IilOYHMX CaHITAPHUX HOPM 1 IpaBMII eleKTpoMarHiTHoi Oesrneku [6, 7]. EkpanyBaHHs KaOelb-
HUX JIHIH MOXe 3I1MCHIOBATHCS Ha TIEBHUX AUISHKAaX iXHHOTO MPOKIAaHHS y 3B'SI3Ky, HAallpUKIal, 3 mepe-
THHAHHSAM 3 KOMYHIKAIiIMA a00 PO3TaITIyBaHHSIM MTOOJN3Y TYCTOHACEIICHUX ITYHKTIB.

MeTo0M IOCHIKSHHST MarHiTHOTO TOJIs KaOeNbHUX JIiHIH, 10 IIUPOKO BUKOPUCTOBYETHCS, € KOM-
n'roTepHe MoJientoBaHHs. [Ipy bOMy B OUIBIIOCTI BUMAIKiB BUKOHYETHCS IBOBUMIPHE YHCEIIbHE MOJICTIOBAH-
HS B IPUIYIICHHI, 10 JIiHis i MarHiTHI €KpaHH, SKi 3aCTOCOBYIOThCS 33 I 3HWKEHHSI MarHiTHOTO TIOJIS Ha T0-
BEPXHI 3eMJIi, € HECKIHUCHHO TPOTSHKHUMHE, & YMOBH IXHBOTO MPOKIIATaHHS HE3MIHHI 3a TOBXHHOIO [3-5, 8, 9].

VY poGoTi BUBUAIOTHCS OCOOIMBOCTI €KPaHyBaHHS IOJS MarHiTHUMHU €KpaHaMU KiHIIEBOI TOBKUHH.
BukoHy€eTbCs YnceNnbHUAN pPO3PaxyHOK TPUBUMIPHOTO MarHiTHOTO TOJIS IMia3eMHOI Tpuda3Hoi kabenbHOT Ji-
Hii 32 HasBHOCTI MarHiTHOTO €KpaHa 3 METOIO0 BHUSBIICHHS BIUIMBY HOTO po3MipiB Ha €(EKTHBHICTH CKPaAHY-
BaHHS. SIK MarHiTHI €KpaHU PO3TISIAIOTHCS SIEMEHTH KOHCTPYKIIT KabenbHOi JiHii, BUKOHAHI, Ha BiIMiHY
BiJl TPaaULiHHOTO BUKOHAHHS, 3 KOMIIO3UIIMHOTO MaTepially 3 MarHiTHUMH BIACTHBOCTSAMH. 30Kpema, J0-
CIIKYETHCS. BUKOPUCTAHHS 3aCHITHOTO TPYHTY 3 MarHiTHuMu Biaactusoctsamu (3MI), sikuii oxorutoe kade-
JIbHY JIIHIIO Ha MEBHIHM MUISHII 11 JOBXXWHY 1 MICTUTh MarHiTHI YacTKH, a TAKOX HACHITHOTO IPYHTY 3 MarHiT-
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aumu BiactuocTasMd (HMI) Ha nmeBHil IinsHIi, po3TanioBaHiil Ha 3a1aHiil BUCOTI Hax Kabensamu (TIPOLTIoc-
TPOBAHO JlaJi Ha puc. 1, a, 6).

Memor pobomu € KUTbKICHE JOCIHIHKCHHS ¢(EKTUBHOCTI 3HW)KCHHS MArHiTHOTO TOJs KaOeabHOI
TiHIT Ha TTOBEPXHI 3eMJIi 3aJIeKHO BiJl MATHITHUX BIIACTUBOCTEH Ta r€OMETPHYHUX PO3MIpIB MarHITHUX €Kpa-
HIB KiHIIEBO1 JOBXHHH, SKi BUKOHAHO 3 KOMITO3UIIIHHOTO MaTepially 1 € 0OJHOYACHO eJIeMEHTaMU KOHCTPYKIIil
TaKol JIiHIi, a caMe, 3aCUITHUM 1 HACUITHUM IPYHTOM.

JocaimkeHast B poOOTi MPOBOAUTHCS 3a JOMOMOTOI0 KOMIT'FOTEPHOTO MOJICIIOBAHHS HAa OCHOBI Ma-
TEMaTUYHOI MOJIENi BiTHOCHO CKaJsIPHOTO0 MArHiTHOTO MOTEHIiay. AHAJOTIYHUHN MiAXiT A0 MOJCTIOBAHHS
MarHiTHUX CHUCTEM MpeacTaBieHo y poboti [10]. Bimomi Takox MOJeIi MarHiTHUX MPUCTPOIB 31 CTPYMOM Y
PO3PaxyHKOBUX 00JIACTSIX, 3 BAKOPUCTAHHSAM CKaJsIpHOTO moTeHmiany [11, 12].

MartemMaTH4HAa MO/eJIb PO3PAXYHKY TPUBHMIPHOT0 MarHiTHOro moJist. [1in yac moOyoBu Moxei
Ta TMPOBEACHHS PO3PaXyHKIB MPUHAMAIINCS HACTYIHI MPHUITYIIICHHS.

1. Posrnsnanacs HaJBHCOKOBOJbTHA KaOenbHa JiHiA Hampyroro 330 kB, mpoknageHa B 3emii Ha
rmbuHi 1,5 M napanensHo moBepxHi 3eMii (puc. 1). Tpu omHOda3Hi Kabeni B JiHII po3TalIoBaHi TPUKYTHH-
KOM. Y JkmjiaX KabOesliB mpoTikae Tpruda3Ha CHCTeMa CTPYMIB, piBHOMIPHO PO3ITOAUICHUX B TIEPETHHI KU,

2. Jlonatkosuii rpyHT (3MI a6o HMI) y kaGenbHilt inii Ha neBHil i JiasHIi 10BKUHOKW 2/ BHKO-

_ |B|,Tn A40968x107

- 1 = | x107

— ] e | i 40
) i | 35
30
25

| 3acuUnHuMii IpyHT 3

— ¥ 1.605x107

Puc. 1
HAHWH 3 KOMIIO3MIIIMHOTO Matepially, 10 Ma€ MarHiTHI BIACTHUBOCTI i, BHACIIIIOK I[bOTO, BUKOHYE POJIb Mar-
HITHOT'O €KpaHa.

3. O6pana MOENb JiHii Ma€ CHMETPII0 BiTHOCHO BEPTHKAIBHOI TIOBEPXHI (puc. 1, a), 1110 Hamae 3MO-
I'y BAKOHYBATH PO3PaXyHOK I10JIs1 JIMILE B [OJOBHMHI 00/1acTi, ko gosxuaa 3MI / HMI cranoButs .

4. Po3paxoBy€ThCSI MarHiTHE T0JIe KAOEJIBHOI JIiHI1 Oe3ITocepeTHh0 Ha TTOBEPXHI 3eMIIi HaJ II€0 JIi-
Hi€ro 3 ypaxysanusm 3MI / HMI.

[TosnboBa 3amaya po3B’s3yBajiacs y TPUBUMIPHIH MOCTAHOBII BiJIHOCHO CKAJIIPHOT'O MarHiTHOT'O TO-

TeHUiany V,, gk GpyHKOii TPhOX MIPOCTOPOBUX KOOPIAMHAT 1 4acy

_v.(/’lOIur(VI/m_Hext)):O‘ (1)
J€ f{y — MAarHiTHa IOCTi}iHA; 4, — BIJAHOCHAa MAarHiTHa IPOHUKHICTH BIJIOBIIHOIO CEPEIOBUILA;
H,(x,y,t) — Hanpy>eHICTb MarHiTHOTO IOJISl, CTBOPIOBAHOT'O HECKIHUCHHO MPOTKHOIO KaOEIbHOIO JIiHi-

€10 3a BIICYyTHOCTI MarHiTHUX ekpaHiB. Lle moyie Mae nmmie ABi CKiIanoBi (JIiHIS HECKIHYEHHA B3JIOBXK KOOp-
OUHATH Z ), IKi PO3paxoBYIOTHCS 3TigHO 3 [13] y Takuii crocid

1. cos(wt)(y — ) N cos(wt+27/3)(y—-y,) N cos(wt +47/3)(y—y;) 2)
27 | (x=x)Y +(r-») (-5 +(r-») (x-x)+(-») |

Hext,x(‘x’y7t):_

I...| cos(wt)(x—x,) cos(wt +27/3)(x—x,) cos(at+4x/3)(x—x,)

,(3
28 [(x=x) +(y=2)  (=x) +(-») (x=x)" + (=) ©

H&‘(t,y(x7y’t) =

ne Imax — aMILITy1a CTpyMy B JKHJIax kabenis; @ =314 pax; x,,, v, — KOOPAUHATH KUIU 71 -TO Kaleltto.
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3a3Ha4nMo, 110 i Yac oTpuMaHHA piBHSIHHA (1) BUKOPUCTOBYBAJIOCS NPEACTAaBICHHS B yCil po3pa-

XyHKOBil 00JIaCTi HaNpy»KEeHOCTI MarHiTHOro HOJs y BUIMIAAL cymu JIBox ckmagosux: H=-VIV, +H_,,

OIHAa 3 AKX XapaKTCPU3YETHCA CKAIAPHUM MAarHiTHUM HOTCHLIia.HOM Vm 1 CTBOPIOETLCA Mar HITHUMHA 3aps-

JaMd B MarHiTHOMy eKpaHi (KOMMO3uLiiiHOMYy TIpyHTi). BiamoBimHo no Bukopucranoi Comsol moneni
(Magnetic field, no current) ckansipHHii MarHiTHUKA NOTEHLial PO3PaxOBYETHCS B YCii PO3paxyHKOBIi 001acTi.

HasBHicTh kaberniB Ta IXHe po3TallyBaHHS BPaxoBYeThCsl B piBHsHHI (1) ckiagooi marniTHoro nonst H,,, 3a

Bupaszami (2), (3). binbm neTambHO MOENb Ta ii 0COOIMBOCTI MpeIcTaBIeHo y poOoTi [14].

Komm'roTepHi po3paxyHKH BUKOHYBAJIMCS JUIsl BU3HAYEHOCTI B MOMEHT vacy ¢ = (0. Po3paxyHkoBuM
IUITXOM OYJIO BCTAHOBIIEHO, IO PO3IIOALI TIOJIst B Oe3rmocepeiHii OMIM3BKOCTI Bij IPOBIAHHUKIB 3aJI€KUTh BiJl
MOMEHTY 49acy, OOHAK y poOOTi JOCTIKYETHCS TUTBKH TI0JIE BIAIMHI BiJ IPOBITHUKIB (HA IOBEPXHI IPYHTY),
1 HOro BENMYMHA MPAKTUYHO HE 3AJICXKUTH BiJl BUOOPY PO3PAXyHKOBOTO 4acy ¢. MOXIUBHIA TAKOX albTep-

HATUBHUI BapiaHT PO3paxyHKy IOJIS Ul KOMIUIEKCHMX 3HA4€Hb MarHiTHOTO MoTeHmiamy V,, 1 mpencras-

JICHHSI TIpU 1[boMY BupasiB (2), (3) y koMIuiekcHOMY BUTIIsAL. [IpoTe 11 Takoro po3paxyHKy MOTPiOeH KOM-
n'I0Tep 3 BEJMKOIO ONEePaTUBHOIO MaM'aTTIo. Ll o0cTaBuHa € 0c00IMBO BasKIMBOIO MiJ] 4aC PO3PaXyHKY TpH-
BHAMIPHOTO TIOJIS 3 IPiIOHOIO CITKOO B 00JIACTi MATHITHOTO €KpaHa.

I'parnunnMy yMmoBaMu 3aaadi (1) Ha BCiX 30BHIMTHIX TPAHUIIX PO3PAaXyHKOBOI 00jacTi Oyiia yMoBa
MarHiTHOi 130iimii — n-B =0 (n — BeKTOp 30BHINIHBOI HOPMAJIi IO BiAIOBIIHOI TpaHUYIHOI MMOBEepXHi). Bek-
Topu HanpyxeHocTi nosst H 1 marnitHol ingykuii B 3B's3ani gopmynoro B = o, H (m1a HemarsitHux
€JIEMEHTIB PO3paxyHKoOBOi obmacti . =1).

Po3B’s3aHHs c(hOpMyITBOBAHOT 337241 POBOAMIOCS YUCETLHUM METOJIOM KIiHIEBHX CJIEMEHTIB, pea-
mizoBanuM y iporpami Comsol [15].
Y po06oTi MPOBEJCHO MEPEBIPKY BIpOTIAHOCTI MOJICIII Ha OCHOBI KOMITFOTEPHOI'O MOICITFOBAaHHSI Mar-

HITHOTO 110JIs1 BiIHOCHO BEKTOPHOTO MarHiTHOro noTeHuiany 3 komnonentamu A = (Ay,4,,4,) . Taxa e-

pudikaimis nokaszana iJCHTHYHICTh PE3yJIbTAaTiB ABOX TPUBUMIPHHX MOJEJEeH — Ha OCHOBI BEKTOPHOTO Ta
CKaJISIPHOTO MOTEHIliaTy. 3a3HAYMMO, 1110 MEPEBard BUKOPUCTAHHS CKAIIPHOTO MOTEHINIAy MarHiTHOTO TO-
7 Ha BIAMIHY BiJl BEKTOPHOTO MOTCHITIATY 3 TPhOMa CKJIAIOBUMHU BHUSBJISIOTHCS came I TPUBUMIPHHUX Ma-
THITHHX TIOJIIiB 3 BEJIUKAM OOCSTOM PO3PaxyHKIB.

OnucaHy BUILE TPUBUMIPHY MOJETH BIJIHOCHO CKAJIIPHOTO MAarHiTHOTO TOTEHIAy BUKOPHCTAHO
31 TOCTIKEHHST MarHiTHOTO IO Mia3eMHOi TpudaszHoi kabenbHOI JiHii, B AKii kabem po3TanioBaHi
TPUKYTHUKOM (TTOCTiOBHICTE (pa3 kabeniB — ABC) i mpokIazeHi mapaieabHO MOBEepXHi 3emiti. Bim3Haunmo
TaKOX, [0 JIOJJATKOBUI KOMITO3UIIIHHUM IPYHT Ma€e e()eKTUBHY MarHiTHY MMPOHUKHICTh, & HOTO €JICKTPOIPO-
BiJTHICTh HE BPaXxOBYEThCs (NepedavacThesl PiBHOIO HYITIO).

Pe3yjabTaTH KOMII'IOTEPHOT0 MOJEJTIOBAHHS. XapaKTEPUCTUKN KaOeiB Y PO3TIAHYTIH KaOeIbHii
ninii Ha Hanpyry 330 kB Haseneno y [16]. Amowminieni xum kabenis MaroTh nepetun 800 mym”. HomiHais-
HUH cTpyM JiHii — 630 A.

Jani npeacTaBlieHO pe3yJIbTaTH PO3PaXyHKY MArHITHOTO TOJIsl HA MOBEPXHI 3eMii 0e3rmocepeHbo
Hajl KabeJIbHOIO JIHIE IS ABOX BapiaHTiB: 1) 3aCHIHMI IPYHT Ha HiISHII joBxuHOK 2/ (! — momoBuHa
JIOBKMHH €KpaHa) Ma€ MarHiTHI BIACTUBOCTI; 2) HACHITHUHN IPYHT Ha TaKil MIJISHII Ma€ MarHiTHI BIIACTHBOC-
Ti. B 000X BHITa[Kax MarHiTHI BIAaCTHBOCTI BU3HAYAIOTHCS €(EKTHBHOIO MArHITHOO HPOHUKHICTIO Lipfy .

[Tix gac po3paxyHKy IMOJIsi BApilOIOTHCS MOMEPEYHi Ta MO30BXKHI pO3MIpH MarHiTHOTO CEPeIOBHIIA,
3a[lOBHEHOTO TPYHTOM, & TaKOXX 3HAUCHHS HOTO MPOHUKHOCTI Heff - AHani3 po3paxyHKOBUX PE3yJbTaTiB

CIPSMOBAHO Ha BUSBJIICHHS BILUIMBY PO3MIpiB 1 BIACTUBOCTEH TaKOTO MAarHITHOTO €KpaHa Ha e(eKTUBHICTh
eKpaHyBaHHS MarHITHOTO TOJIsI, OOYMOBIIEHY CTyIE€HEM 3MEHIICHHS MAarHiTHOTO ITOJIsI Ha TIOBEPXHI 3eMIIi
Oe3nocepeIHbO HaJl KaOeIbHOO JIIHIEH0.

1. Kabenvha ninisi i3 3aCunium IpyHmoM, wo Mae masHimui enacmugocmi. Po3paxyHKOBY MOJIEIb
mia3eMHOI KabenbHOI JIiHiT 13 3aCUITHUM TPYHTOM Ta il OCHOBHI po3MipH MmokaszaHo Ha puc. 1, a. KaptuHa Ha
puc. 1, 6 BigoOpakae B KOJIBOP1 po3moin MarHiTHOI iHAYKWii | B| Ha moBepxHi 3eMimi Oe3mocepenHbO Hal
JIHIEI 3a HAIIBJIOBXWHY 3acUmiaHHs /=4 M, mupuHi a=1 M, Bucoti #=0,7 M i MarHiTHii TPOHUKHOCTI 3aCH-
TTHOTO TPYHTY [ofy =100. IToka3aHo, 1110 MarHiTHa IHAYKIIisS HA MIOBEPXHI 3€MJT1 HaJ[ 3aCUITKOIO 3 MarHITHUMU

BJIACTUBOCTAMU 3MCHIIYETHCA B KiJIbKa pa3iB. KinpkicHe 3MiHEHHS LObOTr'0 MOJIA 3a MO340BKHBOIO KOOpAHUHA-
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TOI Z JJIsl Pi3HUX 3HAUYCHD Hefy =1-1000 moxasano Ha puc. 2, ne npsima ninist Ha piBHi 4,3 MKTn Bignosi-

Jla€ MaKCUMAIIbHOMY 3HaY€HHIO TIOJIsl Oe3MocepeIHh0 Hall IEHTPOM KabeliB y3oBx oci Oz i piBHIO MarHit-
HOTO TIOJIA Ha Takii HeHTpaibHii ninii 6e3 Bpaxysanus HMI. 3nauenns 4,3 MkTn He € HaHOLIBIIMM 3HA-
YeHHSIM Ha BCii MOBEpXHI 3eMJIi A1 00paHuX CTpyMiB y Kabemnsax, a MakcuManbHe 3HaueHHs 4,8 MxTa pea-
T3y€eThCs HA PiBHI 3eMJIi B 00J1aCTi, TPOXH 3MIIIECHIN Bij
LEHTPAIBHOI NPSIMOI B3I0BXK KOOPJIWHATH Z.

Hani  pwuc. 2 MOKa3yloTh  HACTYIIHE:
1) 3acTocyBaHHs MarHiTHOTO €KpaHa Yy BUIJISII 3acCHII-
HOTO IPYHTY Ja€ 3MOTY 3HU3HTH MarHiTHE II0JIe HA II0-
BepxHi 3emuti o 1,2 mMxTn 3a Heff =100; 2) moBxuHa

x100 | B |, Tm

/ Kpaepas 30Ha

KpailoBO1 30HH, Ji¢ MarHiTHE IOJIe 3POCTa€ Bij MiHIMa- ”

JHHOTO 3HAYEHHs A0 3HA4YeHHs MMojisl 0e3 eKpaHiB, cTa- & —var
HOBUTH NpUOIM3HO b =2 M (KpaiioBa 30Ha MoKa3aHa Ha 2 [=4m

puc. 2 3ariHeHHsAM). JIOBXKHMHA I1i€1 30HU 3aJIC)KUThH Bij a_= 1M
IIUOMHU PO3TallyBaHHs KaOeniB y 3emui (y po3paxyH- /b 1000 h=0,7Tm

Kax mpuiiManiacs (ikcoBana rmuOomHa H =1,5 M). Sk -

MOKa3yIOTh PO3pPaxyHKH, JOBXHHA KpailoBoi 30HM -4 2 0 2 4 z,M
b= H . Ha puc. 2 Takox BifjoOpa)keHO B KiJIbKICHOMY Puc. 2

BiZJHOILIEHHI 3011bLIeHHS] e()EeKTUBHOCTI €KpaHyBaHHS i3
3POCTAHHAM Lo ML

BruiuB 10BKMHM 30HHM 3 MarHiTHUM 3aCHITHAM TPYHTOM (/ — var) Ha e(eKTHUBHICTh €KpaHyBaHHS
imrocTpyeTbes Ha puc. 3. Ha rpadiky nmpoBeaeHO MTPUX-IyHKTHPHY JiHIiIO Hefr =1, o BIJMOBiZa€ MarHiT-

HOMY ITOJTIO B 00JIACTi 3a BIACYTHOCTI MarHiTHOI 3aCHIKH. SIK BUIHO, y 3a3HAUYCHOMY JIiala30Hi 3MiHEHHS [ =
08 M 3i 30LIbIIEHHAM JIOBXHHH 3aCUIIKK PiBEHb MOJs Ha moBepxHi 3emuri Hag 3MI 3MeHIIyeThest 31 3HA-
yenHs 4,8 mxTn no ~1,0 MxTo.

Sk BumHO 3 pHC. 2 1 3, 3MiHEHHS MO 3a IMO3I0BXHLOI0 KOOPAMHATOIO z HE A0cATae 3Ha4YeHHS 4,8
MKTI, 100 BiANOBiza€ BiACyTHOCTI MarHiTHOro ekpana. Oco0aMBO Lie MPOSBIAETLCS 3a JoBKUEU 3MI Bix 4
M i Tpoxu Buie. [Ipote mis HeBenukoi goBxunu / = 0,25—1 M cnocTepiraerbest HaOIMKEHHST KPUBHX 10 4,8
MKTa 3a mexxamu 3acunHOro IpyHTY (pHc. 3). Lle mae 3Mory cTBepKyBaTH, IO caMe OOMEXEHHH pO3Mip
PO3paxyHKOBOI 00JIACTi 32 MO30BKHBOI0 KOOPAMHATOIO MPHU3BOIUTE JI0 TPOXH 3aHIKEHOTO 3HAYEHHS ITOJIS
Ha MOro rpaHMIIi.

3a3HauMMO TaKOXK, IO JaHi puc. 2 Ta 3 MOKa3yIOTh 3MEHIICHHS 3HAYCHHS ITOJISl B 30HI Iepel Kpaem
eKpaHa I TesKuX BUmankiB — [ = 4-8 m. Takwuit edekr BiacyTHiH 3a moBxkuHI ekpaHa [=0,2—1 M, Koau pi3Kko
3pOCTa€ BIUIMB TOJIS CTPYMIB Ha TUISHIN 3 000X OOKIB BiJi KOPOTKHX €KPaHiB i y MEHIIOMY CTYIIEHI MPOsB-
JSIETHCS KpailoBuil ehexT.

XapakTep 3MiHEHHs] MAarHITHOI iHIYKII1 B IEHTPalbHii To4Ili / Ha OBepXHi 3eMii (auB. puc. 1, 6)
3aJIe)KHO BiJl TIO3JJOBXXHBOTO PO3Mipy 00JacTi i3 3acHITKOI0 /, BimoOpaxkeHo Ha puc. 4. Sk BuaHO, epekTuBHE
MarHiTHe eKpaHyBaHHs MOJIs B 0OpaHiil IOKabHiM ToYIl Bi0YBAETHCS BXKE 32 MO3I0BKHLOTO po3Mipy 3MI
2] =2 m. V pasi nopanbmioro 36iabieHHsT po3Mipy 2/ eheKTHBHICTH €KpaHyBaHHsI [OJIS i IBUILY€THCS HE-
3HAa4YHO, X04a MPH LILOMY 3HaYHO 3pOCTAIOTh BUTPATH MarHiTHOTO MaTepiany.

6B, T x10° |B|, Tn
x10 . : . ; ; 5
;uejf' =
= S L LS S ol S S ) 1 —var
[=0,25Mm 4 Hefr =100
4
a=1wm
3 h=0,7m
3
[ —var
2 T™ | Her —100 2
h=0"7m
1 a=1wm 1 —
-4 -2 0 2 4 zZ,M 0 2 4 6 8 I m 10
Puc. 3 Puc. 4
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Le#t pe3ynbTar € OCHOBOIO HMPAKTHYHOI pEeKOMEHAALIl — 32 HEOOXiJHOCTI 3MEHLIEHHS! MarHiTHOTO
noJ1st KabenbHOT JIiHIT B esIKii JIOKalIbHIM 00JacTi Ha MOBEPXHi 3eMili Oe3nocepeIHbO Hall KabeIsiMU 3acuIl-
HUH IPYHT MOBHHEH MaTH MarHiTHI BIACTUBOCTI Ha JUISHII TOBKUHOIO NPUOIH3HO 2 M a00 JOBXKHUHOIO, PiB-
HOKO ~ H — rnmuOuHI MpoKIagaHHs KaOeliB.

BIuiiB nonepeuHnx reOMeTpUYHUX po3mipiB 4 ta @ 3MI Ha epeKTHBHICTH 3HMKEHHS MATHITHOTO
TIOJIsl Ha TIOBEPXHi 3€MITi TTOKa3aHo Ha pHC. 5, a Ta 6, BignoBinHo. HaBeneHe ciMeliCTBO KpUBUX CBiTYHTH, IO
y pasi 3MiHEHHS BHCOTH 3aCHITHOT'O IPYHTY B 3a3HaueHUX Mexax 0,5—1,2 M, 1oye Ha TOBEpXHi 3eMJTi 3MiHIO-
€ThCs HE TaK 3HAYHO, K y pa3i Bapiroanns mupuru 3MI. B 0cTaHHEOMY BHIAIKy MOKIIMBE 3HHKEHHS 10~
7151 Haz 3MI GitbIn HiX y 2 pasu 3a pO3LUIMPEHHS 00JACTI JOAaTKOBOrO 3acumanus Bix 0,25 10 2 M.

2. Kabenvna ninia 3 Hacunuum IpyHmom 3 MazHimuumuy enacmueocmamy. Y TPOBEAECHUX PO3paxyH-
kax nepenbavanocs, mo HMI posramoBanuii Haj kaGensmu Ha BucoTi 10 cm. Pesynbrati po3paxyHKiB Ma-
THITHOTO MOJISA ISt pi3HUX po3mipi o6macti 3 HMI 3a pi3HUX 3HAYEHHSX HOTO MAarHiTHOI IIPOHUKHOCTI Hefy
MOKa3aHo Ha puc. 6-9.

3MiHEeHHS MarHiTHOTO moiisi | B| 3a koopauHaTOIO z Ha MOBEpXHI 3eMili HaJ KaOENIbHO JHIEI0 3
HMI, mo xapakTepu3yeThes Uefr =10+1000, HaBeseHo Ha puc. 6. 3 MOPiBHSHHS 3HAYEHD IO Ha ITOBEPXHI
3eMUIi, TIOKa3aHUX Ha puc. 2 Ta 6, BUAHO, IO TAKUH THUIT MarHITHOTO €KpaHa XapaKTepU3y€eThCsl OLIbIIe HU3b-
kot edexruBHicTIO, HiX BuKopucTanus 3MI. Kpim Toro, y pasi Bukopuctanus HMI mae micie KpaiioBuii
e(eKT, 10 MPOSABIAETECSA B HEMOHOTOHHOMY 3MiHEHHI MO B KiHIIEBil 30HI. EQeKTUBHICTh eKpaHyBaHHS
NPAKTHYHO OHAKOBA 32 Meff =100 i 1000, mo nae 3MOry peKOMEHIYBaTH AJISl MPAKTUYHOTO BUKOPUCTAHHS

IPYHT 3 MarHiTHUMH BJIaCTUBOCTSIMH B MeXax Hefr =50-100.

XapakTep 3MiHEHHS Halpy>KEHOCTI MarHiTHOTro noJjst | B| Ha moBepxHi 3emii HaJ KabeIsiMu B3IIOBK

KOOpAMHATU Z 3a pi3Hoi nosxkunu HMI /=2, 4, 8 M mokaszano Ha puc. 7. Sk BUIHO, MOJIE YepE3 TIPOSB Kpa-
HoBoro e(heKTy € HEMOHOTOHHUM, IPUIOMY "KOJIMBaJbHHIA" XapakTep 3MiHEHHS MarHiTHOTO TTOJISI OCOOJIMBO

x10¢ B[, Tn | x10® |B |, T

3
a —var
Hefr =100
2 [=4wm
h=0,7m
,-v"-?“
1 2M
-4 -2 0 2 4 z,M
a 7]
Puc. 5
x10¢ B |, T _ . - <106 /B, T
[ —var
4.2 Her =100 -~
h=0,7 o
j— = b M f’
I =2M a=1wm /a

-4 -2 0 2 4 Z,M
Puc. 6
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NPOSBISIETHCA Y pasi HeBenukoi qoBxkuni HMI /.

Ha puc. 8 moka3aHo 3MiHEHHS Ha MMOBEPXHI 3eMJIi HaJ KaOEeNbHOIO JIiHI€I0 MarHiTHOTO TIOJISA 33 Ha-
IPSAMKOM TI03/I0BKHBOT KOOPAMHATH z 3a Pi3HHMX 3Ha4eHb BucoTH mapy HMI 4. Jlani puc. 8 mokasyrors,
10 y BUNaaKy Outbin Tonkoro mapy HMI (A = 0,1 M) 3ailicHIoeTbCs Gibln eeKTHBHE €KpaHyBaHHs, IO
Jla€ 3MOTY 3HHM3UTH TI0JI€ HaJ HacMIKoIo B 4,8/2,5=1,9 pasis. 3a Bemukoi Bucotn HMI 4=1 M none B kpaiio-
BUX 30HaX JIocsirae OiIbIINX 3HAYCHb, IO CBIUYUTH PO Hee(DEKTUBHICTH MArHITHOTO €KpaHa i3 3a3HavyeHU-
MU TapaMeTpamu. /s MosCHeHHs LbOTO Bi3HAYMMO, 1110 MarHiTHE M0JIe Ha MOBEPXHi 3eMili B 001acTi po3-
tamryBanHs HMI GopmyeTses mig gicro cTpyMiB Ha AUISHIN JTiHII, po3TalIoBaHii 0e3M0CepPeaHbO i eKpa-
HOM (ITO3HAYMMO Le moJie K Bj(x,y,z)), 1 Bil CTpyMiB Ha ABOX MPHISATAIOYHUX TUISHKAX, PO3TALIOBAHHX 3

000X cTOpiH Bix ekpana (mone By(x,y,z)) — OposB TPUBUMIPHOTro xapakTepy nois. HasBHicTh expaHa npu-
3BOJUTH /10 3HIKEHHA mouist Bj(x,y,z) Ha MOBEpXHi 3eMii Oe3nocepesHbo HaJ eKpaHoM Houis i 10 301b-
mieHHs nona By (x, y,z). Came 31 30iIbIIeHHAM o1 By TOB'Ai3aHe 3HaYHE TOJIE 33 BEJIMKOI BUCOTH MarHi-

THOTO MaTepiayrly /, 10 HaONMKAETHCSA IO TIOBEPXHi IPYHTY. /leTanbHe MOSCHEHHS BHCOKOI €(eKTUBHOCTI
€KpaHyBaHHS MAarHiTHOTO T10J1s TpUdaszHoi KabeabHOT JiHiT 3a JonoMOror He3HayHoi Bucotd HMI mpejcra-
BJIEHO y po0oTi [14].

x10¢ B |, Tn x10 [B |, T

2M

o e s e o

3M

Puc. 8 Puc. 9

Puc. 9 imoctpye MarnitHe nosie |B| Ha moBepxHi 3eMyi Haja KaOEIbHOMO JIIHIEK y pa3i 3MiHEHHS

wuprnar @ HMI. Buaso, mo mmpuna obnacti HMI ictoTHO BrumBae Ha epeKTHBHICTH ekpaHyBaHHs. s
PO3TISHYTOTO BUMAAKY IOJIEe 3MEHIITYETHCS PUOIIM3HO B 5 pa3iB y pasi 30inbineHHs a Big 1 10 3 m.
BucHoBku. Y po00Ti BUKOHAHO YHCEIEHUNA PO3PaXyHOK TPUBUMIPHOTO MAarHITHOTO ITOJISI iA3eMHOT
Ka0eJbHOT JIiHIT 3 MarHiTHUMH €KpaHaMHu KiHIIEBOT JIOBXKWHH, 10 BAKOPUCTOBYIOThCS 33 11 3MEHILICHHS PiB-
HS TIOJIs1 HA MOBepXHi 3eMiti. EkpanaMu € HaCUITHUIA 1 3aCHIHUIN TPYHT, 110 MICTUTh MarHiTHI YacCTKH 1 BHa-
CJIIJIOK IIBOTO Ma€e e(PeKTHBHI MarHiTHI BIACTUBOCTI ( Heff =1+1000). HocnimkeHo epeKTHBHICTb BUKOPHUC-

TaHHS TaKOTO TUITYy €KpaHiB /Il kabenpHoi JiHii Hanpyroro 330 kB 3anexHO Bix TeOMETPHIHUX PO3MIpIB Ta
e(eKTUBHOI MAarHITHOT IPOHUKHOCTI [y CKPAHIB.

[Nokazano, 1m0 3aCTOCYBaHHS 3aCHITHOTO TPYHTY 3 MarHITHUMH BJIACTUBOCTSIMH J]A€ 3MOTY OTPUMATH
N'SITUKpaTHE 3HWKEHHS] MarHiTHOTO TOJIS Ha MOBEPXHi 3eMili. Takuil THIT ekpaHa € OibIl epeKTUBHUM, HiX
€KpaH y BUIVISAAI HACHUITHOTO IPYHTY 3 MAarHiTHUMH BIAacTHUBOCTSIMHU. OOIpYHTOBAaHO BHCHOBOK MPO TE, IO
JUIs €DeKTUBHOTO 3HIDKCHHS MAarHiTHOTO ITOJIS Ha IMMOBEPXHI 3eMJIi B JJOKAIBHIN 00J1aCTi TOBKMHA MarHiTHO-
ro eKpaHa MOBMHHA CTAHOBUTHU HE MEHIII TIMOMHU NIPOKJIaIaHHs KabemiB (puc. 4).

Komm'toTepHi po3paxyHKH CBiT4aTh MPO HEMOHOTOHHHUI XapakTep 3MiHEHHS MATHITHOTO IMOJS Ha
MMOBEPXHI 3eMJIi HaJ KpalOBMMH 30HAMH MAarHiTHOTO €KpaHa, IO OOYMOBJIEHO CTpyMaMH, SIKi IPOTIKAIOTh
yAaHHI BiJ eKpaHa, i XapaKTepHO Ul TPUBUMIPHOTO MarHiTHOro noJjs. [1o3moBxkHil po3mip KpailoBuX 30H
CKJIaJa€ MOPAAKY MTMOWHY MPOKIaJaHHs KabemiB.
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THE REDUCTION OF MAGNETIC FIELD OF UNDERGROUND CABLE LINE IN ESSENTIAL AREAS BY
MEANS OF FINITE-LENGTH COMPOSITE MAGNETIC SHIELDS

A.A. Shcherba, A.D. Podoltsev, .M. Kucheriava

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: podol@ied.org.ua

In the article, the numerical calculation and analysis of three-dimensional magnetic field of underground power cable
line with finite-length magnetic shields used to reduce the level of this field on the ground are carried out. Both fill-up
soil and filling soil containing magnetic particles and then having effective magnetic properties ( Heff =1+1000) are

proposed to used as magnetic shields. The shielding efficiency is studied for underground 330 kV cable line depending
on the dimensions and effective magnetic permeability ( Heff ) of the shields. As shown, the use of filling soil with mag-
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netic properties gives a possibility to reduce the field on the ground five times. This type of shielding is more efficient as
compared to magnetic fill-up soil. The computed results reveal the non-monotonic variation of magnetic field on the
ground above the soil edge zones. The longitudinal size of these zones is in the order of the depth of the cables. Refer-
ences 16, figures 9.

Keywords: underground cable line, three-dimensional magnetic field, magnetic shield, composite material with
magnetic properties, magnetic field reduction, finite-element analysis.
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A speed observer for field-oriented controlled induction drives is presented. The proposed solution exploits the concept
of the classic full-order flux observer which is adaptive to the rotor resistance variations. Due to the structural similar-
ity of the rotor speed and active rotor resistance in motor model, the speed observer can be designed using similar
structure. The observer guarantees local asymptotic estimation of the rotor fluxes, stator currents and rotor speed in all
operating conditions, excluding DC stator excitation. The stability properties of the observer are studied using Lyapun-
ov’s second method. It is experimentally shown that the observer provides an acceptable dynamics of the speed estima-
tion if speed is slowly varying. The proposed observer is suitable for the applications with medium requirements for
speed regulation performance. References 13, figures 5, table 1.
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Introduction. Vector controlled induction motors (IM) are irreplaceable in industry, transport, urban
engineering, et al. Standard field-oriented control-based drives require information about motor parameters,
stator currents and rotor angular speed or/and position. Presence of the mechanical coordinates sensors leads
to reliability deterioration and increase of the drive cost [1].

Even though presence of speed/position sensor is inevitable for high precision, low speed or posi-
tion-controlled drives, there are some applications, which do not require operation at extremely low speeds
or require operation in hostile environment, where sensorless field-oriented controlled IMs are beneficial [1],
[2]. For such medium applications, the sensorless drives are de-facto established the industrial standard.

The basic idea for sensorless control realization is to design a speed observer first, and use the esti-
mated value of speed instead of the real one in standard field-oriented control algorithms. The first solutions
were based on Matsuse’s speed observer [3], [4]. In [3] the authors design a full-order flux observer adaptive
with respect to rotor resistance variations. The similar structure of observer is used for adaptive speed esti-
mation in [4], [5]. A Kalman filter is added in [5] to improve the performance of the speed estimation. How-
ever, no rigorous stability proof was given in [3] — [5]. Speed estimation algorithms [4], [5] are based on
simplified Lyapunov’s analysis and hyper-stability approach. Adaptive with respect to rotor resistance varia-
tions observer [6] has similar structure to [3] however the feedback signals has been theoretically justified
leading to local asymptotic stability if motor torque or flux vector modulus are non-zero. The similar ap-
proach has been used in [7] where the stator resistance estimation law is added. Alternative approach, pro-
posed in [8], is based on the rotor flux derivative estimation and subsequent filtered integration to get the
flux information. Special integrator structure has been considered to overcome the well-known drift problem.

The first theoretically proven solution of the speed sensorless control problem of induction motors is
given in [9], [10]. Speed sensorless controllers guarantee the local exponential tracking of smooth speed-flux
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references and constant load torque rejection together with asymptotic field orientation. High-gain approach
is used in [11] to achieve the speed sensorless control objectives.

The intensive overview shows that the majority of technically oriented speed sensorless control algo-
rithms demonstrate the performances suitable for wide spectrum of technological applications even if they do
not have a rigorous stability proof. Nevertheless strong stability properties of the speed estimation are re-
quired to apply a nonlinear separation principle for design of sensorless speed control systems.

The aim of this work is to design and verify a speed observer for sensorless speed control of induc-
tion motors drives that guarantees a local exponential stability and suitable for medium performance drives
applications. The proposed solution is based on general structure of the adaptive observer considered in [6].

Model of induction motor and control problem statement. Under the assumptions of linear mag-
netic circuits and balanced operating conditions the equivalent two-phase model of the symmetrical IM, rep-
resented in the fixed stator reference frame (a-b) [12], is:
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where  is the rotor speed; (i,,.1, ), (W,,,W,,) denote stator current and stator flux vectors; (u,,,u,, ) is the

control vector. Subscripts ‘a’ and ‘b’ stand for vector components in the (a-b) reference frame; T, is the load

torque. Positive constants related to the IM electrical and mechanical parameters are defined as follows:
a=R,/L,; B=L,/oL,; v,=Rc" +a(l+L B); o=L, - /L,; p =3L,/2L,,

where L _ is the magnetizing inductance; R, L, are stator resistance and inductance; R,, L, are rotor resis-

tance and inductance; J is the total rotor inertia. One pole pair is assumed without loss of generality.

Let us consider the IM model (1) and assume that:

A.1. The stator currents are available from measurements.

A.2. All model parameters are exactly known and constant.

A.3. The speed ® is unknown and constant or slowly changing, i.e. ® = 0.

Under these assumptions, it is required to design an adaptive asymptotic observer satisfying the fol-
lowing control objectives:

CO.1. Local asymptotic estimation of currents and fluxes, i.e.:

}l_{g(la’lbﬂ\i]a"‘vb)zoﬂ (2)
where i, =i, —1,,, i, =1, =1, ¥, =V, =V, ¥, =Vy;, —y,, denote estimation errors; (llaallba\Vlaa\Vlb)

are estimates of (i,,,i,,, V.,V )-

CO.2. Local asymptotic speed estimation, i.e.:
lime, =0, 3)

t—ow
where e, =©—®, ® is speed estimate.
Observer design. The proposed speed observer has structure of full-order current-flux observer [6]

with known resistances, and unknown speed. It is based on the dynamics of electric subsystem only; there-
fore, it is a reduced-order solution with respect to the full IM model. The observer equations are the:
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where (k,,k,)>0 are the observer tuning gains.
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From (1), (4), the estimation error dynamics is given by:
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In order to analyze the stability properties of proposed observer (4), the following candidate Lyapun-
ov function is defined:

_1 T2, T2 1 1,
V—E(la+1b +;(\Vla+\vlb)+_em >0, (6)

2 ®

where y_ >0 is constant tuning gain.

Taking into account that ®=m—e¢_, the time derivative of (6) along the trajectories of (5) is:
V=—k, (i +i7 )+ ((—ib +07y, )fa + (ia o', )Tb + y;lém)em +07 (<0, + 1, )0 (7)
From (7) the estimation algorithm is expressed as:
&0 =1 (<ho + 070 )1+ (fu 070 )1 ) ()
leading to derivative of Lyapunov function:

V=—k, (2 +5 )+ o (<i,0, + 1,0, ), 9)
Considering that the terms fb\]}laew and ;a\pn)% in the vicinity of equilibrium point are negligibly
small, equation (9) becomes:
V =k, (i +i)<0. (10)
From (6), (10), it follows that (ia,ib,qfla,\ﬂlb,em) are bounded V t>0. From (5), (8) it goes that

(i,a,i,b,wa,\ub,oa,ila,ilb,\ua,q}b,ém) are bounded too, and (ila,ilb,\ula,q}lb,em) are uniformly continuous.

Since V(t)<V(0) / k,, then 1,1, are square integrable signals and, therefore, according to Barbalat’s
lemma [13], it results that lim(ia ,ib) =0.
t—o0
Complete equations of estimation error dynamics are given by (5), (8), and the speed estimation law is:
b=-¢, =Y, ((_ilb + G_I\T/u) )Ia + (ila - G_I\Tfla )Ib) . (11)
~ ~\T
Partially linearized system (5), (8) with neglected quadratic components (emib,emia) in (5) can be

represented in the following standard form:

Z=-TW'(1)i,
where iz(fa,fb)T, iz(\]}la,ﬁ/lb,em)T, A:|:_(1;1 __Ej, I =diag(k,.k,.v, ),
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System (12) has standard form considered in persistency of excitation lemma [13]. Since A is Hur-
witz, W(t),W(t) are bounded and if positive constant T exist, so that the conditions of persistency of exci-

tation
t+T

W' (1)W(1)dt>0 (13)
are met V t>0, then (i,i)zﬂ is globally exponentially stable equilibrium point for partially linearized

system (12) and therefore system (5), (8) is locally exponentially stable.
For the use of the observer (4), (11) as part of the control systems, it is beneficial to made one modi-
fication to compensate for the derivative of reference speed trajectory, such that (11) becomes

6‘) = Ym ((_’i\lb + cs71“’[!113 );a +(’i\1a - Gil\i\lla )Ib ) + CO*? (14)
where & is the first derivative of speed reference ® .
Simulation and experimental study. Proposed observer has been tested in an open-loop operation
in which the observer has no influence on control algorithm. The indirect field-oriented speed controller
based on speed measurement, which was applied to a motor in this study, is given in [12].

Experimental set-up. The proposed adaptive speed observer (4), (11) has been tested by means of
simulations and experiments using a 0.75-kW induction motor whose rated data are reported in Table.

Parameter Value Parameter Value | Parameter | Value
Rated power P, , kW 0.75 | Stator resistance R,;, Ohm 11 fa,s’ 5.9
Rated torque T, , Nm 2.5 |Rotor resistance R, , Ohm 58 |[p,H' 12.2
Total rotor inertia J , kgm2 0.003 | Stator inductance L,, H 095 |7, st 206
Pole pairs number p, 1 Rotor inductance L, , H 095 |oc,H 0.08
Viscous friction coefficient v, Nm/(rad/s) | 0.0015 | Magnetizing inductance L_, H| 0.91 | i, (kem®)™" | 400

The experiments are carried out using the Rapid Prototyping Station (RPS) shown in Fig. 1. The RPS
includes: IM and a loading DC motor which operates in a torque control mode; three-phase PWM controlled
inverter, operated at 10 kHz switching frequency; DSP TMS320F28335 controller which performs data ac-
quisition, implements control algorithms with programmable tracing of selected variables; personal computer
for processing, programming, interactive oscilloscope, data acquisition, etc. The motor speed is measured by

a 1024 pulse/revolution optical encoder. The sampling time is 200 ps.
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Fig. 1
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Speed reference w* (rad/s);
load torque T, *10 (Nm)

Flux reference ¥* (Wb)
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Observer and controller
tuning. Observer parameters have
been selected according to the
practical viewpoint, that the time-
scale separation between speed
regulation dynamics and speed
estimation dynamics is achieved.
Some implementation aspects,
such as robustness with respect to
parameter uncertainties and un-
modelled dynamics, sensitivity
with respect to measurement
noise, issues related to discrete-
time implementation of the algo-
rithm, have been taken into ac-
count in a heuristic way, perform-
ing some simulations and/or ex-
periments in order to refine the
controller tuning.

The following speed-flux
controller [12] gains have been
chosen for all simulations and
experiments. The speed controller
gains are set at: proportional gain
k, =50, integral gain

k, =k /4. Current  controller

gains have been set at: propor-
tional gains k;; =k; =500, inte-

gral gains
Ky =kyo =(kq +7)°/2. The tun-
ing gains of the speed observer are
selected as k, =200, vy, =100,

k,=0.24. All initial conditions
are zero, except for the flux refer-
ence y (0)=0.02 Wb.

Operating sequences.
The flux and speed reference tra-
jectories adopted in the experi-
ments are presented in Fig. 2 using
solid lines; dashed line in the same
figure represents the load torque
profile.

The operating sequence of
the performed tests is the follow-
ing:

1. The machine is excited
during the initial time interval 0—
0.25 s using a flux reference tra-

jectory starting at y" (0)=0.02 Wb and reaching the motor rated value of 0.9 Wb.

2. The unloaded motor is required to track the speed reference trajectory characterized by the follow-
ing phases: starting from t = 0.6 s with zero initial value, speed reference trajectory reaches 50 rad/s (15% of
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rated) at t = 0.65 s; from this time up to t = 2.7 s constant speed is imposed; from t = 2.7 s the motor is re-
quired to stop at zero speed reference. Tracking of the speed reference trajectory requires rated motor torque.

3. During the time interval with constant speed reference, a step load torque, equal to 90% of the mo-
tor rated value (2.2 Nm), is applied and removed.

Simulation and experimental results. The transients reported in Fig. 3, Fig. 4 show the steady-state
and dynamic performance during the test in simulation and experiment, respectively. The transient perform-
ance is characterized by a maximum speed tracking error of about 8 rad/s during load torque rejection tran-
sients. Speed estimation error dynamics is faster than the speed tracking error dynamics, confirming that
time-scale separation is achieved. Negligible current estimation errors are present during the experiments.
Simulation transients, reported in Fig. 3, are close to the experimental results in Fig. 4.

Note that in simulation tests, zero speed estimation error is achieved during steady-state conditions
and during speed reference variation, while speed estimation error is not null in the experiments. This is
mainly due to IM parameters uncertainties and inverter non-idealities such as dead-time effect and voltage
commutations. In Fig. 3 stator current estimation errors are also reported, showing that asymptotic estimation
is achieved.

A second set of experiments has been performed to test the proposed solution with changing speed
estimation gain vy, , as shown in Fig. 5. As it is well-known [9], observer must ensure faster error dynamics

than the regulation error dynamics. On the other hand, too high value of estimation gain will lead to high
sensitivity with respect to measurement noise. Tuning with y_ =100 was defined as acceptable.
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Conclusions. A novel speed estimation algorithm for induction motors was designed based on struc-
ture of the full-order current-flux observer. The observer guarantees a local asymptotic exponential stability
of the speed estimation. Experiments and simulations in typical operating conditions demonstrate that ac-
ceptable dynamic performance of estimation error during speed and flux tracking including load torque rejec-
tion is achieved. Preliminary investigations show that implementation of the observer in the closed-loop
speed control system provides satisfactory results.
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NOpAOKY, AKUU € A0anMusHUM 00 8apiayiil aKMueHo20 onopy pomopa. 3a80aKu CMpYKmMypHii noOiOHOCMI WeUuoKocmi
pomopa i akmuHo20 ONOpy pomopd 8 MoOeii ACUHXPOHHO20 O8USYHA, CNOCMepieay WEUOKOCMI Modce Oymu cnpoex-
MOBAHUIL HA OCHOBI AHANO2IUHOI cmpykmypu. Pospobnenuii cnocmepieau eapanmye 10KanibHe ACUMNMOMUYHE OYiHIO-
8aHHA NOMOKO3YENIeHb pOmopd, CMPYMI8 cmamopa i WeUOKoCcmi pomopa 8 ycCix pobouux pexicumax 3a UHAMKOM
30y0icenHst 0sueyna nocmitunum cmpymom. Cmitkicms npoyecy oyiHIO8aHH CNOCmepieaia 008e0eH0 Ha OCHOBL 0py2o-
20 memooy Jlanynosa. Pesynomamu eKcCnepumeHmanbHo20 O0CHIONCEHHs C8iduamp, wo cnocmepieay 3abesneuye 0o-
cmamHuiil pieeHb NOKA3HUKIE AKOCMI OUHAMIKU OYIHIOBAHHS WEUOKOCMI, SKWO WEUOKICIb 3MIHIOEMbCS NOGLIbHO. 3a-
NPONOHOBAHUL CnOCmepieay Modce OYmu GUKOPUCMAHULL Ol 3ACMOCY8AHb 13 CEPEOHIMU BUMO2AMU 00 SIKOCII Pe2yto-
sanns wieuoxkocmi. biomn. 13, puc. 5, tabm. 1.
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ONTUMIBAIIMHUAN MIIAXIJ 10 BUSHAYEHHS KOHCTPYKTUBHUX ITAPAMETPIB
JIHIHHOT'O MATHITOEJEKTPUYHOI'O JBUT'YHA BIBPALIIMHOI IIi

P.II. Bonnap*, JIOKT. TEXH. HAyK

KuiBchbkuii HanioHaIbHUH yHiBepcHTeT OyIiBHHIITBA i apxiTeKTYpH,
np. IoBitpodurorcskuii, 31, Kuis, 03037, Ykpaina,

e-mail: rpbondar@gmail.com

Y pobomi suznaueno koncmpykmueHi napamempu JiHitiHO20 08U2yHA 8iOpayitiHoi 0ii 6i0N0GIOHO 00 3a0aHUX Kpumepiig
onmumizayii (MiHIMAIbHA 8apMICMb, MAKCUMANbHI numomi cunosi noxkasnuxu ma KKJ]) i pescumy mexaniunoeo Hasa-
HmasqceHus. st yb02o po3pobieHo KOMN 10mepHy MOOeb, 8 OCHOBY AKOI NOKIAOEHO MASHIMHY MA eNeKMPULHY CXeMU
3amiwenns i3 3ocepeodceHumu napamempam. Maznimne Kono mooeni noOy008aHo 3 ypaxy8aHHam HACUYLEHHS Mamepia-
JIy MA2HIMONpo8ooy, MASHIMHUX 6Mpam ma NomoKie po3Cito8aHHs. AMRIAIMYOa eneKmpoOMAacHIMHOI Cunu 08UeyHa Gu-
3HAYAEMbCA HA NIOCMABI NePULoi 2apMOHIKU MASHIMHOL THOVKYIT 8 NOGIMPAHOMY NPOMIXNCKY. Mexaniuny yacmuny mo-
deni n06y008AHO 3 BUKOPUCAHHAM MmOy eleKMPOMEXAHIUHUX AHANO2IU, 32I0HO 3 AKUM THOYKOBAHY 8HACTIOOK PYXY
saxopa EPC npedcmasneno nadinuam nHanpyeu Ha eKeieaneHmHoOMYy MeXaniyHomy onopi. 3agoanus eubopy KOHCMpYK-
MUBHUX NAPAMEMPIE 0N 3A0AHUX XAPAKMEPUCMUK MEXAHIYHO20 HABAHMAICEHHS PO32TIA0AEMbCS CYKYRHO 3 YPAXY8aH-
HAM HeNiHIHUX 36 SI3Ki@ cucmemu i 3a YMOGU Menyiogux, MAeHIMHUX Ma eNeKmpudHux ooMedlcensb. 3a 00NoMo2010 me-
Mmooy epadicHmMHO20 CHYCKy NPOBEOeHO ONMUMI3AYII0 napamempis 08USYHA MA GUHAYEHO HAUOLIbUL eqheKMUBHT KOHC-
MPYKMUBHI BUKOHAHHS, SIKI 3a00801bHAIOMb 00panum kpumepisam. bidmn. 8, puc. 5, Tadm. 2.

Knrwowuoei cnosa: xomr’rorepHa MoJiellb, KOHCTPYKTHBHI ITapaMeTpH, JIHIHHUA MarHiTOEIEeKTPUYHUHA JABUTYH, METOX
TPaIi€HTHOTO CITyCKY, ONITHMI3AaIlis, PeXKIM MEXaHIYHOTO HaBaHTAKCHHSI.

Beryn. BiOpariifHi TeXHOIJIOTIi CTAaHOBIATH OCHOBY 0aratboX Cy4aCHHX TEXHOJIOTIYHHX IIPOIECIB y
PI3HHX TalTy3sX IPOMHUCIOBOCTI, OYIIBHUITBA, TpaHCTIOPTy. CHOTOMHI B OyAiBeIbHIH Tamy3i icHye moTpeda y
CTBOPEHHI HaJiiiHuX, Oe3meyHnX Ta e(peKTUBHUX BiOpaliiiHMX MammH i3 yactoToro koiuBaHb 100 ['x 1 Ginb-
1Ie, SKi MaroTh HE3HAYHHWH piBeHb IIyMy. Bka3zaHHM BHMOTaM IIJIKOM MOXXYTh BIATIOBIIATH MPUBOIH 3 JIi-
HIMHAMH MarfHiToeleKkTpuaHuMu AsuryHamu (JIMJI) BiOpariitaoi aii [1] 3a ymMoBH 3a0e3leueHHsT BHCOKOT
e(eKTHBHOCTI Ta XOPOIIUX TUTOMUX CHUJIOBHX ITOKA3HHKIB 32 HEBUCOKOI BAPTOCTI.

[igBumieHHs epEeKTUBHOCTI JTIHIHHUX BiOpaIliiHUX MAITUH MOXKE 3JIIHCHIOBATUCS Yepe3 3MCHILICHHS
BTpaT B €JICMEHTaX MaITMHU Ta 3a0€3MeUCHHS] EKOHOMIYHHUX PEKHUMIB pOOOTH, IO MiHIMI3YIOTh OTYXHICTh
criokuBaHHs. BuOip BiAMOBIHMX KOHCTPYKTHBHHX cIIiBBigHOIIEHs JIMJ] MoXke 3a0e3nMeunTd MakCHMyM
BiZJHOILICHHS €JIEKTPOMArHiTHOI cuiM A0 00’€My aKTHBHOI 30HHM, TOOTO MHUTOMHX CHJIOBHX NOKa3HUKIB Ma-
muHK [2]. 3anekHo BiJ MapaMeTpiB CXeMH 3aMilleHHs ICHYIOTh ONTUMAJbHI IapaMeTpu MPYKHO-B’ I3KOTO
HaBaHTAXEHHS, 32 AKUX ¢PEKTUBHICTh POOOTH ABUTYHA € HAWBHUIIOM [3]. Takoxk Ba)KIMBOIO YMOBOIO eek-
TUBHOI po0O0TH € 3a0e3meueHHs HeoOX1THUX nepexianux [4], ¢hazoBux [S] Ta YaCTOTHUX XapaKTEPUCTHK [6].

OpHaK i3 TPaKTUYHOTO MOTJISTY OUTBII BaXKJIMBUM € BUPILICHHS 3BOPOTHOTO 3aB/IaHHS — BU3HAYCHHS
TaKMX KOHCTPYKTHBHHUX IapaMeTpiB IBUTYHA, K 0 3a0e3medrmm HeoOXiaHI MeXaHiuHI 91 poOoUi XapakTe-
PUCTHKH 1 BOJHOYAC BiJIIOBIAAIH 3aJJaHUM KpUTEPisiM e()eKTHBHOCTI, MacH, BapTOCTi Ta iH.

3aBIaHHs BU3HAUYEHHS ONTUMAIBHUX KOHCTPYKTUBHUX MapaMeTpiB 3a1is1 3a0e3MedeHHs] He0OX1THIX
pOoOOYHX NMOKA3HHUKIB 3HAXOAUTHCS y IUIOMIMHI KUTBKOX OB’ S3aHUX MPOLECIB: €IeKTPOMArHiTHUX, eeKTPO-
MEXaHIYHUX 1 TETNIOBUX. TOMY ONTHMaNbHI KOHCTPYKTHBHI IMapaMeTpu MarOTh BU3HAYATHUCS 3 ypaxyBaHHIM
HeJNiHIMHNX 3B’SA3KIB MIPOLIECIB i 32 YMOBH BiAMOBIIHUX TEIUIOBUX, MATHITHUX T4 CIEKTPUIHUX OOMEKEHb.

3anms omiHKYM e(eKTUBHOCTI KOHCTPYKTUBHUX PillleHb Y poOOTi 3aCTOCOBYETHCS KOMIUIEKCHUN KpH-
Tepilt eheKTHBHOCTI 3 BUKOPUCTAHHIM BaroBuX Koe(DIiIMi€HTIB I YaCTKOBUX KpuTepiiB. Lle mae 3mMory crpo-
CTHTH peallizallil0 MaTeMaTHYHOT MOZE, MpoTe BHOIp BaroBUX KOe(illi€HTIB € TICBHAM BUKJIMKOM 1 3aie-
JKUTh TIepeAycCiM BiJl BUMOT 10 IPHUBOAY. B mpeicraBieHOMy IOCIiIKEeHH] MPHIHATO, 10 BCi YaCTKOBI KPH-
Tepii eheKTHBHOCTI MAalOTh OJHAKOBY Bary, ToOTO BiAMOBimHI KoedimieHTH oxHakoBi. Ile mae 3mory mocimi-
JUTH BIUTUB OCHOBHHX KOHCTPYKTHUBHHX IapaMeTpiB (TOJIOBHHX PO3MIPIB Ta PO3MIpiB MOCTIHHUX MAarHiTiB,
KIJIBKOCTI Ma3iB Ha MOJIOC TOLIO) Ha 3a3Ha4eHi MOKa3HUKU e(EeKTUBHOCTI MalIuHU. Y pasi moTpebu koediri-
€HTH MOJIEJl MOXKYTh OyTH 00paHi 3Bajkatou Ha 3aBJIaHHS ONTHMI3allii.
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Memorw pobdomu € BU3HAYCHHsS] KOHCTPYKTHBHHX IapaMeTpiB JiHIHOTO NBUTYHA BiOpariiftHoi mii
BIJIMIOBITHO JI0 3a/JlaHUX KPUTEPIiB onTuMi3alliil (MiHiMajIbHa BapTICTh, MAKCUMAJIbHI ITUTOMI CHJIOBI MOKa3-
ikl Ta KK/) 1 pexxuMy mMexaHiuHOTO HaBaHTaxeHHs. J{Js [boro po3po0iieHo Mozenb y cepeloBuili Mat-
lab/Simulink, ocHOBHI CKJ1a/10B1 YaCTHHH SKOI ITI0JaHO Jai.

Mogaean marnitHoro kojia JIMJI. Eckizae 300paxenns aktuBHOi 300U JIM /] BiOpartiinoi aii muii-
HAPUYHOT reoMeTpii mokazano Ha puc. 1. TyT moctiiiHi MardiTi / po3MilyIOThCS Ha pPyXOMOMY sKOpi 3 de-
poMarHiTHUMH nonocamu 2. OOMOTKa cTatopa 3 KHUBHUTHCS BiJ 0HO(A3HOTO JKepena 3MIHHOTO CTpyMy i

L . b, ) T, MICTHTh JIBI Tpynu KOTYIIOK, HAMPAMOK CTPYMY B SKHX € TPOTH-

IS I nexxHuM. [lybcyroue MarHiTHE mojie OOMOTKH, B3a€EMOIIOYU 3

T & 11'/ " T oJieM HF)CTiI\/'IHI/IX MAarHiTiB, 3yMOBIJIFOE BAHUKHEHHSI OChOBOI €JICK-

$ S, G hg TPOMArHITHO! CHJIM, HANPSMOK SKOi BU3HAYAETHCS HAMPSIMKOM

o L 3 crpymy. [lepeMiteHHs sIKOpS BiTHOCHO cTaTopa 4 MPU3BOIUTE 10
T

| nedopmariii npykHoi cucreMu (Ha puc. 1 He nokaszana). 3i 3MiHO
/ N .

< Q HampsAMKy CTpyMy B KOTYIIKAX SIKip PyXaeTbCs B MPOTUICKHY
(’Q“* CTOPOHY T/ Mi€l0 €IIEKTPOMArHiTHOI CHJIM Ta €HEeprii, HaKoImJe-

HOI B IIpy’XMHAaX. AMIUIITy/la Ta 4acTOTa KOJMBAaHb BU3HAYAIOTHCS

@ | &
Tf o
Puc. 1

\ YaCTOTOIO JDKEpesa KUBJICHHS H EICKTPOMEXaHIYHUMU MapameT-
paMu CHCTEMH.
Posmonin mMarHiTHOrO MOJS ABUTYHA BHachigok aii MPC

NOCTIHUX MarHiTiB BU3HAYAETHCS Ha MiACTaBl CXEMH 3aMillleHHs], Ky OKa3aHo Ha puc. 2. /Iy eKBiBaneHT-
HOTO MarHiTHOTO KoJja 3aKkoHH piBHOBaru MPC i piBHOCTI IOTOKIB y BY3JIi 3alHIITYTHCS Y BUTIISAII

R.
 —
I — 1
R, R R,
= = — T
i - | S i B
R,E R.L’
T oy T
R, 5 R,
L Rﬂm pm L |
| —
— L] =
(me
R, @,
 l=—
LT
Puc. 2

Ve ;
Fym = ® puuRpm +—5(2Rg + 2R, + Ry

Fom = pmRpm + PRs; (1)
(I)g
(me = 7 + (DG’
ne Fp, =H.1,, — MPC nocriiiHoro Marxity; /. — KOCpLUUTHBHA CHIIa;

T,m — IIMPHUHA TOCTiliHOrO MarHity (puc. 1); ®,, — Mar”itHuil NOTiK 10-
CTIHHOIO MarHity; R, — MarHiTHU# omip NOCTiHHOro MarHity; ®, — Marsi-
THHUH TIOTIK y HOBITPSIHOMY NPOMIXKKY; R, — MarHiTHUI Omip MOBITPSIHOIO
RtG(ZRt + Rc) _
R +2R; + R,

MarHiTHHH OIlip MarHiTONpoBOAy cTatopa; R, R, R. — Mar"iTHi omopu
po3citoBaHHs, 3yOIliB Ta CIIUHKK CTaTOpa BIAMOBIIHO; Py — MarHiTHUH 1O-

NPOMIKKY; R, — MarHiTHuil omip momroca skops; R, =

TiK PO3CiIOBaHHSA SKOPS; R, — MarHITHUH OMip MOTOKY PO3CitOBaHHS SKOPSI.
I3 cucremu piBHsIHB (1) MarHiTHUH MOTIK Y TOBITPSTHOMY MPOMIXKKY CTAHOBHUTHME

F meG

g Rym(0.5R; + Ry + R,y +0.5R, 5 )+ Ry (Rg + R,y +0,5R, )

AMIITITY]a TOTOKO3YEIUICHHS] 0OMOTKH, BUPXKEHA Yepe3 MepIly rapMOHIKY MarHiTHOrO TOJs Mar-
HITiB, BU3HAYUTHCS TAKUM BHPA30M

D,2p-1 T
Y, = g( i )sin A w,
p 2t

Iie 2p — KUTBKICTB TIOMTIOCIB; W — KiJIBKICTh BUTKIB OOMOTKH.
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R. Fyp Jnst po3paxyHKy MarHiTHoro noroky @,,,,3ymonneHoro giero MPC
00OMOTKH CTaTopa, MOTPIOHO BpaxyBaTH, IO MOJOCH OOMOTKH KOHCTPYKTH-

R Dy R~ BHO 3MilIeHI BiJHOCHO MOJIOCIB sIKOps Ha 90 eNneKTpHYHHX TpamgyciB
i Ris " (puc. 1). Jlns eKkBiBaIEHTHOTO MarHiTHOro Kosa (puc. 3) 3aKOHM PiBHOBaru
= |_|".__I 1 MPC i piBHOCTI TTIOTOKIB y BY3JIi 3aIUIITYTHCS Y BATIISIL
Rﬁ\ (Dm RR’
T T + Fyp =@, (R + 2R, )+ Ry
— —d' ’ '
R R 0= DR -, (2R, +2R,,, + R, } 2)
_ !’
T %_ R, T (pr_q)tc"'q)pv
1
LI
Puc. 3 ne F, =w,i; — MPC 0bMoOTKH, 0 NPHUIaJa€e HA IOIIOC; W), — KIUIBKICTH

BUTKIB Ha TOJIOC.
Po3B’s130Kk cuctemu piBHIHB (2) BiTHOCHO MTOTOKY PO3CIFOBAHHS 3aIUIIETHCS Y BUTIISAII

®,, (2R, +2R},, + R,
R +2R, +2R), +R),’

(2R, +2R},, + R, Rio
2Ry +2R},, + Ry, + Ry

tc

) —W”is-R =2R, +R
ne wp_R > wp T A
wp

[Tixg yac po3paxyHKiB IPUIAMAETHCS, 1110 BCI MArHITONIPOBOM BUKOHAHO 3 OJIHIET MApPKH €NEKTPOTEX-
HiYHOI cTani — 2412. 3ayyis BU3HAUYCHHS BiJIOBITHUX MATHITHHX OIOPIB 3aJICKHICTh BIJIHOCHOI MarHiTHOI
MIPOHUKHOCTI BiJ] iHIYKIIi1 alpOKCHUMYBaIacs BUPa3oM

_(B—O,6179J2
W =5316e \ 06189

Y nepmomMy HaOIMKEHHI MarHiTHI ITOTOKW BU3HAYAIOTHCS 0€3 ypaxyBaHHS HacwuueHHs. [Ipu mpomy
JUISL BCIX pO3paxyHKOBUX 30H (TIOJIOCIB SIKOPSI, 3yOLiB, CIMHKH CTaTOpa) NPUAMAETHCS OJHAKOBE 3HAYCHHS
MAarHiTHOI MPOHUKHOCTI, IO BiJNIOBia€ JIHIAHIN MINISHII XapaKTepUCTHKN HaMarHigyBaHHs. [licist pospa-
XYHKY MarfiTHOI iHIyKIlii OKpEeMHX 30H BU3HAYAIOTHCS BIIIOBIAHI MAarHITHI IPOHUKHOCTI 3TiAHO 3 KPUBOIO
HaMarHiuyyBaHHS 1 poOUThCs MepepaxyHoK. Takuil po3paxyHOK JOCUTH IIBUAKO CXOAUTHCS, TOMY JIOCTATHBO
OIHi€T-ABOX iTepamuiii TOKK He Oye AOCATHYTa JOCTAaTHS 301KHICTh pe3yIbTAaTiB.

Po3paxyHok MarHiTHuX BTpaT. MarHiTHe 1ojie MalivHy € pe3yJIbTaToOM CIUTBHOI /il MyJIbCYI040ro
(3MIHHOTO B 4Yaci i HEPyXOMOTO B IPOCTOPI) MOJIsi OOMOTKH 1 O1>Ky4oro (pyXoMoro B poCTOpi i HE3MIHHOTO
B Yaci) MmoJisi MOCTiHHMX MarHiTiB. KoxkHe 3 1MX MoIiB 3yMOBIIOE BiAmoBiAHI BTpaTh. [lepmi mpomopuiiini
CTpyMy OOMOTKH, APYTi — IMBHIKOCTI sIKOps. [ cnpomieHHs OyaeMo BBaKaTH, II0 0OWABA CKIIQJIHUKH Ma-
I0Th OJHAKOBI ¢azu. e MOXIMBO 32 YMOBHU 301kKHOCTI (ha3 CTpyMy KUBJICHHS 1 MIBUIKOCTI PyXy SKOPS
(ToOTO B pexkuMi ONM3BKOMY IO MEXaHIYHOTO PE30HAHCY) Ta HEXTYBaHHS PEaKTUBHOIO MarHiTHOIO MPOHUK-
HicTio. To/li pe3ynbTyIOUi BTpaTH I TPHOX PO3PaXyHKOBHX OONACTEH (TIOMFOCIB SIKOPS, 3yOIliB Ta CITMHKH
craTopa) OyayTh CyMOIO IBOX CKJIQTHHKIB.

3aju1sl BU3HAYCHHS BTPAT BiJl pyXOMOTO TOJIS TTIOCTIHHUX MAarHiTiB OyIeMo BBaKaTH, IO POCTOPO-
BUI PO3MOLT MarHiTHOI iHIYKIii B MarHiTONPOBOAI cTaTopa Mae CHUHYCOINHUM xapakTep. Toai aMmIutiTyaa
niepeMarHiuyBaHHsI BU3HAUNUTHCS BUPA30M

B, (X)) =B, sin["Xr% ) (3)

ne B, B. — iHAyKIlis BIAMOBIAHO 3yOIIE€BOI 30HU Ta CIIMHKK MarHiTOIPOBOAY CTaTopa; X, — aMIUIITy1a KOJIH-
BaHb sKOps. Sk BUIHO 3 (3), MakcHMallbHa aMIUIITyAa MepeMarHidvyBaHHs BiANOBigaTHME BUIAIKY, KOJH
po3max sikopst 2.X,, JOPIBHIOE ITOJFOCHINA TIOJTLTIII.

MarsiTHi BTpaTs B OCEPIi 3JIC)KHO BiJ YaCTOTH ITepeMarHiayBaHHs f TOPIBHIOIOTS [7]

2
Py =KP1,0/50(f/50)BB Mg

ne K = 1,7 — nonpaBouyHmii Koe(imieHT, SKUH BpaxoBye 30UTBIIEHHS BTpAT Yepe3 MeXaHiuHy OoOpoOKy Ta
HEPIBHOMIPHHAN PO3MOLIT MarHiTHOI 1HIYKIII; Py /50 — TATOMI MarHiTHI BTpaTH; J — KoeillieHT, AKuii 3a1e-
JKUTh BiJl MApKH CTaJli Ta TOBIIMHU JIMCTIB MAarHITOIIPOBO/LY; MM, — Maca CTaJli BiIOBIIHOT 30HU.
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EsexTpomexaHniuHa cucrema. B Mozesni enekrpoMexaHiyHOl CUCTEMH MIPUNHSTO, 10 HApyra JpKe-
pena xxuBienHs ta ctpym JIMJI € cunycoinaumu. ExBiBaneHTHa MexaHiuHa cxema (puc. 4, @) MiCTHTB Hepy-
XOMUH crarop / i3 00MoTKo10 2. SKip 3 KOJIMBAETHCA MiA Ji€0 eleKTpoMarHiTHoi cuu F, BITHOCHO cTaTtopa
Ha MPYXHUHAX 4 3 ®KOPCTKICTIO k. CrcTeMa KOOPJMHAT TIOB’s3aHa 31 CTATOPOM, i3 MTOYATKOM, IO BiJIMOBiIae
TTOJIOKCHHIO MEXaHIYHO1 piBHOBATH sAKOpPsI, Koy ctpyM JIM/I mopiBHIOE HYITIO.

Enextpuuny cxemy 3amimenHs (puc. 4, 6) IpeACTaBleHO aKTUBHUM R, Ta pEaKTUBHUM X; OTIOpaMHu
oomotku. EPC, ingykoBana B 0OMOTLI BHACTIIOK pyXy SAKOpPA, 0JaHa NaJiHHsIM HANpyTyd Ha aKTUBHOMY R,
Ta peakKTUBHOMY X, oropax. MarHiTHi BTpaTH NpeICTAaBICHO €KBiBaJCHTHIM KOHTYPOM i3 OMOpOM R,,, 3Ha-
YEeHHS SIKOTO PO3PaxOBYEThCS BIAMOBIIHO JI0 TOTYKHOCTI MarHiTHUX BTpaT JIM/I.

HaBenenum cxemam BiflOBia€e cucTeMa piBHSIHbB, 3alIMCAHUX Y YaCTOTHINA 00sacTi

Qs :ls(RS +]XS)+KEk}’lZ,
lmRm :la (Ra +an);

Ig=1,,+1,; 4)
—ma0? X = Kpkyl, —kX — jobX;
JoX =V,

U i X it orip 06 K="
ne U, — Hanpyra xuBieHHs; [, — cTpyMm cratopa; X — peakTuBHHi omip obMotku; Kf = . — Koe-

2
¢iuient EPC; k, =1-"""/, — xoediuieHT, KMl BpaxoBye 3aIEKHICTb eneKTpomMartiTHoi cunu Ta EPC Bin
T

nepeMIIleHHs AKOps; V. — IIBUAKICTb AKOps; [,, — CTPyM KOHTYpPY MarHiTHUX BTpat; [, — CTpyM MeXaHiu-

HOT'O KOHTYPY; M, — Maca sIKOps; ® — KyTOBa 4acTOTa HANPyTH KUBJICHHS; X — MepeMillleHHs SKOps BiHO-

cHO craropa; Ky = '% — KOe(illiEHT eJIEeKTPOMArHiTHOI CHiM; kK — KOE]IIi€HT KOPCTKOCTI MPYXKHOT

niagicku JIMJ; b = b, + b, — cymapHuii koeillieHT B'SI3KOTr0 TePTs IBUTYHA b, Ta HABAHTAXCHHS b.
I3 cucremu piBHSHB (4) BU3HAYAETHCS aMIUTITY1a IEPEMIILEHHS IKOPS

2 242
T (k—mao)z)z+m2b2+m—r3\/(k—mam2)z+m2b2

4
» e S 1 Y = T
1L " 2¥,,nl
o ; * 4 m™ am
= | |
g5 E | 3 (TyT I, — aMIIITYa CTPYMY MEXaHIYHOTO KOHTYPY), @ TAKOX aKTHB-
y /-|J|:| %- | HUN R, Ta peaKTUBHUHN X, MEXaHIIHI OITOpH
Z g g 2.2 2 2
KrpKpk;ob o)KKk(k—mm)
a Ra — EDXF% : Xa — ESXFn a )
R X (k—mamz)z +0°b? (k—mamz)z +0°b?
ol H 1
R“ . . .
; s R, VYV pospaxynkoBiii Mogeni JIMJI akTMBHa MOTYXHICTh CIIOKH-
; [ & ) BaHHS €HEpPTii P, € CYMOI MEXaHIYHOI MOTYXKHOCTI P, TOTYKHOCTEH
! ‘ I X, MarHiTHux P,, Ta eleKTpuIHuX Py BTpaT, TOOTO
O
o P, =P,..+P,+Px,
Puc. 4

1 K
1 Pe = [ F,(0)v(e)dt = K—F13Ra.
=T E
Toni KK/ enexTpoMexaHiqYHOT CHCTEMH BU3HAUYUTHCS SIK
P] B mec ~ P, mec. [

n:—:

P, Pp.+Pr+P,’
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b, X,

jie P — KOpHCHA MOTYXHICTh HABAHTAKCHHS; Pype 1 = — MOTY>XHICTh MeXaHIuHUX BTpaT y JIM/I.

Simulink-moxens. Po3po0ieHy Ha OcHOBI HaBeneHUX BHIIE PiBHIHD Simulink-mozens moka3zaHo Ha

puc. 5.
::ﬂ{ Bpm, T
Out1 Ini Bg1
taus Rsigma Bp 1.019)
bo In1 Risigma o Bt yp1.009)
hbi
e - s Be 0.9143]
Ko PM flux
- lculati
lsmax 0.9299 Saturation Reluctance _— Ind 3349 Losses
Dependent lemax A responsiveness calculation Bpw mu | 3151 calculation
parameters : In Btw ¥ In2 [ 3514
s Cost Bow mu calculation nt
Coil flux mu
Xm | 0.004909]] Costs calculation caloulation g
X litude, Check Against
is 2T AMPTEE. Ty ™ 0.9291 Reference Eff taut, {m) p2|_0.0169) YT
ut, {m >
- Is, RMS, A Costs, EUR = taus, (m) £[0.0030945|| F—=
0.7553 by _ // - hbi, {m} | 0.006386
Usf2) Eficancy 220.5] i Fem/V, trilﬁu{g; Pl oo 574e+05)
2 i =1l weight factor ' whp gisshia |
Us, RMS, V L 2050
Py 997.7 ' ! e taﬁ‘fm} e[ 0.0289 '—70'1445
= Normalization Scon, {mm*2} i » |—0_0839
PF ' D-O.Q'M constant De, (m) &= | 0.09637|
Electromechanical PF | Construction
system paramemers
Puc. 5

Tyt 6moxu Coil flux calculation Ta PM flux calculation peanizyroTs Momens MaraiTHoro xkoia JIMJI.
HacuueHnHs BpaxoByeThcsi OJIokoM Saturation responsiveness. Po3paxyHOK BTpaT HpPOBOIUTHCS OJOKOM
Losses calculation. Enextpomexaniuanii Mmoayns npenctasinennii 61okom Electromechanical system.

[MapameTpu Mozl MOAUISIFOTECSA HA TPH TPpymH. [lo MepIiol Tpynu HajJeKaTh HE3alIekHi mapaMeTpu
1 BEJIMYWHH, SKI € TMOCTIMHUMH 1 BU3HAYAIOTh (PI3WYHI BIIACTUBOCTI MaTepiaiiB, XapaKTCpUCTUKA HaBaHTa-
JKCHHS Ta JDKEpea )KUBJICHHS.

Jlo apyroi HayiexaTh KOHCTPYKTHBHI mapametpu JIJIM, siki 3MIHIOIOTBCS 32 pe3yJIbTaTaMH MPOIIC/TY-
pHU onTHMI3allii BIAIOBIMHO A0 3aJaHUX KPUTEPIiB: MOFOCHA TOJIIKA T, BUCOTA 3yOIsa craropa /4, (puc. 1),
KUIBKICTB HOJIIOCIB 2p, KIJBKICTb 3yOLB 71, Ta Na3iB 71y, Ha TOJIOC, @ TAKOK PO3MipH MOCTIHHOTO MarHiry.

Jlo TpeThoi TpyNu Halle)KaTh 3aJICXKHI MapaMeTPH, SKi BU3HAYAIOTHCS 4Yepe3 MOMEPE/Hi IBi IPyIH,
30KpeMa: BHYTpIlHIN xiamerp craropa D;, = D, +2g; IINpHUHA TOIIOCA IKOPS Ty = T - Tp,,; IIUPHHA 3yOLs
craropa T, = D pm T%. 4.3 MAKCHMQIBHO JONYCTHME 3HAYCHHA CTPYMY /g mayx = Q% , ne O, — no-

in"ttp s
MyCTUMa TOTYXKHICTh TEIUIOBOIO MOTOKY OOMOTKH; aKTUBHHMH omip oOMOTKHM 3a po0Oouoi TemmepaTrypH
) TCWZ (Din + hs )

Ry =p(®
’ ngSgk g

, 1€ ng = 2png, — KUIbKICTh Na3iB; S, — Ioma nepeTuny nasa; p(®) — nuromuii eine-

.. .. . . n.S.k
KTPHYHHIT OMp Mili B 3aI€)KHOCTI BiJ Temmeparypu ©; mioma nepeTuHy npoBigHuka S.,, = ° ° f %;

koedimient B’ s3koro Tepta JIM/L b, = 0,155,.

PexxuM MexaHIYHOTO HABaHTAXKEHHS, JUISL SKOTO MPOBOIUTHCS ONTUMI3alis KOHCTPYKTHBHHX Iapa-
MeTpiB JIM/I, xapakTepu3yeThcsi €KBiBaJCHTHUM KOE(]IIliEHTOM B’S3KOTO TEpPTS b;, aMILTITY010 X, Ta dac-
TOTOIO KOJINBAHG f. 3HAYCHHS IIUX Ta 1HIIUX HE3aJISKHUX ITapaMeTpiB MOEITi HaBeIeHi B Ta0I. 1.

Jnst oIiHKM €EeKTUBHOCTI KOHCTPYKTUBHHX DIllIcHh BUKOPHCTOBYETHCS KOMIUIEKCHHH KpUTEpid
edexruBHocTi JIM/I, 3amanuii y BUrasmi

3
effo = zyneﬁn’ (5)
n=1
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ne effi, eff>, effs — qacTkoBi Kputepii

Ta6muus 1 e(DeKTHBHOCTI, 10 MO3HAYAIOTH Bij-

KoedirrieHT B’ 13K0r0 TepTs HaBaHTaKeHHs b; = 110
Kr/C

Hezanexni | AMIutiTyna KoJauBasb Kopsa X, = 0,0048-0,005 m
(mocriitni) | Koediuient 3anoBHenHs naza kg, = 0,4

napamerpu | KoepuutusHa cmia noctiiHoro Marsity H, = 955 kA/m
i Benuuu- | Iositpsumit mpomixok g = 0,0025 m

noBimHo kputepii KKJ| aBuryna,
MMMTOMUN CUJIOBHN Ta KpUTEpil Bap-
TOCTI; Y1, Y2, Y3 — BIATOBITHI Barosi
KOe(ili€HTH.

Kpurepiii edexruBHOCTI, 110

HH Yacrora komBans £= 120 ' BIITIOBI/Ia€ MIATOMAM CHJIOBHM TOKa-
MakcuMaibHe JOIyCTHME TIePEBUIIICHHS TEMIIEPATYPH 3HUKaM, BU3HAYA€TBCA 4CPC3 BIIHO-
oomotku A®; = 50°C LICHHS aMIUTITyAu €JIEKTPOMarHiTHOI

cuwm F,, no 00’eMy aKTHBHOI 30HH
Viy IBUTYHA 1 HOPMATi3yeETHCS 10

F,

—" . ba3oBe 3Ha4YEHHS BApTOCTI

effaVim
eff3
M

costs

. *
BiJIHONIEHHIO /10 6a30BOTO 3HaueHHA eff; = le6 H/M’, To6TO eff, =

* . . o Y]
ctaHoBUTHE effz =50 EUR, a BiATTOBIIHUN KpUTEP1il BUSHAYAETHCA SIK effz = ne LM,,ss — TOTOIHA
3 g 3 >

BapTICTh, OTPUMaHa B pe3yJIbTaTi Bapialii mapaMmeTpiB onTumizanii. KoxxHuit yacTkoBuil KpuTepii Moxe
npuitmMaT 3HaueHHs < 1.

Y podti TemIoBoro 00OMeXKeHHS MPUHMAETHCS MOTYKHICTh BTpaT y oomortii Q,, 0 BiAMOBIIa€ AOITY-
CTHMOMY TEPEBUIICHHIO ii TeMIepaTypu B yCTAICHOMY pexumMi poOoTu. [10TyKHICTh TEIIOBOTO MOTOKY
00OMOTKH MPOMNOpILiliHa IEPEBUILIEHHIO TEMIIEPATypH i 00EpHEHO MPONOpPLiiHA TEPMIYHOMY OTIOPY

_AOGA;S;
O, 5

e A®g, — MakCUMaJTbHE JOIYCTUME TIEPEBUITICHHS TEMIIEPATypH; O; — TOBIIMHA ITa30BO1 130JIA1Ii1; A; — Koedi-
IiEHT TeTUIONPOBiTHOCTI i30mail; S; = 21h, (D;, + hy ) — TUIOMIA TETIOBI AT} TOBEPXHi TTA3a.

Tomi g oxgHOTO Nasza

Q — 27[A®st}\'ihs(Din + hs) .

MarniTHa IHIYKIlS B MarHiTOIPOBOAax oOMexyeThes 3HaueHHsIM 1 Ti. Ockiapku 1e ycepeaHeHa
BEJINYHMHA, PEATLHUHA PO3IOALT MOIS IO TPHOM PO3PaXyHKOBUM 30HaM MaTHME sIK OibIi, Tak 1 MEHIII 3Ha-
YEHHSI.

Maca sxopst m, Ta KOeQiIieHT XKOPCTKOCTI miaBicku k JIM ]I BU3HAYAIOTHCS TOTIEPEAHRO 3 YMOBH 3a-
Oe3MedyeHHs PeKUMY MeXaHIuHOTO pe3oHancy. OueBHIHO, IO Bapiallisi KOHCTPYKTUBHHUX MapameTpiB BILIU-
BaTHMeE Ha Macy SIKOps, OJJHAaK 3a YMOBH BiAIMOBITHOI KOMIIEHCAIi{ ;KOPCTOKOCTI MiABICKH 1I¢ HE BIUIMBAE Ha
edpexruBHicTs JIM/I. ToMy 3a3HadeHi mapaMeTpy 3MHIIAIOTHCS TOCTIHHUMU ITiJ Yac Bapialliil iHITHUX KOHC-
TPYKTHBHUX MapaMeTpiB.

[Mapamerpw, 1110 3MIHIOFOTHCS TTiJT YaC ONTUMI3aIlil MalOTh Taki OOMEXCHHS: 30BHIIIHIN JiaMeTp TO0-
criiiHoro marHity D,,, = 0,02-0,1 M (puc. 1); Bucora 3y6us craropa s, = 0,005-0,1 M; monrocHa noainka t =
0,01-0,1 m; mMpHHA MOCTIHHOTO MArHiTy T,, = 0,005-0,1 M. KinbkicTs MoitociB Ta na3is Ha MOJIIOC IpUiiMa-
I0Th BIJNIOBIZIHO 3Ha4eHHs: 2p =4, 5; ny, =2, 3, 4.

Onrtumizanist MpoBOIMIIACS METOAOM T'PaIi€HTHOTO CIYCKY 3TiHO 3 TaKOIO Mpolexyporo. Bapiamis
HaBEJICHUX BHILE NapaMeTpiB 371MCHIOBAIACS 332 YMOBU JOCSITHEHHS MAaKCUMyMY KOMIUIEKCHOTO KPHUTEpIiO
epexTHBHOCTI. Barosi koedimieHTH npuiiManics oJHAKOBUMH, a caMe y; = ¥, = y3 = 0,33. Ilicisg po3paxyHKy
ONTUMAJILHUX PO3MIpiB MOCTIHHOrO MarHity D, T,, oOMpanucs HalOIMK4l CTaHIapTHI PO3MIpH 1 IPOBO-
JuiIacs ONTUMI3alis 32 iHIIUMH apaMeTpaMu. Pe3ynpTat MOAETIOBaHHS HABEACHO y TA0. 2.

Sk BurunBae 3 orpuMmanux pesyibTariB, KK/ 3pocTae 31 301IBIICHHSIM KITBKOCTI TOJIFOCIB 2p, IO
MOSICHIOETHCSI 3MEHIIEHHSM 30BHIIIHBOTO JiaMeTpa Ta, SK HacIiJOK, KiTbKOCTI Miai Ta crami. HaiiOinbme
3HaueHHs KKJ]I 3a6e3neuye Bapiant Ne3 (2p=>5, ng,=2). 3011blIE€HHS BIJHOIEHHS 2p/ng, O3UTUBHO BILIMBAE
Ha KK/ gepe3 3MeHIIIEHHS pO3CIIOBaHHS, ajie TOTIPIIy€e MATOMI CHIIOBI TOKa3HUKH. OCTaHHI MOTIPIITYIOTHCS
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TaKOX 31 30UIBIIEHHAM KiTBKOCTI TOJIOCIB Ta 3MEHIIEHHSIM KiTbKOCTI Ta3iB Ha TIONIOC, IO MOSICHIOETHCS
MIOTIPIIEHHSIM YMOB OXOJIOJKEHHsSI 00OMOTKH. SIK moka3aHo y [8], iCHye JOKaJbHHI ONTUMYM BiJIHOIICHHS
F o/ V iy 3a71€KHO Bil 30BHILIHBOTO JliaMeTpa MaIIMHHU. AJle B TAaKOMY pPasi 3pOCTaloTh BTPATH Ta BAapTiCTh
MAIlHH.

Tabauns 2

Ne | Dpy=-Do-tpm, | 2p/ng, | T, MM | ByMm | D, T, MM | T;, MM T, KK, | F../Viym, | Burparn,
Bap. MM MM MM n H/M® EUR

1 56-16-12 5/4 29 9,7 93,7 17 43 3 0,744 | 4,801e5 83,61

2 56-16-12 5/3 28,9 11,3 96,4 16,9 5,7 3,9 0,755 | 4,574e5 85,64

3 60-20-10 5/2 25,3 13,6 | 103,6 | 153 7,8 4,9 0,764 | 4,554e5 81,88

4 56-16-12 4/4 29 13 99,4 17 43 3 0,733 | 5,358e5 67,53

5 56-16-12 4/3 28,9 15 102,8 | 16,9 5,7 3,9 0,744 | 4,998e5 69,77

6 60-20-5 4/2 28,7 18,6 | 109,1 | 16,7 8,4 5,9 0,757 | 4,488e5 74,01

VY CTpyKTYypy BUTpaT, HAaBE€ACHUX y TaOIl. 2, BXOAWUTH PO3APIOHA I[iHA OCHOBHUX MaTepiaiiB: eNeKT-
POTEXHIYHOI CTai, Mifi Ta MOCTIHHWX MarHiTiB. BuTpatn Ha iHII MaTepiand, a TaKoX Ha BUTOTOBJICHHS HE
BpaxoBYIOTbCs. OYEBHIHO, IO OCTAHHI MalOTh 3POCTATH 31 301IBIICHHIM KiJIKOCTI MOJIIOCIB Ta Ta3iB.

Bucnosku. Po3pobiieHa Monens ga€ 3MOry BU3HAYUTH KOHCTPYKTHBHI ITapaMeTpH JIiHIHHOTO JBHU-
ryHa BiOpariifinoi mii BIZMOBIAHO A0 3aJaHUX KpUTEpiiB omrmmizallii (MiHIMandbHa BapTiCTh, MAaKCUMAJbHI
nuToMi crItoBi mokasHuku Ta KKJ]) Ta po60o4oro pexxumy HaBaHTaKEHHS.

Sk BumMBae 3 orpuMaHux pesynbsTaris, KK/I mammnun 3poctae 3i 30iIbIIEHHSIM KUTBKOCT] TOMIOCIB,
10 MTOSICHIOETHCS 3MEHIIIEHHSIM 30BHIIIHBOTO JiaMeTpa Ta, K HACNiJOK, KUTBPKOCTI MiJli Ta cTaii. 30UTbIIeH-
HS BIZHOIIECHHS KiTBKOCTI TOJIFOCIB IO KUTBKOCTI Ta3iB Mo3uTHBHO BiutnBae Ha KK/ wepes 3MeHIIEHHS po3-
CiIOBaHHS, ajie MOTipUIy€e MUTOMI CHUIIOBI MOKa3HUKH. OCTaHHI MOTIPHIYIOTHCA TaKOX 31 301IBIIEHHSIM KiJib-
KOCTi TIOJIIOCIB Ta 3MEHIIEHHSIM KUTBKOCTI Ta3iB Ha TOJIOC, IO MOSICHIOETHCS TOTIPIIEHHSM YMOB OXOJIO-
JDKEHHS OOMOTKH.
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OPTIMIZATION APPROACH TO DETERMINATION OF CONSTRUCTIONAL PARAMETERS
OF A LINEAR PERMANENT MAGNET VIBRATORY MOTOR

R.P. Bondar

Kyiv National University of Construction and Architecture,
Povitroflotsky Ave., 31, Kyiv, 03037, Ukraine,

e-mail: rpbondar@gmail.com

The constructional parameters of the linear permanent magnet vibratory motor in accordance with the set optimization
criteria (minimum cost, force to volume ratio and efficiency) and mechanical load parameters are defined in the work.
To do this, a computer model was developed, which is based on magnetic and electrical equivalent circuits with lumped
parameters. The magnetic circuit of the model is built taking into account the saturation of the magnetic material,
magnetic losses and leakage fluxes. The electromagnetic force amplitude of the motor is determined on the basis of the
fundamental component of the Fourier series expansion of the air-gap flux density. The mechanical part of the model is
constructed using the electromechanical analogy method, according to which, induced armature EMF is represented by
a voltage drop on the equivalent mechanical resistance. The problem of choosing the constructional parameters for the
given mechanical load characteristics is considered in conjunction with the nonlinear connections of the system and
subject to thermal, magnetic and electrical constraints. Using the gradient descent method, the motor parameters were
optimized and the most effective designs that meet the selected criteria were determined. References 8, figures 5, tables
2.

Keywords: computer model, design parameters, gradient descent method, linear permanent magnet motor, mechanical
load mode, optimization.
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Bucoxki memnu 3pocmannsa uacmku 8i0HOBIIOBAHUX OdHcepell eHepeil 8 eHepeemUYHill cucmemi 3yMOosI0ms nompeody y
banancysanti ixuvoi 3minnoi nomyoscnocmi. Iumeepayia OEC Vkpainu 0o 3azanvnoesponeiicokoi emepzocucmemu
ENTSO-E nepeobauae upiuienHs numanHsa NiO8UWEHHS 2HYYKOCMI elleKmpoeHepeemuyHoi cucmemu Yxpainu ma
3abe3neuenns cmiukocmi pexcumis ii pobomu. Ilokasano, wo y pasi inmezpayii NOMyHCHUX 8iMPOBUX eJIeKMPOCMAaHYil
8 eHepeocUcmemMu 3a20CMpIOEMbCst npobiema 3a0e3neuenHs CMIUKOCMI 5K 61aCHe NOMYICHUX 8IOHOBNIOBAHUX 0dHCepel
eHepeiil, mak i IXHb020 6NAUSY HA CMIUKICMb ICHYIOYUX eNeKmMPOCMAHYIN, W0 NPAyoiomb CYMICHO 3 YUMU OXCepeamu,
Ha pecioHanbHOMY pi6éHi. B pobomi nposedeno molenosanHs eneKmpoMexaHivHux nepexioHux npoyecieé ma
00CTIOACEHO pedicuMi pOOOMU eHep2oCUCIeMU NI 4ac 3MIHU PedcuMie pobomu 6imposoi enekmpocmanyii 8 patioHi 3
Odeghiyumom mpaouyiiinux Odicepen enekmpoenepeii. Posensnymo numanus 3a0e3neyenns KoIU8AIbHOI CMIIKOcmI HA
PecioHanbHOMY PIHI enepeocucmeMy ma 3a0e3neyentss HAOIUHOCMI e1eKMPONOCMAYaAH S 8 eKCMPeMALbHOMY GUNAOKY
— 3a panmoeoi 3ynunyi eimpoeoi erexmpocmanyii. Ilpu ybomy 00crioxHceHo 3MiHy NOMYHCHOCMI HO OCHOBHUX NIHIAX
38’a3Ky abo ii pesepcy, 3anexicHocmi Hanpyau y Mepedici, 3MIHA Kymie POMOpI8 2eHepamopié HAUOIUNCHUX
eleKkmpocmanyiti ma ixuvoeo npoxkosszysanus. bion. 14, puc. 4, Tadm. 3.

Knrwowuoei cnosa: criiikict €HEProcUCTeMH, BiIHOBIIIOBaHI JUKepesa eHepril, HOTYKHICTb, BITPOSIEKTPOCTAHIIIS.

Beryn. Tpancdopmaiiiss CSHEpreTMKd 3a HANpPsSMKOM JICIICHTpANi3allis, JUTHTANI3alis Ta
nekapOoHi3allis B paMKaxX €HepreTHYHOTro Mepexoy, peamizalis koHnenmii Smart Grid mocTaroTh ChOTOMHI
3aragpHOBU3HAaHUM (aktoMm [1, 2]. HoBuit CTUMyN CydacHHM TIEpPETBOPEHHSM Iajo IporoyiomeHHs 11
rpyaas 2019 poky €spormeiicekoro Kowmiciero €pomnetickkoro 3enmeHoro kypcy (EU Green Deal).
[Ipioputetn €BpocOrO3y MEPEHANPABIAIOTECS BiJl BUKOMHOTO TMajiMBa B CTOPOHY 3aCTOCYBAaHHS
BimHOBIIOBaHUX pkepen eHeprii (BJIE) 3 meroro crBoperHs no 2050 poky MOBHICTIO IekapOOHI30BaHOI
exonomiku. 3a nanumu Bloomberg NEF (BNEF) y 2020 pomi cBit Buginus pekopaaux 501,3 mupa. gon. Ha
JexapOoHizauiro, nepesepuBiy 2019 pik Ha 9 %, monpu MiIpUB €KOHOMIKH, CIPUYMHEHHH MaHAEMi€I0
Covid-19 [1]. V mocmimxenni Bloomberg «New Energy Outlook-2019» 3a3Hadeno, mo mopivyHi BBeIeHHS
HOBHX TOTYXHOCTEH TpaguiliiHOro 0a30BOr0 HABAaHTA)KCHHS HEBIHHHO TaJaTUMYTh, HATOMICTh BOHH
OyayTb 3aminryBatucs BitpoBumu (BEC) Ta constunmmu (CEC) enexTpocTaHLissMH, MOPiUHI 00CITH SKUX
3pOCTYTh BIAIOBITHO BTPHUi Ta BIBi4i, MAHEBPEHIi ra30Bi MOTYKHOCTi OyIyTh BBOJUTHCS TeMIIaMu, 1o y 14
pasiB Buti, Hixk 2018 poky, BBomu OaTapei 3pocTyTh y 13 paziB. ChoToaHI TpamuIliiiHi criocoOn mepenadi
eJIeKTpoeHeprii 0a3yroThCsl Ha MPUHIUIAX «OJHOCTOPOHHBOTO» 3B'A3KY, pO3poOJIeHNX 0arato AECATHIITH
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TOMY: €JIEKTPOCTAHILis HaIlpaBisie €JICKTPOSHEPTilo 10 i CIOXKMBadiB. 3TiJHO MOJOXKEHb KOHUEMNMil Smart
Grid Mepexka Mae CTaTH KII€HTOOPIEHTOBAHOIO, 13 3a0e3MeueHHsIM JABOCTOPOHHBOTO OOMIHY EHEpri€lo Ta
mupokuM BrpoBapkeHasM BIE [3].

Ha ti Bucokux TemmiB 3pocTaHHs reHeparii eixextpoeneprii BIE, y nepmry uepry BEC ta CEC
eJIeKTPOCTaHIlIi, 3pocTae TmoTpeba y OanaHCyBaHHI iXHBOI 3MIHHOI TOTYXHOCTI, IO BXKE CTaJo
3araJlLHOCBITOBUM TPEHIOM, 3a0€3MeueHHs CTIHKOCTI IXHBOT po6oTH [2, 3]. OCHOBHOIO OCOOJIMBICTIO POOOTH
BEC ta CEC € 3anexHicTh BiJf METEOPOJIOTIUHMX YMOB, IO i OOYyMOBIIOE€ HECTaOUIBHICTD BUPOOHHLITBA
enekTpoeHeprii. IlpoBemeHi MOCTIIKEHHS TOKa3ylOTh, IO HAHKPAIOro YHIBEPCATBHOTO CIIOCO0Y
3a0e3MeYnTy Take OalaHCyBaHHS HE ICHY€, 3aBXKIH € crieludika MiCIIeBUX YMOB, OCOOJIHBOCTI TEXHOJIOTIH
Ta pi3Hi motpedbu eneprocucremu y BJIE [1-3]. Yci 1i moTpedu MoeIHYIOTHCS B OTHOMY MOHSTTI — MOTpeda
y THYYKOCTI EHEpProcucTreMH, TOOTO 3IaTHOCTI 3MIHIOBAaTH piBeHb BHPOOHHUITBAa (200 CIIO)KMBAaHHSA)
€JIEKTPOCHEePTii y BiAMOBIAs Ha HecTabuIbHICTh podotn B/IE, 30kpema, konmuBanus moryxHocti BJE [2]. ¥V
pasi inTterpauii notykHux B/IE B eHeprocucTeMmu 3arocTpIOETbCs MpobieMa 3a0e3neueHHs SIK CTaTHYHON,
TaK 1 JMHAMIYHOI CTIHKOCTI pexumMiB podotu eHeprocucreM [4, 5]. Tak, y pasi 30inbimenHs yactku BJIE B
3aralbHOMY eHeproOaianci Bxke moHan 2 % cydacHi Mepeki OiIbIle TEXHIYHO HE CIPaBISIOTHCS 3 MIKaMU
reHepallii Ta NepeToKaMK, BUHHKA€e HEOOX1THICTh B IHPpacTpyKTypHHX 3MiHAX, MOJIepHi3alii Ta nepe0yaoBu
camux wmepex [6]. BJIE wmarorp HempsMuii BiIMB Ha JAeMI(yBaJbHI BIACTHBOCTI EHEPrOCHUCTEMH,
00yMOBIIIOIOYH, 30KpeMa, BTPATy CTIMKOCTI Ta BHUHHMKHEHHS ACHHXPOHHOTO XOIy; 3MCHILEHHS 3aracy
CTIMKOCTI (CKOpOUYEHHsSI KPUTUYHOTO 4Yacy BHMKHEHHS KOPOTKOTO 3aMHUKaHHS); MOTIPUIICHHS SKOCTI
nepexiJHUX TpoleciB (301IbIIEHHST KyTiB BIAXMJICHHS POTOPIB T€HEpaTopiB Ta MOTIpIICHHS AEMI(YBaHHS
niepexijHoro mnpouecy) [4, 5, 7].

ChoromHi PO3BUTOK BITPOCHEPTETHKM Iependadae iHTerparito Benukoi Kimbkocti BEC B
enekrpoenepreruuti cuctemu (EEC) 6aratbox kpain city [1]. s nporo EEC MaroTh cTaTél «THYYKHMEAY,
mo O0OyMOBIIOE HEOOXiNHICTh BUpINIEHHS HU3KM BAXKIUBUX HAYKOBO-TEXHIYHMX IWTaHb, a 0Oarato
TEXHIYHHUX acCIIeKTiB MOTPEOYIOTh ACTAILHOTO AOCikeHHs. Tak, po3Mip 1 «THy4KicTh» EEC BU3HAUae iXHIO
CIIPOMOJKHICTB JI0 po3MillleHHs eBHOT KinbkocTi BEC, 3a0e3nedenns cTiiikoi poboTH cucTeMu.

CyuacHi BITpOBi eHepreTW4Hi TypOiHM, MOOymoBaHi 3rigHo BuMmor cranaapry MEK 61400-27-1,
CIPOMO’KHI HaZaBaTH JOIOMIXHI MOCIYT'M €HEProcUCTeMi B YaCTHHI pETyJIOBaHHA YaCTOTH, HANpyrw Ta
OanaHcy MoTyKHOCTi. Ha OUIBIIOCTI iCHYIOUMX Ta Ha BCiX 3amiaHoBaHux 1o OyniBauirBa BEC B Ykpaini
nepen0aueHo BUKOPUCTAHHs BITPSHUX TypOiH 31 3MIHHOIO IIBHIKICTIO OOEpTaHHSA K 3 ACHHXPOHHUM
TeHEepaTOpPOM, y SKOTO CTaTOp NMPHEIHYETHCS IO MEpexki HampsMmy, a (a3HUHi pOTOp — 4yepe3 BUIPSIMHUN
MIEPETBOPIOBAY MOTY>KHOCTI (BiTpsiHA TypOiHa 3 aCHHXPOHHHUM T'€HEPaTOPOM MOABIHHOTO JKUBJICHHS), TaK 1 3
CHHXPOHHUM a00 aCHHXPOHHHM T'eHEepaTopoM, SIKMH TiIKIIOUEHO JO0 MepexXi depe3 MOBHOMACIITAaOHUI
nepeTBoproBay  moTykHocTi. Tak, BEC MaioTh BiAmoBizaTH BUMOTaM MPOXOIKEHHS PEXKHMIB
kopoTkocTpokoBux cmaniB Hanpyrd LVRT (Low Voltage Ride Through), ski 3a3Bmuaii BUKIWKaHi
kopoTkuM 3amukanHsaM y Mepexi FRT (Fault Ride Through) [4, 5, §].

Tenepimnuiii piBeHs BrnpoBamkeHHs BEC 00ymoBmioe HeoOXigHICT BHUPIMICHHS HACTYIHHX
mpoOJieM: HEBiMOBIMHICTh TPANWIIHHUX TIAXOMIB 10 IUIAHYBAaHHS 1 KEpPyBaHHSA YCTallEHUMH Ta
micinsaBapiiHUMU pPEeXMMaMU CHUCTEM THM 3aJadaM, 110 BUHUKAIOTh 33 BUCOKOI'O CTYIEHS BIIPOBAKEHHS
BEC; 3a0esneueHHsl CTIHKOCTI pEeXHMIB pOOOTH PpO3MOAUIBHHX MEpPEeX, OCOOMMBO 13 3HAYHUM
BrpoBajukeHHsIM  BEC; mpoBeneHHs onTuMizalii ycTaJ€eHHX PEXHUMIB CHCTEM 3 BHUCOKHM CTYIEHEM
BrpoBamkeHHs BJ/IE [8]. OcobmmBoi akTyanbHOCTI HaOyBae BHpPIMICHHS MPOOJIEMH IMapanelbHOlI poOOTH
notyxxHux BEC ta EEC Ha perioHagbHOMY piBHI.

V pasi 3poctanns yactku BEC, 30kpeMa, Ha perioHalbHOMY piBHI, BaXKJIMBO JOCIIIUTH IXHil BITUB
Ha HACTYITHI MOKa3HUKHU: 3MiHa KiJBKOCTiI MyCKiB (3ynmuHOK) eHeproo6mokiB TEC; BenmuumHa MOTYXHOCTI
TEC, mo wmoxe Oyru 3amimena noryxHicTio BEC; mnokasHumkum O0amaHcoBoi HaailfHOCTI poOOTH
eHeprocucteMrd (O4iKyBaHy BTpaTy HaBaHTaXEHHS, OYIKyBaHy BTpaTy €Heprii, YacToTy BTpaTH
HABaHTQ)KEHHs); MaKCHMaJlbHa LIBHIKICTH 3MIHM AaKTHBHOI MOTYXKHOCTi, IO MOXYTh 3a0€3MeUuTH
eneproookn TEC ms pisHUX crieHapiiB po3BUTKY pizaux tamiB BJ/IE. A oTke, HaraibHOIO 3a/1a4€to MMOCTAE
JOCIIDKEHHS eJIEKTpOMEeXaHIuHUX TepexiTHux npoueciB B eHeprocucremi 3 BEC [4, 5, 7, 9].

MeTo10 CTATTi € JOCIIHPKEHHST KOJMBAIBLHOI CTIMKOCTI pexxuMiB pobotu eHeprocuctemu 3 BEC y
paiioHax 3 AeGhiIUTOM TPAIUIIHHUX HKEPEI eIEKTPOCHEPTil y eKCTpeMaIhbHOMY BUIAAKY — TIOBHIHM 3YITHHIT
BEC, a Ttakoxx BH3HAYCHHS IapaMeTpiB KOJWBaHb, BKIIOYAIOYM IXHIO OLIHKY IIOJO MOXIHUBOCTI
nemiyBaHHSI.

Metoaun nocaimkenns. [lin wac excruryaramii BEC HeoOXimHO MaTW MOXKIUBICTH TOKPUTTS
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HABaHTKEHHS Yy pa3i 3HWKEHHS TMOTY)XHOCTI, KA HUMH BHIAETHCS, TOOTO IOAATKOBY IOTY>XHICTb
€JIEKTPOCTAaHIII, IO CIPOMOXHI BHPOOHMTH Ta TeEpelaTH EJIeKTPOCHEprilo. Y IbOMY BHUMAIKy TIOTiK
MOTYKHOCTI B €NIEKTPUYHUX MEpekax 3MIHIOETHCS SIK 10 a0CONIOTHIM BEMYUHI, TaK 1 3a HanpsMKoM. Yepes
3MiHY TeHEpOBaHOI MOTYXHOCTI TPAIUIIHHUMH €JIEKTPOCTAHIIIIMA BUHUKAIOTh TIEPEXiTHI IPOIIECH.

[IpuyrHAME TTOPYIIIEHHS CTATUYHOI CTIHKOCTI MOXKYTh OyTH HEIOCTATHS MPOITYCKHA CITPOMOXKHICTH
SJIEKTPUYHUX MEPEXK, IO KUBJIATH paiioH, a00 BAHUKHEHHsI (pepope3oHaHCHHX sIBUI B Mepexi [4, 7]. ¥V pasi
3MiHI TOTYXXHOCTi, sika BHpoOssieTbcss BEC, BuHHMKae Take SBUILE SIK «PO3XUTYBaHHS» T'€HEPaTOpiB
enexTpocTaniid [9]. 30ypeHHs, SKi MOCTIHO BiIOyBAlOTHCS B C€HEPTOCHUCTEMI, BHKIUKAIOTH KOJIMBAHHSI
poropiB reneparopiB. Jlns Toro, mo0 YHHKHYTH «pPO3XUTYBaHHS» Ta BTPATH KOJUBAIBHOI CTiHKOCTI,
KOJIUBaHHS POTOPIB T'€HEpaTOpiB 3a Mamux 30ypeHHSX MOBHHHI OyTu edekTuBHO AeMipoBaHi. AHaII3
KOJIMBAJIbHOI CTIMKOCTI mepeadavyae BU3HAYECHHS NMapaMeTpPiB MalMX KOJHBaHb, BKIOYAIOYH OIIHKY IXHIX
XapaKTEPHUCTHK MO0 AeMI(yBaHHA, SK METOJAMH JOCTIDKEHHS KOPEHIB XapaKTePUCTHIHOTO PiBHSHHS
€HEepPrOCUCTEMH, TaK 1 3a pe3yJbTaTaMU PO3PaxyHKy HEepexiHOro mpolecy 3a Manoro 30ypenus [4, 5, 10].
Brus B/IE Ha konuBanbHy CTaTHYHY CTiHKICTh BUHAYAETHCS IIJIIXOM aHAJI3y 3MiHU CTYIEHs CTIHKOCTI Ta
Koe(iImieHTy 3aTyXaHb HeOE3MeYHNX KOJUBAHb [7].

Bynemo BpaxoByBaTH, WIO TOPYIIEHHS pEXUMY pPOOOTH €JIEKTPOCHEPreTHYHOI CUCTEMHU
BiOyBa€ThCsl MEPEBAXHO Y TUX BHIAAKaX, KOJM Hampyra eJIeKTPOMEpeXi cTae Huk4e i MiHIMalibHO
JorrycTUMOoTo 3HadeHHs — 90 % Bix HoMiHambHOTO 3HA4YeHHs [11]

Usier <Uyy (D
Uw = 0,9- U som » ()

ne Uygp — Hampyra enekrpoMepexi; Uy y — MIHIMQIbHO JOMYyCTHME 3HAYCHHS HANPYTH EICKTPOMEPEKI;
Uon — HOMiHAJIbHE 3HAYCHHS HAIIPYTHU €NEKTPOMEPEXKI.
Bimomo, 110 pyx potopa cuaxpoHHOT0 TeHepaTopa (CI') ommcyerbest audepeHIiiHNM piBHIHHAM [ 7]

T, d*s P, dS
. + 4. — =
@, df @, dt

=P, 3)

ne T; — mocriiiHa iHepuii poropa, ¢; P, — neMndepHuii Koedili€eHT, B.0.; Py — HOTYKHICTh TypOiHU BUXIZHOTO
YCTaJIGHOTO PEXUMY, B.0.; O — KyT BUOIT'Y poTopa reHepaTopa, pal; oy — CHHXPOHHA MIBUAKICTE 00epTaHHS
potopa, paz/c.

Y cBoIO "epry, eneKkTpoMartiTHa noTyxHicTh CI” P BU3Ha4a€eThCS 13 CIiBBiTHOMIICHHS [12]

max

) E U, .
P=P -51n5=qT'Sln5, 4

ne E, — nonepeuna cunxponna EPC reneparopa, B.0.; U, — Hanpyra Ha HIMHAX NPUKHMAaIbHOI CUCTEMH, B.O.;
X. — cyma omopiB €JIEMEHTIB eleKTpornepenadi Bix Touku npuxinaneHHs EPC E, no muH npuitManbHOT
cucremiu 3 Hanpyroto U, B.O.

3amaua aHamily pexuMiB poboTn eHepreTmuHoi cuctemMd 3 BJIE BupimyeTbcs BH3HAYCHHSIM
3aJeKHOCTeH (30Kpema, & = f(¢), P = f(¢) Tom0), fAKi XapaKTepuU3yIOTh 3MIiHY MapaMeTpiB 3aJaHOro
BUXIJHOTO PEKUMY B 4Yaci 3a Majux 30ypeHHSX LBOI0 PEXUMY. Y pas3i panToBOTO BiJKITIOYEHHS TOCUTbH
BEJIMKOI TMOTYXHOCTI, IO TeHepyeThes, 30kpeMa, BEC, anami3 mepexigHUX MpoIleciB mepemdadae OLIHKY
3MIiHU KYTiB POTOPIB I'€HEPATOPIB CYCiNHIX enekTpocTaHiii. OCKUIbKY KOJNMBaHHS aKTHBHOT OTyx)HOCTI CI'
NPOMOPLiiHI KOMUBaHHSAM HOTO POTOpa, Ui OLIHKM CTaTHYHOI CTIMKOCTI T€HEpaTOpiB EJIEKTPOCTAHIIIH
MOTPIOHO PO3paxyBaTH 3aJEKHOCTI KyTa BHOITY poTopa reHepaTopa O 3a 4acoM. XapakTep OTPHUMaHUX
3a3HaYCHUX 3aJIe)KHOCTEH [ae 3MOTy 3pOOMTH BHCHOBOK CTOCOBHO 30epexeHHs abo BTpaTH CTiHKOCTi
pobotu ereprocucremu 3 BEC.

Jnst aHamizy pexuMiB poOOTH €HEpreTHYHOI CUCTEMHU Yy JaHWH Yac MOXKYTh OyTH 3aCTOCOBaHi pi3Hi
monem npexacrasienns BEC, 30kpema, muHamiuHi, SKi, B 3aJ€KHOCTI BiJl METH JOCIIPKEHb, TAIOTh 3MOTY
aJIeKBaTHO BimoOpakaTH poOOTYy CTaHIid y po3paxyHKaX CTIHKOCTI €HEproCUCTEMH, CTPYMIB KOPOTKOTO
3aMHUKaHHSA, TIEPEeXiTHUX TPOIeciB a00 MPOBEICHHI TAPMOHIYHOTO aHAJ3y 3 BUKOPUCTAHHAM pPI3HUX PiBHIB

ISSN 1607-7970. Texn. enexmpoounamira. 2022. Ne 1 43



nmetamizanii [13, 14]. Hampuxman, 3aams Bu3HaueHHS KomiulekcHoro BIumBy BJIE 3anpomnonoBano
BUKOHYBAaTH MOJEIIOBAHHS BIAMOBIIHO 10 HACTYMHOTO IUIaHY TMPOBEICHHS MOCHIKCHHA [S]: aHami3
KOJIMBAJILHOI CTIHKOCTI €HEPrOCUCTEMH B TIOTOYHIN CXeMi; aHajli3 KOJIMBaJIbHOI CTIMKOCTI B MEPCIIEKTUBHIH
cXeMi, M0 BiANOBimae yacy BBoAy B ekcruryaranito BJIE, ane 6e3 BJ/IE; anami3 konmBambHOI CTiliKOCTI B
MIEPCTIICKTUBHIN cxeMi 3 ypaxyBaHHsM BJIE.

3a/ys aHANi3y KOJIMBAIBHOI CTIHKOCTI pekuMiB poboTm eHeprocucremu 3 BEC y paiionax 3
JeiuuToM TpaAWLiHKUX JDKepen eNeKTpoeHeprii y ekcTpeManbHoMy Bumanky (moBHiM 3ynmunui BEC)
aBTOpaMH 3/IICHEHO PO3B’A3aHHA KOMIUIEKCY HACTYITHHX 3a/1a4:

1) nmocmipkeHHST eKCTPeMalbHOTO BHIIAJKY — TMOBHa panToBa 3ynuHka BEC, mo mpamoBana Ha
NOBHY TOTYHICTh 32 HOPMaJbHOTO PEXHMY POOOTH IHIIMX EJIEMEHTIB €IeKTPOCHEPreTHYHOI CHUCTEMH,
T0OTO pi3Ka 3MiHa TeHepaiii enekrpoeHeprii BJIE B nokanpHOMY paiioHi Biff MAKCUMAIIBHOI MOTY>KHOCTI 10
HYJIbOBOI (3a71a9a Ne 1);

2) noCHiKEHHsI 3MiHM BEJMYMHU HANpyrd Ha BHUICHIA MiJCTAHIIl Ta HA CYCITHIX MiACTaHIIAX
(3amaua Ne 2);

3) mociimKeHHS 3a7IeKHOCTI KyTa poTopa reHepaTopiB CyCiIHIX eIeKTpOoCTaHIlii (3amaqa Ne 3).

VY po3paxyHKax eJIEKTPHUYHHUX PEXHUMIB B perioHanbHil eHeprocuctemi 3 BEC BukopucraHo
muHamiuny moaens BEC, ska mpencTaBinsieTbesi ONHUM BY3JIOM 3 HANaroJKyBaHHSIMHM, L0 BH3HAYAIOTHCS
pPEeXUMOM pOOOTH 1l CHCTEMH, 1 BiJIMOBiIae IepIIOMY PiBHIO JIeTali3ailii, 3arpornoroBasomy B [13].

JocixkeHHsi pe;kuMy po6oTH eHeprocucreMu. BiqnoBigHo 10 copMoOBaHOro Mepelniky 3aaad
aBTOpPaMH 3A1MCHEHO aHali3 eNeKTPUYHOI CXeMH eHepropaiioHy (Ha HpuKiIagi MeliTomolbChKOro palony,
BoriiBerkoi BEC) (puc. 1). CioxkxuBauamu eneKTpoeHepril € MmianprueMcTBa MalTMHOOYIIBHOT, Xap4oBOi Ta
IHIMUX Tamy3ed MPOMHUCIOBOCTI, CUIBCHKE TOCIIOAAPCTBO, TATOBI IMICTAHINi 3aJTi3HUYHOTO Ta MiCBKOTO
TPAHCIIOPTY, a TaKOX MOOYTOBI crokuBayi. OCHOBHUM JDKEPEJIOM JKUBJICHHS €HEPropaioHy € By3JI0Ba
migcranmis [1IC1 330/150/35 kB, Binx sikoi momaeThcsi Hampyra Ha 3HH)KYBaJIbHI PO3MOIUIBHI Ta TPAH3UTHI
migcranii. Tak, mo minii JI1 mampyroro 330 kB momaerncst enextpoenepris Bim TEC Ta TpaH3uTOM BifI
atomHoi enektpocranuii (AEC), a mo minisim JI2 Ta JIS Hanpyroro 330 kB miacranmis [1C1 mae 3B’s130K 3
iHmmMu migcraniismu eHeprocuctemu — [1C2 ta I1C3. o BigkpuToro posmnoaiapuoro npuctpor 150 kB mo
nimisx JI3 Ta JI4 npumemnana BEC moryxmictio 200 MBT. Takok € TpaH3WTHHH 3B 30K
rigpoenekrpocranuii (CEC) depes miniro Hanpyroto 330 kB ta By3noBy mifcranmiro [1C1. Jlinii JI6, JI7 Ta
JI8 nampyroro 150 kB 3abe3neuyrots 38’5130k miacranuii [IC1 3 eneprocucremoro — miacranmieto [1C3.

3amaua 1. Jlng cxemu Ha

puc. 1 TpPOBEACHO IOCIIIKEHHS

e O3 EKCTPEMAaJIbHOTO BHUMAIKy pPoOOTH

nc1 €HEePrOCHCTEMH — TIOBHA paIToBa

L2 symuaka BEC, mo mpairoBaia Ha

— MOBHY MOTY>KHICTBh 3a

HOPMANbHOTO ~ PEXUMY  POOOTH

THTITIX €IIEMCHTIB €JIeKTPO-

CHEepPreTHYHol CHUCTeMH, TOOTO 3a

= pi3Kiii 3MiHI TeHeparlii B paifoHi Bif

2 ——_— MaKCUMasbHOi  moTy:xHocTi 200

zcw 150k MBTt n0 nHyneoBoi. Ilpu wnpomy

CIPanboBYIOTh MPUCTPOI

ABTOMATHKA  Ta  BMHKAIOTHCS

cekiiiini Bumukaui C3 ta C4, mo

yepe3 minii JI16, JI7 i JI8 momaroth

skuBiaeHHs Big mipcranmi I1C3.

3a3HaYCHUN PEXKUM MOXIUBUU Yy

pasi  BiAmpamioBaHHS  TEXHO-

Puc. 1 soriynux 3axucTiB Ha BEC Takux,

SK TIOBHA 3yNMWHKAa CTaHINI 4Yepes

BUXiJ] MapaMeTpiB Mepeki Ha IIMHAaX BHAAYl MOTYKHOCTI 3a paMKH JOIMYCTHUMHUX, a00 MepeBUINECHHS

MIBUJIKOCTI BITPY KPUTHYHOTO 3HAYCHHS, HANIPUKIIA, JJIs BiTporeHepaTopiB tuily Vestas V-112 mBUAKICTH
BiTpy 3ynuaku BEC cranoButs 25 m/c.

L5

TEC

ZCLU 330k
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3HaueHHs MMOTOKIB aKTUBHOI MOTYXHOCTI 1o Jinisx JI1, JIS ta miHisx Bugadi noryxuocti BEC (JI3

ta JI4) anamizyBanmucst y nepuri 15 cekyna micns 30ypeHHs. BiamoBimHO 10 po3paxyHKiB, BUKOHAHHX 3a
noromororo makera mnporpam DigSILENT Power Factory, 3amexHOCTi 3MiHM MOTOKIB aKTHBHHUX
MOTY>KHOCTEH TI0 JIHISAX MPEeCTaBlIeHi Ha pUC. 2, [Ie TIOTIK MOTY>KHOCTI IO JIHISAX 3B’ 3Ky 3 eHEPTOCHCTEMOO
Ha Harpy3i 150 kB 3 migcrantiero [1C3 — minii JI6 Ta JI7 (puc. 2, a), mOTiK MOTY»X)HOCTI Ha Hanpy3i 330 kB —
ninis JIS (puc. 2, 6), moTik moTyxHOocTi 1o iHii xkuBneHHs Bigx TEC ta AEC — minis JI1 (puc. 2, ). YMoBoto
HETOPYIICHHS CTIMKOCTI € TOW (hakT, IO 3HAYCHHS IOTOKIB AaKTHBHUX MOTYXHOCTeH HE IOBWHHI
TIEPEBUIITYBATH IPOIYCKHY 3IaTHICTH JiHIA. Sk

Tabmuns 1 BUJHO 3 JaHuX Tabjm. 1 Ta puc. 2, KOJUBaHHS
Tigig | 3MiHa TIEpETOKY B mep- Pesepe | Uac, ¢ MOTOKIB AKTHBHOT MOTYKHOCTI MAIOTh 3racaouui
A MOMEHT 4acy, MBT : xapakrep, To6T0 JuIA inii JI1, JI5, JI6 Ta JI7
J 68 Hi S XapakTep KOJMBAaHb €  3racaloduM, TOOTO
JI5 135 Tax S cTiiiKicTh 36epekeHa.
J16,J17 230 Tak 0,02

Sk MTOKa3yIOTh PO3paxyHKH, 1Mo JiHisfxX J16, JI7 BinOyBcs peBepc MOTOKY MOTYXKHOCTI Mai’ke MATTEBO
Ta 0e3 konuBaub (puc. 2, a). [lotik noryxuocti o JIEIT JIS (puc. 2, 6) Tak camo 3MIiHIOE HANPsIMOK, alie
NPOTATOM MEPIIMX 5 CEKYH] BKe HasBHI HEBEJHKI 3racaiodi KOJUBaHHS. 3pOCTaHHS MOTY>KHOCTI B TEPIIUHA
MoMeHT 4Yacy csrae 135 MBT. [lotik notyxnuocti mo JIEIT JI1 (puc. 2, ) He 3MiHIOE CBOTO HANpsMKY, 3a
BEJIMUYMHOIO 3HAYHO 3pocTae — Ha 68 MBT, oflHaK MPH IbOMY TaKOXX MalOTh MICII€ 3racaroyi KOJIMBaHH.

[IpoBeneni gocnimkeHHS MOKa3yrOTh, o y diHisax JI1, JI5, JI6 Ta JI7 nin yac mepexigHoro mpouecy
MaloTh MICIle 3racarodi KOJIMBAaHHA MTOTOKY aKTHBHOI MOTY>KHOCTI, OAHAK iXHi 3HAYEHHS HE MEPEBUILYIOTH
IPaHUYHOTO.
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Puc. 2

3agaua 2. J[na cxemu Ha puc. | IPOBEACHO TaKOXK IOCTIKCHHs 3MIHH BEIMYUHHM HANPYTd Ha
ButeHid nmigcrannii (migcranmis [1C1) ta Ha cycinHix migcraHiisx. Pesynabpratu aHamizy HaBeleHO y Taoll.
2, arpadiku — Ha puc. 2, 2 Ta 3, a, 6, 1e BAKOPUCTAHO HACTYIIHI ITO3HAYCHHS: KpHBa Ha pHUC. 2, 2 — QYHKIIIA
3MiHU Hanpyru Ha mmHax 150 kB miacrannii [1C1; kpusa puc. 3, @ — QyHKIisA 3MiHKA Hanpyry Ha muHaX 150
kB miacrannii IIC3; xpuBa puc. 3, 6 — ¢yHkuisa 3MiHu Hampyrd Ha muHax 150 kB mipcranuii TEC.
3a3HayMMoO, IO TEPeXiJHUI Mpolec MOBUHEH MAaTH 301KHICTh, a BENMYMHA HANPYTH, IO BCTAHOBUIIACS,
noBruHHa OyTH B Mexax +10% Bixg HomiHanbHOi. OTprMaHi pe3ynpTaTu cBimuats, mo s [1C1, TIC3 ra TEC
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XapaKTCp KOJHMBAHb HANIPYTH € 3racaro4uM, BCJIIMYMHA HAIIPYTH, AKa BCTAHOBHUJIACA, 3HAXOAUTLCS B MCIKaAX

+10% Bix HOMiHaNMBHOI, CTIMKICTE pexxuMy 30epexeHa (puc. 3).
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Puc. 3

Pe3ynbraTti aHamizy, mpeacTaBlieHi Ha puc. 2, 2, puc. 3, a, 6 Ta y Tabu. 2, MATBEPIKYIOTh, 0 Y
nepexiJHOMY TpoIieci KpruBa Hanpyry Ha muHax 150 kB Mae 3racarodi KOJMBaHHS, a 3HAYCHHS HAIIPYTH, 10

Ta6auus 2 BCTAHOBUJIOCH M dYac TPOTIKaHHSI Ta TICHA
ixose MEPEXIAHOI0 MPOLECY, 3HAXOMUTHCS y JOMYCTUMHUX
[IC | sHauenns 3HayeHHs, ']1310 Yac, ¢ | TPAHMYHHX MeXkax — Big 135 kB no 165 xB.
(max/ min), kB | PCTAHOBIIOCL K 3agaua 3. Jlna cxemu Ha puc. 1 IpoBeeHO
C1 | 143.8/139.2 140.4 10 JOCTIJHKEHHS 3aJIC)KHOCTI KyTa pOTOpa TeHepaTopiB
TIC3 | 144.5/1423 1433 13 Ta MPOKOB3YBAHHSA reHepaTopin CycCiHix
TEC | 152.8/149 4 151 15 enekTpocTanilin. Jns 3abe3medeHHsT KONUBAIBHOT

CTIIKOCTI 3HAYEHHS KyTa pOTOpa TeHepaTopiB Ta

IPOKOB3YBaHHs €HEPATOPIB CYCiMHIX €IEKTPOCTAHIIiM, 110 BCTAHOBHJIMCS, MAlOTh OyTH y Mexax 10 90°.
XapakTep KolmBaHb Mae Oyt 3racaounM. OTprMaHi pe3ylbTaTH MOACTIOBAHHS MPEACTABICHO y Tadl. 3 Ta
Ha puc. 4, A€ BHKOPUCTAHO HACTYIHI IMMO3HAYCHHS: 3aJICXKHICTh 3MIHHM KyTa poropy reHeparopis TEC
notyxHicTIo 300 MBT (puc. 3, ), 3aIeXHICTh

Tabnanus 3
' Y— o 3MiHH KyTa poTopy reneparopis AEC (puc. 3, 2),
Enexrpuuna | IlikosesHa- | - @ s Yac, ¢ | 3JIEKHICTH 3MIHA KyTa POTOPY Te€HEpaTopiB
CTaHM HCHHA, TP | oo, ’ TEC moryxuictio 800 MBt (puc. 4, a),
TEC 330 xB 59.7 54.8 12 3QJIEKHICTE 3MIHH KyTa pOTOPY TEeHEpaTopiB
AEC 60.7 58.8 12 I'EC (puc. 4, 6). Ha puc. 4, ¢ Ta 2 HaBeIeHO
T'EC 46.2 43.8 12 KpHBI IPOKOB3yBaHHS poTopiB reHeparopiB TEC

notyxHicTIo 300 MBT Ta 800 MBT BiamosinHO.
3a pesyibraramu aHamizy mias enektpuuHux cradiii TEC na mumuax 330 kB, AEC ta T'EC xapaktep
KOJIMBAHb € 3racalovyuM, CTIHKICTh IXHBOT po00TH 30epexeHa.

AHani3yroun pe3ylbTaTH pO3paxyHKY 3MiHH BEJIMYMHU KyTa POTOpa TeHepaTopiB Ta MPOKOB3YBaHHS
reHepaToOpiB CYCIIHIX SNIEKTPOCTaHIi Ha puc. 3 Ta 4, MOXKHA 3pOOUTH HACTYIHHNA BHCHOBOK: KOJIMBAaHHS
kyTa poropiB reHeparopiB TEC motyxnictio 300 MBT ta 800 MBT (puc. 3, 6 &), a TakoxX pOTOpiB
rerepatopiB AEC ta 'EC (puc. 4, a, 6) maroTh 3aryxarmouuii xapakrep. Ik BumHO 3 puc. 4, g, 2, 3HAYCHHS
MPOKOB3yBaHHs TeHepaTopiB HanOmmwk4oi craniii — TEC Ha mmaax 150 ta 330 kB He mepeBUNIYIOTH
3HaveHHs 0,07 ' Ha TOYATKy MepexiJHOTO MpoIiecy, MO JOCTIHKYEThCs. [IpOKOB3yBaHHS AJIsl TEHEPATOPIB
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AEC Tta I'EC ne3nauni (ae nepeBuniytots 0,02 I'm).
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3a pesyabTaTaMH MPOBENEHOTO aHali3y MOXKEMO CTBEPIKYBaTH, IO SKIIO CTIHKICTh PEXUMIB B
perioHanpHIN eHeprocucTemi y pas3i moBHoi 3ynuHkn BEC 30epiraerscs, Sk MoKa3aHO IMiJl 4ac aHaNi3y
CJCKTPUYHOI CXEMH C€HEepropaiioHy Ha puc. 1, TO CTIHKICTh IUX PEKUMIB TaKOXK MaTUME MicIie 1 y pasi
YacTKOBOTO 3MEHIIIEHHsI TeHepoBaHoi noTyxHocti BEC. ¥ npoMy Bunanky BicyTHs moTpeba B aKTHBHOMY
BTpyYaHHI JHCIeTYepa 1 OMNEpPaTUBHOIO IIEPCOHANy €JNIEKTPOCTAHIIH Ta eJIeKTPHYHHX Mepexk abo
ABTOMAaTHYHUX MIPUCTPOIB KEPYBaHHS.

BucHoBku. bamancyBaHHS 3MiHHOI TOTYXKHOCTi, TeHepoBanoi BEC, B perioHampHHX
EHEeprocucTeMax Ma€ BpaxOBYBaTH HAasBHUH pIBEHb «TIHYYKOCT» TaKHX CHUCTeM (HasiBHICTh JDKepe
«THYYKOCT1» — CHCTEM HAaKONWYEHHS €HEprii, BACOKO MaHEBPEHOI I'eHepallii, 30KkpeMa, OajaHcepiB TOIO) Ta
MMOBUHHO 0a3yBaTHCs Ha BCEOIIHOMY aHaIi3i CTIHKOCTI PEXHUMIB poOOTH (SIEKTPOMEXaHITHUX MEPEeXiTHuX
NPOIIECiB) €HEProCUCTeMH JUIs 3alaHux piBHIB BhpoBamkeHHS BEC Ta 3a MOXKIMBOCTI eKCTpeMaJbHUX
PEeXUMIB iXHBOI POOOTH.

CIiIbHAHA PO3TIA eIEKTPOMEXaHIYHUX XapaKTEPHUCTHUK MMl Yac aHali3y KOJWBAJILHOI CTIMKOCTI
pexumiB pobotu eneprocucremMu 3 BEC 3a pi3kiit 3MiHI pexuMy poOOTH (panToBOMY BiIKIIIOYCHHI 1X Bif
Mepexi) ae 3MOTy TaKOXX OLIHUTH MaKCHMANbHY LIBHIAKICTb 3MIHM aKTHBHOI MOTY>KHOCTI, Ky MOXYTb
3abesneuntu eHeprodioku TEC 3a pisHux cueHapisx 3amydeHHs BEC B perioHanbHi eHeprocucremw, a
TaKOX BIUTMB IUX EKCTPEMATbHUX PEKUMIB HA pOOOTY MiICTaHIIIil €eHEPrOCHCTEMH.
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High growth of renewable energy sources in the energy system necessitate of balancing their variable power. The
integration of the interconnected power grid of Ukraine into the pan-European energy system ENTSO-E provides for
solution to the issue of increasing the flexibility of the Ukraine power grid and ensuring the stability of its operating
modes. It is shown that the problem of ensuring the stability of operating modes of power systems is growed by the
integration of powerful wind farms in power systems. In particular, issues of stability are becoming relevant for both
the powerful renewable energy sources themselves and their impact on the stability of existing power plants operating
in a compatible manner with these sources at the regional level. The simulations of electromechanical transients and
the study of the power grid operating mode when the operation of the wind power plant changes has been carried out in
the article. The issues of ensuring the oscillatory stability of the power system at the regional level and ensuring the
reliability of power supply in an extreme case - with a sudden shutdown of the wind power plant are considered. The
change in power in the main transmission lines and its reverse, the dependence of the voltage in the network, the angles
of the rotors of the generators of the nearest power plants and their slippage are investigated in the work. References
14, figures 4, tables 3.

Keywords: stability of the power system, renewable energy sources, power, wind power plant.
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RESEARCH OF THE PERFORMANCE INDICATOR OF AN ELECTROMAGNETIC MILL
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The paper is devoted to the development of a way for quantitative evaluation of the performance of an electromagnetic
mill, i.e. a device that converts electrical energy into energy of mechanical interaction of operating elements (mill-
stones) with the substance being ground/mixed. The proposed way is based on processing the results of calculating the
trajectories of ferromagnetic millstones of an electromagnetic mill moving in a rotating magnetic field under the action
of electrodynamic forces and hydrodynamic resistance forces and limited by the space of the working chamber. The
average values of the number of blows, the momentum of the force of these blows, the linear velocity of the millstones
and the value of the jerk are calculated. The proposed expression for calculating the integrated non-dimensional per-
formance indicator is calculated on the basis of the above values and allows to link the performance of the grinding
process with the design indicators of the mill inductor, the size of its working chamber, quantity, shape, dimensions of
millstones, etc. The results of mathematical experiments to determine this performance indicator for an electromagnetic
mill with a working volume of 2090 cm3 and an average value of magnetic induction in the working chamber = 0.12 T
are specified. This way needs an experimental confirmation. References 11, figures 5, table 1.

Keywords: electromagnetic mill, grinding, mixing, mill performance, mill efficiency, number of blows of millstones,
millstone force momentum, millstone jerk.

1. Introduction. In modern industrial production, when increasing the efficiency of available
resources in conjunction with increasing environmental requirements is one of the most important tasks, the
relevant objective is to develop research aimed at expanding the use of non-traditional physical and
physicochemical effects on raw materials to intensify manufacturing of products with added value.

Electromagnetic methods of intensification of technological processes include those where the role
of the effective factor is played by the electromagnetic field energy [1]. It is used in so-called
electromagnetic mills (EMM) for grinding or mixing solids, emulsifying liquids and gases, aerosols, as well
as for the so-called activation of the substance.

2. Analysis of Recent Research. The efficiency of the machines performing the above-mentioned
functions of grinding and/or mixing through the electromagnetic field and the technological parameters of
the processes carried out therein are determined by the degree of conversion of consumed energy into the
materials destruction energy. The mechanism of energy transfer, stages of its conversion, as well as types
and intensity of mechanical interactions depend on the method of forming the dispersing force and the
machine design.

Analysis of scientific, technical and patent information in this field has shown that minimal energy
losses are provided by the design of machines in which the energy of the electromagnetic field is directly
converted into kinetic energy of grinding elements (grinders) without the use of special transmission
mechanisms. This energy conversion method applies in machines which uses methods of dispersing
materials in a mixture with grindstones, which are freely placed in their working chambers [2,3,4]. The most
wide-spread machines include electromagnetic mills with an alternating magnetic field [5,6,7].

Theoretical studies of the dynamics of ferromagnetic millstones in the chambers of EMM [4,8] show
that this system creates the conditions necessary for intensive mixing and grinding of multicomponent
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systems. It is known that the magnitude of the force acting on the components of the mixture and the nature
of the movement of ferromagnetic millstones depends on the magnetic properties of the material of operating
elements, their geometric dimensions and quantity in the working chamber, external electromagnetic field
intensity and physicochemical state of raw materials processed.

Experimental studies have shown that the intense motion of ferromagnetic millstones in the working
chamber is possible only until they reach the appropriate number. The criterion for assessing the conditions
in which ferromagnetic elements cease to move intensively in the working area, may be some filling factor
[9]. This relationship is hard to determine, since all its parameters are interdependent. Therefore,
experimental methods are usually used [10].

3. Statement of the Problem. The analysis of modern publications allows to state that:

e existing methods of EMM calculation either do not link its design indicators with the efficiency of
the grinding/mixing process, or use empirical dependences developed on the basis of experimental
studies and for a rather narrow range of design parameters;

o methods of optimization of process control systems are based on the results of calculations using
EMM mathematical models of rather mediocre level of adequacy and those that are built on the basis
of statistical processing of experimental data.

Thus, this analysis showed that the current EMM design techniques are based, at best, on statistical
processing of experimental data and do not contain unambiguous recommendations that link the expected
performance of the mill with the set of its design indicators.

Objective of the Study. To develop a method that will allow quantifying the EMM performance de-
pending on the size of its working chamber, parameters and winding data of the inductor and millstones.

EMM performance is the volume or mass of a substance ground to the required fraction per time unit.

Subject of the Study. Processes of dynamic interaction between ferromagnetic millstones, the work-
ing chamber and the ground substance in a rotating magnetic field inside the working chamber, in quasi-
steady-state modes.

4. Research Methods. The complexity of the task, the large number of dependent variables in it
and the lack of information about the priority factors of influence prompted us to conduct our own research
to find indicators that have a decisive impact on the efficiency of the grinding/mixing process.

Note that all studies in the following presentation were conducted for a fixed size of the working
chamber, the average value of induction, the frequency of rotation of the magnetic field of the inductor and
the size of the millstones.

In our opinion, one of the above indicators may be the average number of blows of millstones %, for

a fixed period of time. Further analysis will take into account the blows of the millstones with each other, as
well as the blows with the walls of the working chamber and with the particles of the ground substance. The
number of blows k,, will be defined as the product of the average number of blows of one millstone £, and
the number of millstones in the working chamber #,, . We assume that the indicator k,, is linearly related to
the total EMM performance, as shown in Fig. 1, a.

As another indicator by which it is possible to assess the effectiveness of the grinding process we propose
to consider the average value of the momentum of the force of these blows S, , for the same period of time.

The average value of the force pulse is obviously non-linearly related to the performance (Fig. 1, b)
and in the case of its direction to oo, the performance of the mill should theoretically also increase to oo.

a) b) c)

performance, kg/m3
performance, kg/m®
performance, kg/m®

—
-

|
|

|

|

|

|

|
]
|
¢ o}

number of blows, pcs force pulse, Ns

Fig. 1
However, the initial part of this hyperbola, which corresponds to the real values of the momentum of
the force, can quite successfully approach the line. Therefore, we will also take this indicator into account in

75
filling of working chamber,%
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the first degree.

The dependence of the mill performance on the filling of the working chamber with millstones %,
in our opinion, is more complex. Obviously, if the value of the argument is zero, the performance will be
zero. When the filling of the working chamber, which is approaching the theoretical maximum, we will also
observe zero performance due to the cessation of the movement of the millstones. Further research accepted
the filling of the working chamber with particles of working substance constant and at the level of 20%.
Therefore, when the filling of the working chamber millstones approaches 75-80%, the performance of the
mill should decrease to zero (Fig. 1, ¢). We propose to describe this indicator as an expression of the form

akfveCkW , where a,b,c are the factors that will be further selected on the basis of experimental data
processing; k,, is the filling of the working chamber in %. At the stage of theoretical research we have
accepted a=0,01; b=2,1; ¢=-0,086. Such values of the factors provide the maximum of the function at
the point k,, =24 % . The value of the indicator at it is = 1.0. Where the k,, =75 % indicator = 0.14. The
inflection point is at the point k,, =41,3%.

The first and second indicators on the level of their influence on the grinding process are
approximately equivalent, although careful experimental research will allow, if necessary, to introduce
appropriate weighting factors for them. On the other hand, the analysis of the impact of each of the above
indicators alone does not allow to draw unambiguous conclusions about the performance, and therefore each
of them can not be considered self-sufficient. Only their relationship will give, to some extent, an objective

idea of the performance of the mill. We propose to consider the product as such an integral indicator of
performance:

Py =001k e " e, S, M

where k,, is the filling of the working chamber with millstones, %; n,, is the number of millstones in the
working chamber;

1 &, 1 &
kus :_zkui > Sus :_zsusi (2)
Mm =1 Mm =1

the average values of the number of blows of the millstone and the momentum of these blows; k,; is the

number of blows of the millstone for a fixed period of time (i =1,n,,); S, is the average pulse of the force
i-th millstone for a fixed period of time At .

We propose hypothesis about the influence of the aforementioned indicators on the productivity of
the grinding process which needs an experimental confirmation. If this hypothesis will be confirmed
considering the accepted assumptions, the value of the performance indicator will be proportional to the
performance of the EMM, and the use of appropriate weights will allow to use it directly to calculate the

performance in m> /s or kg/s. In further research, this indicator P, will be used to quantify the
performance of EMM.

Detection of the fact of impact of the millstone and further calculation of the momentum of the force
of this impact is based on the kinematic characteristic of the material point, called the jerk, i.e. a vector
quantity that determines the rate of change of acceleration of the body. The jerk is the third derivative in time
from the radius vector. In our case, it is the second derivative of the velocity vector of the center of mass of
the i-th millstone:

G - &y _d%n ‘
d  d?
The modulus of the jerk of the i-th mill at the time ¢ =1;, is determined by its projections:

2 2
Gi|t:tk =4Gix +Gjy, “4)

where £ is the current integration step number.
To determine the projections Gj, and G;, we use the mathematical apparatus of the theory of

)

invariant approximation of functions [11]. Suppose that the tabular functions of the projections of the
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velocity of the center of mass of the i-th millstone are v;.(f) and v;,(¢) obtained as solutions of the

differential-algebraic system of equations (DAEs) of the model described in [8], can be represented at some
time as Taylor polynomials of the 2nd degree. For the x - projection of velocity:

2
Vix(f)=01+czf+03t2—,, (5)
or in a vector representation:
vix () =TT[t]c, (6)
2
= . . . . . -
where T[¢]=|1 ¢ > is the Taylor series of 2nd degree with one independent variable; ¢ = ||cl 1) c3||*

is the column of factors of the polynomial.
We will form a column of the discrete function v;,(¢), which will correspond to the moment of time

in which we will look for the second derivative, namely the moment ¢, :
o (7)

wherev, i, vy r_1,Vy —2 are the value of x-projections of velocity at times 7 ,#;_y ,#;_ , respectively.

vix|t:tk:Hvx,k Vb1  Vx,k-2

The corresponding jerk projection, or the second velocity derivative, is defined as:

>, - 2l
Gixlyey, = dtz”‘ =T[{1D°T ™V, (8)
where
Lo 4
.k
2 010
t
T=1 t;,4 % D=[0 0 1 9)
2" 00 0
g, 42
k=2 75

— Taylor matrix and Taylor series differentiation matrix, respectively.
Analyzing (8) we can see that the projection of the jerk is numerically equal to the third factor of the
Taylor polynomial c5. This fact is used to simplify the software implementation of the presented algorithm.

Obviously, the projection of the jerk G, is similar.
Having thus obtained the tabular functions G;(¢) and G;, (), we find the current value of the

modulus of the jerk in the time interval At :

1 t+At 5 1 KI 5 5
E J-Gi dr = A_tZ(Gixk+Giyk)'(tk ~t51), (10
t k=1

where K/ the number of steps of integration over time, in the time interval Az .

rms _
G =

Comparing the current value of the module G; with G;™* the number of blows i-th millstone KU;,
is counted, provided:

G;>G/"™ = KU; =KU; +1. (11)
The momentum of force at each moment of impact of the i-th millstone is determined by the expres-
sion:
d tart d tart
Sij = mi((vgcn —vp )2 +(vl~ey” —vl-syar )ZJ , (12)
where m; is the mass of the i-th millstone; vgf‘” ’ vl-symr "are projections of the velocity of the center of mass

of the i-th millstone at the beginning of the j-th impact(j =1,KU;) ; v,i"d , vg,”d are projections of the veloc-
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ity of the center of mass of the i-th millstone at the end of the j-th impact (j =1, KU;) .

The average value of the momentum of the i-th millstone for time At :
t+ At
1

| KU
usi :Zt J.Sldt :K_(]l. JZ:1SU (13)

S

further used to calculate the average value of the pulse of the impact force of all millstones, according to (2).
Let us graphically illustrate this way of determining the performance indicator F,, according to (1),

on the example of a mill with a working volume of 2090 c¢m’, fed by a three-phase voltage of 20 V with
compensating capacitors. The inductor winding is wye (Y) connected, and power is supplied at a frequency
of 50 Hz in order to reduce the cost of the mill control system. Its main dimensions are: the estimated length
of the core is 185 mm, the diameter of the working chamber is 120 mm. The magnetic circuit of the inductor
is made of electrical steel grade M600-50A, the number of poles is 2p = 2, the wall thickness of the working
chamber is 5 mm, the number of turns in phase is 60, the active resistance of the winding phase is 32,6
mOhm; its inductance (excluding the saturation of the magnetic circuit) is 0,677 mH.

The average magnetic induction in the working chamber was = 0.12 T, the size of the millstones are
d,=40 mm and [/, =8mm, the

4 .
Y level of filling the working chamber

3 —— . 'lrW'Lr millstones was 10%, while the level
of filling with the particles of the
working substance was 25%. The
estimated duration of the transition
N process was 0.16s. The average and
current values of the calculated
indicators of this process were
determined during the last period,
namely in the time range of
0.14 +0.16 s.

Thus, Fig.2 shows the
solutions of the DAEs of the model
i [8], which describe the motion of a

140 142 144 146 148 150 152 154 156 158 160 Single millstone (l = 22) in the mlddle
Fig. 2 of the working chamber, namely, the

0.06

ro
|

0.03+

>

-0.03+

'
~

velocity, m/s

movement, m

-0.06 - -2

~
_

L

400 dependence on the time of
projections and modules of
350 movement and linear velocity.

} Applying to the tabular
300 /' functions vy, (f) and vy, (?)

~ alternately the expression (8)
obtained first the projection of the
jerk G22x 5 Gzzy and then,

250 =

200

according to (4), its modulus G,;.

jerk, x10%m/s3

150

(]
s N I
507 ‘ﬂ — — —17
.y ! . ring the
140 142 144 146 148 150 152 154 156 158 160 time range by (10), is shown in the
Fig. 3 figure by a dotted horizontal line.
The correspondence between the

abrupt change in the projections of the speed of the millstone and the appearance of the oscillation of the jerk
can be seen in Fig. 4, where one coordinate plane shows the time dependences of these values during one of

The time dependence of the
modulus of the jerk (4) of the
millstone 1 = 22 is shown in Fig. 3.
The effective value of the jerk

1, ms G55, calculated during the above
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the blows. Let’s recall that the dependence G,,(¢) is used to count the number of blows of the millstone
KU, , based on the condition (11).

ystart  y,end G ystart , end The values of the

ix A\ — v v projections of the linear velocity at

0- 300 N } AT . start
1\ s the beginning of the blow v35.",

L N ,/ . .

A 250 - —\ L vilza;[ and at its completion v%z,

b
>
<

Gyms vf%, appearing in (12), are also

150+ _ A shown in Fig. 4.

/ After performing all the above
100 ~ calculations, it was found that
/ during the time interval 0.14 =+ 0.16
s for the millstone i = 22 there were
\,\ L,ms 24 blows, the momentum of the
146 147 148 force at the time of impact, shown in

Fig. 4, is equal to 2,293x10™% Ni.
The average momentum of this

velocity, m/s
4
|

jerk, x100m/s?
\

Fig. 4

millstone for (13) is 7,007 107> N.
The average number of blows calculated for the whole set of millstones (n,, =36) for a fixed

interval based on (2) is k,; =2111pcs. and the average pulse is S, =3,263><10_5 Ns. Therefore, the

performance of the mill P, in this mode is 1.35% 1072,

5. Analysis of the Results. We will demonstrate the application of the presented method for
estimating the performance of EMM in a mathematical experiment, the purpose of which is to study the
effect of the working chamber filling on this indicator.

The experiment was performed for the mill which dimensions and winding data of which were
mentioned above. Diameters of millstones is d,, = 2 and 4 mm, the size ratio is /,,/ d,, = 2, the diameters of
ground particles (= 5 mm) and the level of the working chamber filling with them (= 15%) were considered
fixed. An independent variable in this experiment was the level of filling the working chamber with
millstones k,,. Its value varied discretely in the range of k,, =5;10;15;20; 25 %.

The unknown or dependent variables were: the average number of blows of one millstone £, , the
total number of blows of all millstones %,, and the average value of the pulse of the force of these blows S,
for a fixed period of time 0.02 s.

At the initial stage of the experiment using the model described in [4], the vector function of the
vector argument was calculated in tabular form, which reflects the dependence of the electrodynamic force
F,, acting on the millstone in the middle of the working chamber on the phase of the resulting MRS of the
inductor winding ¢, the length of the radius vector of the center of mass of the millstone 7, the angle of
inclination of this radius vector y .

It served as input for the mathematical model [8], which was used to determine the above dependent
variables.

The results of such calculations, their analytical evaluation allow to link the dependent and
independent variables and observe the causal relationships between them. In particular, the functional
dependences of the above indicators on the level of the working chamber filling with millstones k,, indicate
the following (Table, Fig. 5, a). The number of blows of the millstones &, and £, increases with increased
filling k,,, which is simply due to the increase in the number of millstones. The momentum of the force
increases S, weakly due to the slow increase in the speed of its movement.

The performance index in the cases corresponding to the diameters of the millstones 2 and 4 mm
increases almost equally to the filling at the level k,,=20%, and only further, for the millstones of larger

diameter there is a more intensive growth. Also, our researches show that at bigger diameters of a millstone
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the maximum of performance is reached at /,,/d,, = 1. An increase in the size of the millstones, such as

their length, leads to an increase in the momentum of the impact force, but the number of collisions in this
case will fall. The low filling of the working chamber with millstones encourages their accumulation in the
vicinity of the working chamber wall, and the particles of the working substance seem to “float” over this
accumulation. The grinding capacity in this case is also weak. On the other hand, overfilling of the working
chamber, especially in cases where the average size of the millstone is relatively smaller than the average
particle size of the working substance, enhances the effect of comprehensive coverage of these particles by
the millstones. The mutual movement of these components decreases and the grinding efficiency decreases
accordingly.
Results of mathematical experiments for millstones with a diameter of 2.0 and 4.0 mm

No. | Diameter x length | Filling of work- | Number of mill- | Number of blows| Momentum of |[ndicator P,
of the millstone,  |ing chamber k,,,| stones n,, ks force S, , Ns
mm %
1 2,0x4,0 5,02 71 23,39 6,871E-06 0,00220
2 2,0x4,0 10,04 142 30,99 7,802E-06 0,01839
3 2,0x4,0 15,00 212 32,72 8,233E-06 0,04637
4 2,0x4,0 20,51 290 35,10 8,447E-06 0,08386
5 2,0x4,0 25,04 354 34,83 8,063E-06 0,09986
6 4,0x8,0 5,09 18 27,83 4,55E-05 0,00449
7 4,0x8,0 10,19 36 25,69 4,693E-05 0,02367
8 4,0x8,0 15,00 53 24,70 5,518E-05 0,05864
9 4,0x8,0 20,09 71 25,54 4,418E-05 0,07753
10 4,0x8,0 25,18 89 29,38 5,588E-05 0,14671
a) b) ‘
Compensating Working EMM
— e Ixch - o R Cooler capacitors  chamber inductor

5 016 p / \ A [

7y ’ /

.g 0,12 < <

Z 0,00 2T

] [

] 5

2 -

8 0,03 e

0,00 £==
5 10 15 20 25

filling of the working chamber, %

Control system Cooling system
clements collectors
Fig. 5§

We plan to test this way of determining performance and identifying the connection with the design
parameters on the model of EMM with a diameter of the working chamber 120 mm (Fig. 5, b).

Conclusions.

1. Methods of calculation of millstones movement dynamics indicators, namely full number of their
collisions (blows) and average impulse of force of these collisions are developed. The method of identifying
the moments of collisions of millstones with other elements is based on the analysis of their trajectories,
namely the calculation of a vector quantity called a jerk.

2. It is established that the design indicators of EMM — the diameter and length of the millstone, the
level of filling the volume of the working chamber, and indicators of the dynamics of the millstone — specific
number of collisions, total number of collisions, average momentum, characterize the grinding/mixing
efficiency. Taking this fact into account, an original way for quantifying EMM performance was developed,
based on the calculation of the so-called performance indicator (1), which takes into account the influence of
the number of millstone collisions, the average momentum of these collisions and the filling level of the mill.

3. Based on the analysis of data from mathematical experiments, it was found that

e the total number of blows decreases with increased length of the millstone or its diameter, and
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increases with increased filling of the working chamber;
o the average pulse of force increases with increased size of the millstone, and decreases with
increased filling of the working chamber.
4. It is assumed that the proposed performance indicator, as a scalar function, has a maximum point
in the space of three design parameters of the EMM (independent variables) — the diameter of the millstone,
its length and the level of filling the volume of the working chamber.
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Ipays npucesuena pospodyi cnocody KinbKiCHOI oyiHKU NPOOYKIMUBHOCI eleKMPOMACHIMHO20 MIUHA — NPUCPOIO,
wo 3abesneuye nepemeopeHHs eleKmpudHoi eHepeii y enepeilo MexaniuHoi 63acmooii pobouux enemenmis (dHcopen) 3
PeuoBUHOI0, WO posmentocmbcs/nepemiuyemocs. Ilpononoganutl cnoci6 3acnosanuti Ha 00podyi pe3yibmamis
PO3PAXYHKY MPAEKMOPIU  (DepOMASHIMHUX JCOPEH  eNeKMPOMASHIMHO20 MAUHA, WO pPYXAIOMbCsi 68 00epmogomy
MAZHIMHOMY oL Ni0 JI€I0 eNeKMmpOOUHAMIYHUX CUTL I CUTL 2ZIOPOOUHAMIYHO20 ONOPY MA 0OMeICeH NPOCMOopomM pobouol
rkamepu. OOUUCTIOMbCsL CePeori 3HAUEeHHS KIIbKOCME YOapis, iMnyIbCy CUU yux yoapie, NiHIUHOL WeUuoKOCmi HcopeH
ma 3HAYEHHs PUBKA. 3anponoHO6anUll UPA3 0OYUCIEHHS THMeSPATbHO20 DE3PO3MIPHOZ0 NOKASHUKA NPOOYKIMUGHOCI
BUPAXOBYEMBCS HA NIOCMABI  BUWE3A3HAYEHUX BEIUNUH ma O0A€ 3MO2y 36’A3amu  NpOOYKMUGHICMb Npoyecy
PO3MENIOBAHHS 3 KOHCMPYKYIUHUMU NOKAZHUKAMU [HOYKMOPA MIUHA, PO3MIpamMu 1020 pobouoi Kamepu, KilbKICmio,
gopmoro, posmipamu dwcopern ma in. Hasedeno pezynomamu mamemamuyHux eKCnepumMenmis 3 BU3HAYEHHS YbO2O
NOKA3HUKA NPOOYKMUGHOCE 0I5 eNeKMPOMAHIMHO20 MIunA 3 pobouum 06 'emom 2090 cm® ma cepeduin snauennsm
MmaeHimuoi iHoykyii' y pobouitl kamepi = 0,12 Tn. Cnocib6 nompebdye excnepumenmanvioco niomeepoxcents. bion. 11,
puc. 5, Tabm. 1.

Knwwuoei cnosa: enexTpoMarHiTHH MJIMH, PO3MEIOBAHHS, MEPEMIlyBaHHs, MPOAYKTHBHICTh MIIMHA, €(EKTHBHICTDH
MJIMHA, KUIBKICTD YJIapiB XKOPEH, IMITYJIbC CHITH XKOPHA, PUBOK KOpPHA.
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3AJIEZKHICTb EHEPTETUYHUX ITPOLECIB BUCOKOBOJIBTHUX EJIEKTPOPO3PAAHUX
CBEPJJIOBUHHUX KOMIIJIEKCIB "CKI®" BI/Il XAPAKTEPUCTUK HABAHTAKEHHSA

O.B. XBOHlaH*, KaHja.TexH.Hayk, O.I1. CMipHOBH, KaH]I.TEXH.HayK
IncTuryT iMmnyascHux mpouecis i texnosoriii HAH Ykpainu,
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Busnaueno 3anesicnocmi elekmpuyHux napamempie Ha3eMHoi ma 3aHypIo8anbHOI Hacmut 3apsaoH020 NPUCIPOIO eleK-
Mpopo3psaoHo2o ceeponosuntnozo komniekcy "Crigh-100M" 6i0 ocobrusocmeti 3MiHeHHs e1eKMPUYHUX XAPAKINEPUCHUK
AKMUBHO-PEAKTNUBHO20 HABAHMANCEHHS Y PA3I BUKOPUCTNAHHA CYYACHUX 2e0izuuHux Kabenie 008xcunoto 0o 10 km, AKi
Mmaroms akmugHuti onip 6i0 24 0o 644 Om, emnicms — 6i0 0,2 0o 1,8 mx® ma indykmusenicme — 6i0 2,9 0o 31 mIn. Ha
OCHO8I aHanizy nepexioHux npoyecia y 3apsa0HOMY KO MAK020 KOMNIEKCY BUSHAYEHO HOBI 3aNeHCHOCII Ma YMO8U 3d0-
JIAL NIOBUWYEHHS NOMYHCHOCIT 3aPAOKU HAKONUYYBANLHO20 KOHOEHCAMOPY, UXIOHOI ROMYMHCHOCMI | Hanpyau HA3eMHOT
uacmuHY 11020 0Jdcepend HcusnieHHs 6i0 napamempis nasanmasicenns. Q0IpyHmosano neobxioui enepeemuuni napame-
MpU OKpemux elemMenmis yYHieepcanbHo20 3aHYPI08AIbHO20 3aPAOH020 NPUCTPOIO OISl NIOBUWEHHS eHepeoeheKUEHO-
cmi ma npoOYKMueHoCmi pobomu 6UCOKOBONLIMHUX el1eKMPOPO3PAOHUX C8epONosuHHUX Komnaekcie muny "Cxigh" 6
yKkazanomy oianasoni Haganmadicenus. Ompumani pe3yrbmamu 3a0e3ne4ams epekmueHy MOOepHi3ayito GiMUUIHAHO20
eNIeKmpPOPO3PAOHO20 3AHYPIOBATLHO20 0ONAOHAHHA MAKUX KOMNAEKCIE (30KpeMa iXHIX Ha3eMHUX Odcepen JHCUGLEH s ma
3aHYPIOBANLHUX 3apAOHUX 0Oa0Ki8). Lle nowupums cgepy ixHb0o20 3acmoCy8aHHA 8 HAGMO2a308ili NPOMUCIOBOCHII
Yxpainu ma 36invuwume npueabiugicms iHeecmy6anHs 8 eKOHOMIKY VKpainu 3aKOpOOHHUX KOMNAHI, AKi 30iliCHIOI0Mb
00poOKY Hapmosux ceepOnosun y pisHux kpainax ceimy. biomn. 11, puc. 4, Tadmn. 3.

Knwouosi cnosa: nepexigHi eNeKTpUYHI MPOIIECH, €IEKTPOPO3PIIHUIN 3aHYPIOBATBHUI KOMIUIEKC, 3apSIIHIA TPUCTPIii,
reodi3nuHKi eaeKTpoKadeb, aKTHBHO-PEAKTHBHE HABAHTAXKEHHSI.

Beryn. YV cBitoiii npaktuti 10 30% noToyHoro BUA0OYTKY Ha()TH 1 ra3y JOCSTAETHCS 3aBISKH BiJl-
HOBJICHHIO HEJII0UMX CBEPIJIOBHMH, 30KpEMa 3 BHKOPHCTAHHSM BHCOKOBOJIBTHHX EIEKTPOPO3PSIHUX KOM-
TJICKCIB, SKi 31aTHI (OPMYBATH y PIAUHI XBHJII BEJIMKOTO THCKY Ta iHIN YMHHHUKH, IO BIUIMBAIOTH Ha 30HY
nep¢opauii CBEpUIOBHH Ta MiIBUILYIOTH iXHIO MPOAYKTUBHICTE (ne6it) [1]. KoMIuteken Takoro THITy JaOTh
3MOTY TiABUIYBaTH MPOAYKTUBHICT HE TIJIbKU HA(PTOBUX, a i BOJ03a0IpHUX 1 JerazaliiHuX CBEPIJIOBHH.

Bci enexTpopo3psiiHi CBEpIIIOBHHHI KOMIUIEKCH Bimommx kommasii I-Pulse (®pantis) [2], Blue
Spark (Kanana) [3], [nctutyTy iMmynbscHuX mpotecis i TexHosnoriii HAH Ykpainu [4] Ta Hoac (Pocis) 3a-
HYPIOIOTH OJIOKH €JIEeKTPO3apsJHOTO MPHUCTPOI0, EMHICHOTO HaKOMUYyBaya €Heprii, eleKTPoAHOI CUCTEMH 1
BHCOKOBOJIBTHOTO KOMyTaTopa 0e3mnocepeHbo B 30Hy HaTOBOro Iuiacta. Lli koMIiekcn BUKOPHCTOBYIOTh
po3psiaHi HanpyrH Bix 2,5 no 30 kB Ta eHepriro po3psaaHux iMmynscis Big 1 go 2 x/Ix. Komyranis eneprii B
PO3pSAAHOMY KOJIi MOXKe OyTH KEpOBaHOIO i HEKEPOBAHOIO, a JUIsl IEPETBOPECHHS ENEKTPOCHEPTril B aKyCTHYHY
3aCTOCOBYIOTh €IEKTPUYHUN BHOYX MPOBITHUKIB Ta BUTBHUN €IEKTPOICKPOBUN PO3PS y PiIMHI CBEPAJIOBH-
HHU a00 y CIemiaTbHOMY BOJHOMY PO3YHHI 3 3aJaHIMH XapaKTePUCTHKAMHU.

B ocranHi pokH B ycix KpaiHax CBITY CIIOCTEPITraeThCs TEHIEHIIS 30UIbIICHHS BUAOOYTKY HadTH 3
HNOXMJINX 1 TOPU30HTAIBHUX CBEPIUIOBUH, TOMY B 3aHYPIOBAJIbHUX YaCTHHAX BUCOKOBOJBTHUX CBEPAJIOBUH-
HUX KOMILJIEKCIB BHKOPHCTOBYIOTH CY4JacHI OIHO-, TPH-, CEMHKIIbHI Teo(]i3udHi kabeli MTOBKHUHOIO 10
10 kM, SIKi MaIOTh Pi3HI ENEKTPUYHI XapaKTePUCTUKU. Tak, IXHIA MUTOMHIA €JIEKTPUYHHUNA OIip MOXKE 3MIHIO-
Batucs Big 10 g0 41 Owm/km, nmutoma emuicth — Bix 0,06 go 0,2 Mx®/kM, XBHILOBHUI omip — Bix 45 10
100 Om, poboua Hanpyra — Big 660 mo 1500 B. HasBHe oOnagHaHHS HEe 3aBXAM JO3BOJSIE YpaxyBaTH 3Mi-
HEHHS eJICKTPUYHIX XapaKTepUCTUK KaOelliB Ta peanizyBaTH eHeproeeKTHBHI PEXKUMHE EIIEKTPOPO3PIHUX
KOMIIJIEKCIB, TOMY MPOBEICHHS AOCIIIKEHb EHEPTeTHYHHUX MPOLECiB y TXHIX eNeKTPUYHUX KOJaX 3 METOI0
PO3ILIMPEHHS 00J1aCTi BUKOPHCTAaHHS O0JIaHAHH € aKTyaJbHOIO 33/1a4€lO0.

AHami3 mociaimkedb i myoaikamiii. OCoONMHMBICTIO 3apsATHUX KUT 3aHYPIOBATHHUX EJIEKTPOPO3PSI-
HUX CBEPJIOBUHHHMX KOMIUIEKCIB € 0araToCTyleHeBe MEepeTBOPEHHS €Heprii, MOoB’s3aHe 3 HeoOXimHICTIO 11
nepeiavi BiJ Ha3eMHOI YAacTHHM O 3aHYpPEeHOI depe3 KaOenbHY JIiHiIO, SIKa € JOJATKOBHUM aKTHBHO-
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peaKTHUBHUM HaBaHTaKeHHsAM. Ha puc. 1, a HaBeneHO OIOK-cXeMy eNeKTPOPO3PsAHOT CBEPAJIOBHHHOI yCTa-
HoBkH "Ckid-100M" [1] 3 Takoro minieto, ne 311 — 3apsanauii npuctpiii, €H — emHicHuiT HakonuayBay, BK —
BUCOKOBOJIbTHUI KoMyTaTop, EC — enextponHa cucte-
Ma, 3K — 3'eqHyBanbHMI Kabenb.

Jst po3paxyHKy TEpeXiTHUX MPOIECiB y 3apsi-

re------ 1 i teeteeleiestetestedestes ettt ledeebeie 1
1 1 I

fjﬁnﬁ,ﬁ-{-lam H 3K HanzH €H |—| BK I—l ECI
1]
! I i
| Hazewra i i

e R HOMY KOJIi 3aHYPIOBAJILHUX €JIEKTPOPO3PATHUX KOMILIC-
a KCiB 3 0araTOCTyNEHEBUM IEPETBOPEHHAM €Heprii mpo-
R L R L Rt Lws Ra  La BOJIMTBCSA CHHTE3 CHCTEMH IHTErpallbHUX 1 JudepeHiia-
= A = —1:r—’w“-l—:;—fw“o JBHUX PIBHSHB [5, 6]. AHANITUYHO PO3B’s3aTH TaKi CHC-
1° 1% TEMH PiBHSIHb HEMOXJIMBO, TOMY B [5] BUKOPHCTaHO 4H-
“ -7 CellbHI METOAM, peaji3oBaHi MPOrPaMHUMH IaKeTaMH
6 JUISL aHaJli3y mporieciB B enekTpuaanx cxemax OrCAD i
PSpice. PospaxyHok 3apsmHux Kin ycraHoBok "Ckig-
TV CI e 100M" mpoBoamBCS 32 YMOB BKJIFOUEHHS 10 HHUX BijO-

I

MHUX Teodi3nuHuX 3apsaaux kadems tamy KIW 3-60-90
ta KT 7-68-180 moBxuHOIO He OinbIIe 5 KM.

Bigomi ¢ipmu po3pobuim pi3Hi cydacHi cHIOBI
KabeJi, Kl MOXXyTb BUKOPHUCTOBYBATHCS B €JIEKTPOPO3-
PSTHUX CBEPUIOBHHHUX yCTaHOBKaX. [CHYIOTH TeMIepa-
B TypHI oOMexxeHHs IXHbOi pobotu. [IpuitMemo, mo Mak-
cUMallbHa TeMmIlepaTrypa iXHbOi eKcruryararii Oyze o
120 °C. 3Bakaroun Ha 3HAYHY AOBKHHY KaOemio, IO
3'€/IHy€ Ha3eMHY Ta 3aHYPIOBAJIBHY YaCTUHH, 1 BIUIMB HOT0 aKTHBHO-PEAKTHBHOTO OTIOPY HAa MEpexXiaHi mpo-
LecH B KOJax 3apsily KOHICHCATOPiB, aBTOPU BHOMpan Kalelli 3a TAKUMH XapaKTepUCTHUKaMH: poOoya Ha-
npyra U,,s, TATOMAa €EMHICTh MK XEJIaMA C,.,,. Ta MK XWIOK0 1 OpoHeto C,., MUTOMA 1HAYKTHBHICTE MiX
KUIAMH Ly, T MK KOO 1 OpOHEIO L5, IUTOMUI aKTUBHHUN OMIp KWK R,. Ta OpOHi R;, elEeKTpUIHNN
omip i3omAwii R;;, K1 MpuBeAeHO y Tabm. 1.

Puc. 1

Taoauns 1
Mapka Uiws | Cocro Cocos Locoes Lics R Rs R;,
Kabero B n®/m | md/m | mITa/km | MIa/kM | Om/kMm | Om/kM | MOM kM
OTHOKHJIBHI
1-FT-380-12/18-G-19 1500 - 128 - 1,32 9,2 4,92 457
1-FT-288-12/18-G-19 1500 - 180 - 1,6 9,2 9,2 457
KT 1x1,5-75-150 660 - 65 - 1,08 13,2 42 20000
KT 1x6-65-150 1500 - 120 - 0,95 3,11 5,0 20000
TPYKUIBHI
3Q37RP 1200 154 - 1,67 - 23,3 5,6 457
KT 3x1,5-98-150 660 150 - 1,56 - 13,2 4,0 20000
KT 3-60-90 * 1000 102 - 3,1 - 28,5 4,0 10000
CEMIKHIIbHI
7Q49RTZZ-EEHS 1200 89 - 2,33 - 32,2 3,3 457
KT 7x1,5-100-150 660 150 - 1,64 - 13,2 3,7 20000
KT 7-68-180 1000 90 - 2,8 - 25,0 4,0 10000

" MapKy BHKOPHCTAHO JUIS PO3PAaXyHKy MePeXiJHUX IPOLECiB Y 3apstHOMY KOIi po3pobiienoi yeranosku «Ckid-100M»

BusiBieno, mo 3a 3pocTaHHs IOBKMHH KaOemniB Bif 3 mo 10 kM iXHE aKTHMBHO-peaKTUBHE HABaHTa-
JKEHHS CYTTEBO 3MIHIOETHCS, 30KpeMa eIeKTPUIHUN ommip Kuiu kademo 3poctae Big 10 mo 250 OwMm, a em-
aicte — Bix 0,2 1o 1,8 Mx®d. Ile cyTTeBO 3MEHITy€e eHEepProeheKTHBHICTL pO3pOOICHUX paHille KOMILICKCIB,
TOMY TPOBEJCHHS JOAATKOBUX JOCIHiIKEHb, CIIPAMOBAHUX HA PO3LIMPEHHS 00J1acTi IXHHOT0 BUKOPHUCTAaHHS,
€ aKTyaJIbHOIO HayKOBOIO 3a]1a4elo.

MeTo10 poOOTH € BU3HAYCHHS 3aJIKHOCTEH €IEKTPUUHUX NapaMeTPiB HA3eMHOI Ta 3aHypPIOBAJIbHOT
YaCcTUH 3apsIHOTO TPUCTPOIO ENIEKTPOPO3PSAHOTO CBEpIOBHHHOTO KoMiuiekey "Ckid-100M" Bix ocobnm-
BOCTEH 3MiIHEHHS €NIEKTPUYHUX XapaKTEPUCTUK aKTHBHO-PEAKTUBHOTO HABAHTAXXCHHS y pPa3l BUKOPUCTAHHS

ISSN 1607-7970. Texn. enexmpoounamira. 2022. Ne 1 59



CydJacHHX Teo(i3nyHuX KabemiB MOBXHHOI J0 10 KM 3a1i1s BUSBICHHS YMOB ITiJIBUIIICHHS MOTY>KHOCTI 3a-
PAAKH HAKOTTUYYBATBHUX KOHACGHCATOPIB 1 BUX1THOT MOTY>KHOCTI BCHOTO KOMILICKCY .

Jonyumenns min yac moaeaoBanns. [lin yac aHanmizy nepexiTHUX eJIeKTPUYHHUX MPOLECIB Ha3eM-
HUH 3apsaaHAd pucTpiil (HazemHe mKepeno xxuBiaeHHs) 3111 npeacraBieHo mKepenoM NnepioaAndHOl HATPy-
i U,,. 3 ypaxyBaHHSAM PE3yNbTATIB [S] 1010 BILIUBY MPOMIXKHOT YaCTOTH MTEPETBOPEHHS 3apsTHOI HAIIPYTH
Ha eJICKTPHUYHI, TEIUIOBI Ta MacorabapuTHi nokasuuku 3I1, yactory mkepesna Hanpyru oopano 3 kI, a dop-
My IMIyJIbCiB HaNPYTH — TpaneueigaabHoI0, OMM3bKOI0 10 MPSIMOKYTHOI (iepiox 333,3 MKc, a yac 3pOCcTaHHS
1 caiaHHs IMITYJIBCY BiJ HyJBOBOTO 3HAYCHHS 0 MakcuMaiabHOTo 1 MKc). JlocmimKyBaBcsl BIUIMB HaBaHTa-
JKCHHSI Ha CePeJHbOKBAIPATUYHY BEIMYMHY MOBHOI MOTYXHOCTI JIsl BU3HAUCHHS 11 MIKOBOTO 3HAYCHHS Sy
s xapakTepucTHKa BU3HaUa€ HEOOXiAHY BUXiIHY HOTYXHICTh HA3MHOTO JUKepesia KUBJICHHS yCTaHOBKH.

3K € miHi€r0 3 pO3NOAUIEHNMH aKTUBHUMHY i PEAKTHBHUMH €JISKTPUYHUMHU TapameTpamu. B pospa-
XYHKaX HOTO MPEICTaBICHO JIAHITIOTOBOIO CXeMOt0 3aMireHHs (puc. 1, 6) 3 n T-o0pa3aux maHOK [5].

[Mapamerpu cxemu 3aminienHs 3K pospaxoBano 3a Gpopmynamu

R =Ry=..=Ry, =SR.-I, /(2-n); (1)
C1:C2:...:Cn:Ci'lk/}’l,' (2)
L1:L2=...:L2n=Li'lk/(2‘n), (3)

Je XR; — cyMapHHil TUTOMHH OIip KW Ta OpOHi KaOemto, sKi MiAKIOYEHO 10 3apsIHOTO KOJia IPUCTPOIO,
Om/M; C; — muToMa eMHICTh M KIaMu C,.,., @/M 200 Mixk xuitoro 1 6poneto C,.45, D/M; L; — muToMa iHITY-
KTUBHICTh MK JKWUJIAMU L ,re, | H/M 200 MiX 5kusI010 1 OpoHETO L5, 'H/M; [, — moBXMHA Kabemro, M; 7 — Killb-
KicTh T-00pa3HKX JIaHOK.

KinbkicTh 1aHOK JIaHIIOroBo1 cxemu 3amimeHHs 3K po3paxoBano 3a GopmyIior

|2Ri'Gi_a)§’Li'Ci|
12-(1<—2—1)

; 4)

n=I[-

ne G;=1/R;;, — nonepevyHa akTHBHA NPOBIIHICTh 13011 MIX NPSIMHUM 1 3BOPOTHUM IpoBiIHUKaMH, CMm/M;
R;; — enexTpuuHuit omip i3omsii, OM-M; o = 2-7'f — KpyroBa 4acrora, paj/c; f — 4acToTa CTpyMy B JIiHii,

Po3paxyHOK MUTOMOI iHIYKTHBHOCTI 3‘€IHYBaIbHOI Ka0enbHOI MiHii (L, 200 L,.) TPOBEIEHO 3a
METOIMKOIO [7]. Pe3ynbpTat po3paxyHKy muTOoMOi iHAyKTHBHOCTI 3K Ta MiHIMambHOI KUTBKOCTI JaHOK (30i-
JIBIIIEHOT 10 HAMOIMKYOTO IIOro uncia) it moxuoku 0,99 i JoBKUH pi3HUX Mapok kabemo 5 1 10 kM (Bia-
TIOBIJIHO 715 T 1179 ) HABEJICHO y Ta0II. 2.

Taoauns 2
Mapka Kabetio LvTu/rm | ps | 0y, Iix Hac MOZ[CJIIOvBaHHH nepegi;:[HI/va TIPOIIECIB Y
1-FT-380-12/18-G-19 132 3 | 5 | 33PAIAHOMY KOJii peanbuuid Kabelb 3aMiHEHO HOTO NIaHLIo-
1-FT-288-12/18-G-19 1.6 4 | 7 | TOBOIO CXEMOIO, 1O MlCTngL n = 10 nanok. IToxuOka Takoi
KT 1x1,5-75-150 108 | 2 | 4 | aminmuenepesmuye % , .

KT 1x6-65-150 0.95 3 5 quagm reo¢iznuHi Kabemi 3/1aTHI nepenaBaTh
3Q37RP 67 RG] Hanpyry He Oinblie 15.00 B, NPOTE HOMIHA/IbHA HATPYyTa
’ 3apsiiKd  KOHAEHCATOpiB €MHICTIO 2,4 MK® KOMILIEKCiB
KT’ 3x1,5-98-150 1,56 316 "Cxkid" cranouts 30 kB [1]. Tomy nepemada eneprii Big
KT 3-60-90 3,1 4 7 Ha3€MHOI0 3apsHOTO MPUCTPOIO A0 3aHYPEHOI YaCTHUHU
TQ49RTZZ-EEHS 2,33 3 | 6 | xommiekcy 3MiHHEM a60 MOCTIHIM CTPYMOM ISl 3apsil-
KT 7x1,5-100-150 1,64 3 | 6 | xu HaKonmMdyBaIbHHX KOHICHCATOPIB 1O HOMiHATBHOI

KT 7-68-180 2.8 4 | 7 | nanpyru BUMarae BUKOPUCTAaHHS Pi3HHX PillleHb.

3a mapaJienbHOro 3'€THAaHHS KOHICHCATOPIB B OAHY Oarapelo HeoOXiIHO BPaxOBYBATH MPOLECU IIe-
pepo3mnoiny eHeprii Mi>k HUMU [8] Ta 3aJIe)HICTh BTPAT €IEKTPUIHOI eHeprii BiJl CIiBBIIHOIICHB iXHIX €M-
HOCTEW Ta MOYAaTKOBUX 1 KiHIeBUX Hampyr [9]. [yis miIBUINEHHS €HEPreTHUYHNX XapaKTEPUCTHK MPUCTPOIB
3apsly BUCOKOBOJBTHHUX KOHACHCATOPIB YCTAHOBOK BUKOPUCTOBYIOTH MOBIHHI pe3oHaHcHI KoHTypH [10] Ta
CHeliaibHI MaOIHIyKTUBHI KOHCTpYKii [11].

Ha ocHOBI aHai3y CXeMO-TEXHIYHUX 1 KOHCTPYKTHUBHUX PillleHb MPUCTPOIB 3apsaay KOHIACHCATOPIB ¥
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po6oTi Oys10 00paHo cxeMmy 3aHypIOBalIbHOTO 3apsaHoro npucrporo 3112, nokasany Ha puc. 1.

3MiHHA Hampyra Ha BUXOJi 3’€IHYBaJbHOI KaOeNbHOT JiHii MiABUIIYETHCS BUCOKOBOJILTHUM TpaHC-
¢opmaropom TV, motiM BOHa BUIPSAMIIIETBCS W MOABOIOETHCS HECUMETPHYHOIO CXEMOIO MOJBOEHHS, ILO
BUKOPHCTOBYE J03YIOUHi KOHIeHcaTop eMHICTIO C, Ta mionn VD1 1 VD2, Taka cxema nependadae 3apsiiKy
emuicHOTO HakonmuayBada C, 1o Hanpyru 30 kB. BucokoBonbTHHIF KoMyTaTop BK pospsmkae konaeHcaTop
C,, ioT0 MiJKITIOYSHHSIM JI0 PO3PSIHOTO KoJIa.

[Tig yac MozeTIOBaHHS IEPEXiTHUX MPOIECIB 3pOOJICHO MTPHITYIIICHHS:

— MOJIeJi BCiX aKTHBHHX, PEaKTHUBHUX 1 HAIIBIIPOBITHUKOBUX EJIEMEHTIB Ta JKEPEJl CHTHAIIB B3SITO
31 ctanaapTHUX 0i0ioTek nmporpamu PSpice;

— BUCOKOBOJBTHUH Tpanchopmarop TV npuitHATO imeansHUM (TOOTO BpaxoBaHO JHIIe Horo Koedi-
HieHT Tpancdopmanii K,,), yci €IeKTpUYHI apaMeTpH €IEMEHTIB CXeMH IPHBEAECHO N0 MOro NMepBUHHOI
00OMOTKH (B TTOIAIBIIOMY yCi TIPHBEACHI TapaMeTpH Mmo3HadeHo cumBoiioM ('), Hanpukian, C, — EMHICT Ha-
KOIMMYYBaJIbHOTO KOHJEHCATOPa KOMIUIEKcY, a C,' — IpuBeZieHe 3HaUSHHS i€l €MHOCT1);

— po3paxyHoOkK koediieHTa Tpanchopmaii K, y3romxysaipHoro tpanchopmaropa TV Ta no3yro-
1901 emHOCTI C,,y BAKOHAHO 32 PopMyIaMu

Ky =30000/U,.; (5)
Cuo =Co /K. (©)

ne U, '— Benn4nHa pO3pAJHOT HANPYTH HA HAKOMMYyBalbHIM eMHOCTI C,' U1 BIIMOBITHOTO PEXUMY pOOOTH
cxemH, B; C,y — EMHICTB 103yI0U0TO KOHICHCATOpA CXeMU NoBoeHHS, D;

— Wi peKUMOM POOOTH CXEMH TPUIMANOCs JOCATHEHHS MEBHOI yCEepeAHEHOI 3a Mepioj 3apsiiHo-
PO3PSAAHOTO LUKITY MOTY>KHOCTI (B MOJANBIIOMY KOPUCHOT OTYKHOCTI P), 3 sIKOI0 BinOyBaacs 3apsika Ha-
konmuyBada €H (puc. 1, a). Y poOOTi B 3aJ€KHOCTI BijJi BEIMYNHA aKTHBHO-PEAKTHBHOTO HABAHTAKEHHS
kabenpHOI 3‘eqHyBaNbHOI JiHIT 3K oTprMaHO Ha0OpH ENEKTPUYHUX MapaMeTPiB €IEMEHTIB CXeM I TPhOX
pexxuMiB poboTH cxemu. B mepriomy pexuMi BH3HAYEHO HAWOUIBIIY KOPUCHY HOTYXHICTh P, IJIS1 Haii-
MEHIIOro 4acy 3apsaku €H Ta 30inbIIeHHs 9acTOTH 3apsIIHO-PO3PAAHNUX LMKIIIB, 110 IPU3BOAUTH 10 3MEH-
HIEHHS 4acy OOpoOKu CBEpUIOBMHHU. B apyromy BHM3HA4€HO NIIIIX OTPUMAaHHS KOPUCHOI MHOTY>KHOCTI
P09 =200 BA, 1o BinnoBigae HoOMiHaIBLHOMY pexxuMy poboTu komiuiekcy "Ckid-100M" [4], y pa3zi 3apsaku
€H ewmnictio 2,4 Mx® no Hanpyru 30 kB 3a yac 5 c i peanizanii HOBTOPHHUX 3apsIHO-PO3PAAHMAX LHKIIIB 110
OTPUMAHHS TEXHOJIOTIYHOTO e(eKTy. B TpeTboMy pekumi OLiHIOBANACS MOKIMBICTh JOCSTHEHHS KOPHUCHOI
NOTYKHOCTI Pjg90 = 1000 BA. Bin BiAnoBizae HOMiHaTbHOMY PEXHUMY POOOTH €KCIIEPUMEHTAIBHOTO 3aHy-
PIOBAIIBHOTO KOMIUIEKCY, 110 3a0e3neuye 3apsaaky €H emuictio 2,4 Mx® o nanpyru 30 kB 3a yac 1 c.

AHaJi3 oTpUMaHuX pe3yabTaTiB. Pe3ynprat JOCHiMHKEHHS peKUMYy HAWOLIBIIOl KOPHCHOT MOTY-
JKHOCTI 3apsKM KOHAEHCATOpa 3aHyPIOBAJBHOI'O CBEPAJIOBUHHOIO KOMILIEKCY 3a yMOB Iiepeladi OIHO-,
TpH- a00 CEMUKHIILHUM 3°€IHYBAIBHUM KaOejeM JOBXKHHOI Bix 3 10 10 KM 3MIHHOI HAIIPyTru HaBEJCHO Ha
puc. 2, ne 300pa)keHo 3aJIeKHOCTI HAHOUTBIIOT KOPUCHOI MTOTYKHOCTI 3apsKu KoHAeHcaTopa P, (puc. 2, a)
Ta BUXIAHOI TOTY>KHOCTI HA3eMHOTO JKepena KUBJICHHS KOMIUIEKCY Sy, (PUC. 2, 6) BiJ TOBXUHHU TPHKHIIb-
HOTO 3‘€HYBaJIbHOTO Kabento /, (BiamoBiaui inaekcu: I — kadenp KI' 3-60-90; 2 — kabens KI' 3x1,5-98-150;
3 — xabenp 3Q37RP). Lle#t rpaHnyHMIA pekUM MOKHA OTPUMATH 32 YMOB IOJavi B KaOelb 3 IKepena >KUB-
JIEHHSI HAaHO1ITBIIIOT MOYKIJIMBO1 HAIIPYTH.

3a3HaunMO, 1110 B JCSIKHUX BUIAIKAX Yepe3 PE30HAHCHI SBUINA Y pa3i BUKOPUCTAHHS KaOeIo TOBXKU-
HOIO MEHIIE MEeBHOI BEIMYMHM Ail0Ue 3HAYCHHS HANPYTH Ha HOTo 3aHypeHOMY KiHI MEpeBHUILY€e 3HAUYECHHS
Ha Ha3eMHOMY KiHIIi, TOMY 3aJUIsl YHUKHEHHS ITPO0OI0 KaOeNro CiIii 3MEHIIyBaTH BUXITHY HANpyTy Ha3eM-
HOTO JpKepena. BianoBigHi 3a1eXHOCTI HAWO1IBIIOT KOPUCHOT TTOTYKHOCTI 3apsIKH Ta BUX1THOI MOTY>KHOCTI
HA3EMHOTO JDKepeNa 3 ypaxyBaHHSIM OOMEKEHHS Hamnpyrd NpeJCTaBICHO 3 MO3Ha4Ykow "o" (Hampukias,
Pmaxl_o a60 SBXZ_O)-

AHaJIOTIYHI 3aJI€KHOCTI IS CEMIDKMILHUX Ka0eniB 300pakeHo Ha puc. 2, -2 (iHaekcu: I — Kabenb
KI" 7-68-180; 2 — kabenb KI" 7x1,5-100-150; 3 — kabenp 7Q49RTZZ-EEHS), a 115 0qHOXKMIbHUX KaOeiB —
Ha puc. 2, 0-e (iHmexcu: I — xabens KI' 1x1,5-75-150; 2 — kabenb KI' 1x6-65-150; 3 — xabens 1-FT-380-
12/18-G-19; 4 — xabens 1-FT-288-12/18-G-19) BignoimHO.

AHaJi3 3a71e)KHOCTEH Ha pHC. 2 BKa3ye, M0 KOPUCHA MOTYKHICTh 3apsSAKH KOHIEHCATOPa KOMITIEKCY
nepesuirye 200 BA y pa3i BUKopucTaHHS OUTBLIIOCTI PO3MIITHYTUX KabeiB JOBXKUHOIO 10 10 KM.

[opiBHSIHO BeIMKI NOKAa3HUKU KOMIUIEKCHOTO OIOPY B 3apsAHOMY KOJi, HA SIKMH BIUIMBAIOTH ITHTO-
MUN akTUBHUU omip (Bix 46,6 mo 64,4 Om/kM) Ta muroMa eMHicTh (Big 0,089 mo 0,154 Mxd/xM) He mamm
3MOT'M OTPUMATH TaKy MOTYKHICTh Ha kabessx mapok KI' 3-60-90, 3Q37RP, 7Q49RTZZ-EEHS noexuHom0
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10 kM. Kpim TOrO, B IMX BUMAAKAX JJIs TOCSITHEHHS mMoTyxHOcTel Bix 150 mo 160 Bt Hazemuunii 3apsinHuit
OPUCTPii Mae MPOEKTYBaTHCS Ha BUXiTHY MOTYyXxHicTh 0 12 kBA (3a Bukopucranus 3Q37RP) abo 8§ kBA
(3a 7Q49RTZZ-EEHS). Cepen cydacHux OaraToXuiIbHUX KaOelliB HalKpallli eJIEeKTPUYHI MTUTOMI apaMeTpu
MmaroTh kadeni Tamy KI' 3x1,5-98-150 ta KI'" 7x1,5-100-150.
OTpuMaHi pe3yibTaTH 3a0e3MeUyI0Th PO3paXyHOK HAWOIBII JOMIUIEHAX TapaMeTpiB eJIEMEHTIB 3a-
HYPIOBITBHUX 3apaaHux IpuctpoiB 3[12 3a HaiO1IbII0T KOPUCHOT OTYKHOCTI 3apsIKH KOHIEHCATOPY KOM-
TUICKCY y pa3i BUKOPHCTaHHS Pi3HUX JOBXKUH MPUBEACHUX MapoK KaOemo. [IpoTe BaXIMBUM € CTBOPEHHS
YHIBEpCATHHOTO 3aHYPIOBATHHOTO 3apsAHOTO TPUCTPOIO TS 3a0e3MeueHHsT poOOTH KOMITIEKCY 3 yciMa po3-
DJISHYTUMH CyYaCHUMHM Ka0eJIsiMU 3a IXHbOT TOBXKHMHU BiJ 3 10 10 kM.
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VY 1abn. 3 mpuBeneHO pe3yabTaTH PO3paxyHKy KoedirieHTa TpancopmMarlii y3romKyBaIbHOTO TPaH-
chopmaTopa, po3paxoBaHoOro 3a Gpopmyor (5) s yMOB HaiOIbIIOT KOPUCHOT MTOTYKHOCTI 3apsAKH KOH-
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JICHCATOPY 3aHYPIOBATBHOTO PO3PSTHOTO KOMIUIEKCY .

3as mocsrHeHHs 3apsinHoi Hanpyru 30 kB Ha KOHIEHCAaTOpl yCTAaHOBKHM 3 ypaxyBaHHSM aKTHBHO-
PEaKTHBHUX OMOPIB KaOeNbHUX JIiHiN T0BXUHOIO Bix 3 1o 10 kM xoedinieHT TpaHchOpMaLii y3roaKyBaib-
HOTO TpaHchopMmaTopa Mae OyTH HalOiImbIIMM, a came 57,8. 3aexHiCTh HAHOUTBIIIOT KOPUCHOI MTOTYXKHOCTI
Bl BEMUMHH NPHUBEIEHOT EMHOCTI J03yFOYOT0 KOHIEHCATOpa cXeMu ToaBoeHHs C,, Ta pesysbTaTH po3pa-
XYHKY Horo peanbHoi eMHOCTI C,y 3a popMyJioro (6) HaBeIeHO Ha puc. 3.

Tadauusa 3
Iro 3amexHICTh OTPUMAHO JAJISi HABAHTAXKEH-
Mapka UL HS 3apsAIHOTO Koyia KomIuiekcy 3 kabemem 3Q37RP
3 kM 5 KM 8km | 10 km

KT 3x1,5-98-150 253 | 249 | 39,0 | 56,5 | AoBxuHo0 10 KM, §
3Q37RP 14’1 18,0 38,8 57,8 Amnani3 3a1eKHOCTEN Ha puc. 3 O6rp}7HTyBaB
KT 7x1,5-100-150 24,5 23,9 39,4 56,5 06paHH$[ TaKuXx HapaMeTpiB YHiBepcaJIBHOFO 3apsna-
7Q49RTZZ-EEHS 13,6 16 | 32,0 | 47,6 | HOrompucrporo:
KI 1x1,5-75-150 247 | 246 | 242 | 248 — KoedilieHT TpaHcopMaLii y3romKyBalb-
KT 1x6-65-150 11 11 10,5 | 10,5 | wmoro tpanchopmaropa K, = 57,8;
1-FT-380-12/18-G-19 | 10,9 10,5 10,5 13 — EMHICTh JTO3YI0UOT0 KOHIIEHCATOpPA CXEMH
1-FT-288-12/18-G-19 | 10,5 10,5 15 19,1 noasocHHsa C,y Bix 500 go 1000 nd.

OTpuMaHi pe3ynbTaTd NAIOTh 3MOTY IPOEK-
P A Cra.N®  ryBatm Gmox 3I12 (puc. 1) Ge3 perymTroBaHHS HOTO
140 L 300 TapaMeTpiB 3a aBTOHOMHOI po0OTH abo BUIIPOOY-
. BaHHsX. BiH Mae 3a0e3neunty poOOTY KOMILIEKCY Y
" pasi 3MiHEHHS aKTHBHO-PEAKTUBHOI'O HABAHTAXKEHHS
L 000 3 KaOeasiMu JOBKUHOIO Bixg 3 10 10 kM.
80 VY pa3i 3MiHEHHS BUXITHUX €NEeKTPUYHUX I1a-
o Kp 150 pametpiB HazeMHoro 3apsgHOoro mpucTtporo 3I11 sk
| 10 DETYJIOOYI  XapaKTEPUCTUKH  BUKOPHUCTOBYIOTHCS
o 3aJIeKHOCTI BUXITHUX HApyTH U, 1 TOTYXKHOCTI S,y
20 F 50 Ha3eMHOI'O MPHUCTPOIO BiJ JOBXHHU 3’ €IHYBaJIHLHOTO
Ka0emro Ui JOCATHEHHS IMEBHUX KOPHCHUX IOTY-
0 2 4 6 s Cng no JKHOCTEN Pmax; P200: P1000~
Puc. 3 . BinnoBigHi perysodi XapaKTepUCTUKH IS
pi3HMX Mapok kabemo HaBereHo Ha puc. 4 (a — KT’
3x1,5-98-150, 6 — 3Q37RP, ¢ — KI' 7x1,5-100-150, ¢ — 7Q49RTZZ-EEHS, 0 — KI' 1x1,5-75-150, e — KT"
1x6-65-150, orc — 1-FT-380-12/18-G-19, 3 — 1-FT-288-12/18-G-19).

3a pe3ynbTaTaMy aHaNTi3y XapaKTepUCTHK 3pOOJIEHO HACTYITHI BUCHOBKH:

— JTIOaTKOBi1 aKTUBHO-PEAKTHUBHI HAaBAaHTAKCHHSI, SKI BHOCATH CyYacHi TPH- Ta CEMIDKUIBHI Teodi3n-
yHi Ka0eli TOBKUHOI BiJ 3 710 10 KM 10 3apsiIHOTO KOJIa €JISKTPOPO3PSIHUX 3arIMOHUX KOMIUIEKCIB (a ca-
Me: aKTHBHHIA omip Bix 79 mo 644 Owm, emuicth Bix 0,27 no 1,54 Mx®, iHgyKTHBHICTD BifJ 4,68 10 28 MI'H),
HE JAf0Th 3MOTH OTPUMATH KOPUCHY TOTYKHICTh 3apsIKi KOHIeHcaTopa koMIniekciB Ha piBHI 1000 BA;

— HEOOXIIHICTh POOOTH 3 OAraTOKUIBHUMU 3°€HYBaIbHUMH JIIHIIMU TOBXHUHOO 10 KM mij yac 3a-
Oe3mevyeHHs] KOpUCHOT MOTYHOCTI Ha piBHI 200 BA BUMarae BUKOpUCTaHHS Cy4acHOi iIMIIOPTHOI KabeabHOI
MPOAYKIIii;

— B 3QJICKHOCTI BiJl JOBKHHH 0araTOXKUILHOI 3°€THYBaIBLHOI JIiHIT Ha3eMHe JKepelto skuBieHas 3111
Mae 3a0e3MeunTH BUXiJHY Hamnpyry B Jianaszosi Big 260 mo 660 B (y pa3i BUKopuCTaHHS CydacHUX KabeiB
tuny KI') Ta Bixg 350 go 1200 B (mns iHmmx cydacHuxX xabemiB), a BUXiAHY MOTYXHicTh 10 4,3 kBA (ans
cydacHux kabemB tumy KI') i mo 12 kBA (1 iHmmx cygacHuX kaberiB);

— BUKOPUCTAHHS CY4YaCHUX OJHOKHJIBHMX KaOeliB 3 pobouoro Hampyrow 1500 B moexuHoro Big 3
10 10 kM Jae 3MOTy OTpUMAaTH KOPUCHY MOTYKHICTb 3apsAKH KOHAEeHcaTopa KoMIuiekciB Ha piBHi 1000 BA;

— Cy4YacHI OJJHOXMIIbHI reoi3udHi Kadeli TOBXHUHOIO /10 3 KM MarOTh HE3HAYHWH aKTHBHHM OIIIp 1
MIPU3BOJIATH JI0 CTIIOXKMBAHHS CYTTEBOT MOTY)KHOCTI Ha MOYATKOBIN CTaii MEPEXIAHOTO MPOIIECY B 3apsIHOMY
KOJII IPHCTPOIO, TOMY 3a7€KHOCTI Sy gy HA PUC. 4, 0-3 MAIOTh CHAJAIOUHUI XapaKTep; BIIOMUMH CIIOCOOaMH
3MEHIIIEHHS] TTIKOBUX 3HaYeHb BUXITHOI MMOTYXHOCTI HA3€MHOT0 JKEpeIIa KUBJICHHS MOXKYTh OyTH BBEICHHS
JIOJTATKOBOTO CTPYMOOOMEXYBaJILHOTO PEAKTHBHOTO WM aKTHBHOTO OMOpPY 10 HOTro ckiaay abo mporpamue
KEepyBaHHS BHXIiIHOIO HANPYTO0 JKepelia )KUBJICHHS TPOTATOM 3apsAHOTO IIUKITY 3 BUKOPHCTAHHSM, 30Kpe-
Ma, IPUHIIMITIB IMUPOTHO-IMITYJICHOI MOTYJISILIT;
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— IUISl JOCSITHEHHSI KOPUCHOI MOTY>KHOCTI 3apsaku KoHneHcaropa 10 200 BA HazemHe mxepeno xu-
Bienns 3[11 mae 3abe3neunTty BuxifHy Hanpyry Bing 180 mo 460 B i noryxuicth 10 2,7 kBA, a s gocsr-
HeHHs noTy>kHOocTi 1000 BA — nanpyry Bix 490 no 1280 B i motysxHicts 10 21 kBA.
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BucHoBkH. Y po0OTi BU3HAYCHO 3aJICKHOCTI SICKTPHUYHHUX MTApaMeTPiB HA3EMHOT Ta 3aHYPIOBAIBLHOT
YacTUH 3apsIHOTO TPUCTPOIO ENIEKTPOPO3PSAHOTO CBEpIoBHHHOTO KoMiuiekey "Ckid-100M" Bix ocobim-
BOCTEH 3MiHEHHS CJICKTPUYHHUX XaPaKTEPUCTUK aKTUBHO-PEAKTHBHOTO HABAHTAXKCHHS Y Pa3l BUKOPHCTaHHS
CydJacHHX reo(i3nyHIX KaOemiB TOBXHHOIO 10 10 KM, sSKi MaloTh akTUBHUI orip Big 24 1o 644 OM, eMHICTh
Bix 0,2 mo 1,8 Mx® Ta iHgyKTHUBHICTE Big 2,9 mo 31 MI'H. 3 ypaxyBaHHSIM BHUSABICHUX 3aJIe)KHOCTEH OOTpyH-
TOBAHO IIISXU yJIOCKOHAJICHHS 3apsAAHUX MPUCTPOIB TAKMX KOMIUIEKCIB Ta BU3HAUYCHO IMapaMeTpH ISl peati-
3amii yHIBEpCaIbHOTO 3aHYPIOBAIBHOIO 3apsIHOTO MPUCTPOIO JUIS MPOSKTYBaHHS HOTO BHCOKOBOJBTHOTO
TpaHchopMaTopa Ta BUNIPAMIITIA. BU3HAUYEHO MOMUIBHI BUXIAHY IMOTYKHICTD Ta PETYIOBAIBHI XapaKTepHC-
TUKA HAa3€MHUX 3apsIIHUX IPUCTPOIB EIEKTPOPO3PSIHOIO CBEPIAJOBHHHOIO KOMIUIEKCY Ta PEeKOMEHaIlii
10710 3MEHIIICHHS MTIKOBUX 3HAYeHb BHUXIIHOI TOTY>KHOCTI HA3E€MHOTO JDKEpelia )KUBICHHS CBEPAJIOBUHHUX
KOMITJICKCIB.

Pobomy euxonano 3a 6100xcemnoio memoro «llowyk wnsaxie mooepHizayii 3apsaoH020 NPUCPOIO OISl PIZHUX
AKMUBHO-PEAKMUBHUX HABAHMAINCEHb 302TUOHUX eeKMPOPO3PAOHUX YCHIAHOBOK 3 MEMOIO POSUWUPEHHS IX (DYHKYIOHA-
JIBHUX MOJACTUBOCHENY, OepacasHull peccmpayiunui Homep 0120U101716, KIIKB 6541050.
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DEPENDENCE OF ENERGY PROCESSES OF HIGH-VOLTAGE ELECTRIC-DISCHARGE BOREHOLE
COMPLEXES "SKIF" ON CHARACTERISTICS OF LOADING

0.V. Khvoshchan, A.P. Smirnov

Institute of Pulse Processes and Technologies National Academy of Sciences of Ukraine,
Bohoyavlensky Ave., 43A, Mykolaiv, 54018, Ukraine.

E-mail: khvoshchan@gmail.com

The work determines the dependences of electrical parameters of the ground and submerged parts of the charging unit
of the electric-discharge borehole complex "Skif-100M" on peculiarities of changing of electrical characteristics of the
active and reactive load contributed by modern geophysical cables up to 10 km long with an active resistance from 24
to 644 Ohm, capacitance from 0.2 to 1.8 uF and inductance from 2.9 to 31 mH. New dependences and conditions to
increase the charging power of storage capacitor, the output power of the complex and the voltage of ground part of its
power supply from load parameters were determined on the basis of analysis of transients in the charging circuit of a
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complex. There were realized necessary energy characteristics for creation of a universal submersible charging unit to
increase energy efficiency and productivity of high-voltage borehole electric-discharge complexes of "Skif" type. The
obtained results provide effective modernization of the domestic submersible electric-discharge equipment of such com-
plexes (in particular, their ground power sources and submersible charging units). This extends the scope of their ap-
plication in the oil and gas industry of Ukraine and increases the attractiveness of investment of foreign companies en-
gaged in the processing of oil wells in different countries of the world to the Ukrainian economy. References 11, figures
4, tables 3.

Keywords: clectrical transients, electric discharge submersible complex, charging unit; geophysical electric cable, active
and reactive load.
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OBPOBKA BOJHOI'O PO3YMHY METHJIEHOBOI CHHI B KPAILJIMHO-
IVIIBKOBOMY CTAHI IMIIYJIbCHUM BAP’€EPHUM PO3PSA10M

B.O. BepeKa*, I.B. Bomxo**, KaHJ. TeXH. HayK, O.M. Kapnos***, KaHJ. TEXH. HayK,
LIL Kounparenko . kop. HAH Vkpainu

IncrutyT enexrponunamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: ws77@ukr.net

B pobomi docnioscysascs éniue pisHux YUHHUKIG HA eHepeoe@eKmusHicmy 00poOKU IMNYIbCHUM 6ap 'epHUM pPO3PIOOM
8 NOGIMPI AMMOCHEPHOL0 MUCKY MOOENTbHO20 3pA3KA 3a0pyOHEHOT 600U 6 KPANIUHO-NAIBKOBOMY cmani. [{omiukoio 00
600U OY6 opeaHiuHull 6APEHUK (MEMUIEHO8A CUHb) 3 NOYAMKO080I0 KoHyenmpayieto 50 me/1. Bumpamu 6o0u cmanosunu
2—4 n/xe, xapaxmepruii diamemp kpaneiv — 1,7 mm, moswuna niieku Ha erexkmpooax — 6ins 0,15 mm. Obpobra 600u
NpoxXoouNa 6 NAACKI Po3pAOHil Kamepi 3 2azosumu npomixickamu 3,36 mm i ckasnumu OleleKmpuyHumMuy o6ap’'epamu ma
000amKo8o 6 Kamepi 030HY8AHHA, Oe YMULIZY8ABCs 3ANUUKOBULL 030H, WO BUX00UE 3 pO3pAOHOI Kamepu. Po3pao 30y-
oorcysasca kopomkumu ~100 He imnyrbcamu 3 Hanpyzoio 0o 21 kB, saki 3abe3neyyganu amniimyody 2yCmuHu cmpymy_0o
1,7 A/e?’ ma ixuio enepeiio 0o 140 mic. JJocniovrceno vac poskiadanns OOMiwKi ma ene2oeqexmusnicms pospsaoy 6
3anexcHocmi 8i0 yacmomu nosmopenus imnyavcie 25—300 Iy, enepeii imnynvcy, sumpam 6oou ma 2a3z mowo. Haii6i-
Jbuty enepeoeghekmugnicms po3psio mas 3a wacmom 25—50 'y, 3a axux enepeemuunuii 6uxio, wo eionogioac 50% pos-
Kaadannio domiwiku, docsieas =270 2/kBm-200, a onst 90% posxnadanns — 60 2/kBm-200. 3i 3pocmanmnam enepeii imny-
JbCY 30LMbULYEMBCSL NPO30PICHb PO3YURY Ol YIbmMpagionemosozo ceimid, wo nos a3aHo 3 pO3WENIeHHIM CIItKUX
OeH30IbHUX KiNleyb, SIKI 6X005iMb 00 CKAA0y Moaekyau oomiwku. Ilomimuoeo enausy eumpam 6oou ma 2asy (0,36—1,5
J1/X8) Ha pe3ynomamu 00Caiodicens He susenero. bion. 15, puc. 8.

Knrwouoei cnosa: 06podka Boau, iMIyIbCHUN Oap’epHUI po3psil, 030H, TPOKCHIBHUN panKal, eHeproeeKTHBHICTb.

Bucokuit piBeHb 3a0pyTHEHOCTI TIOBEPXHEBHX Ta ITiI3EMHHX BOJI, @ TAKOXK 3POCTAI0Yl BUMOTH JIO SIKO-
CTI TMTHOI Ta CTIYHOI BOJU TIepe 11 CKUAAHHIM B TIPUPOIHI BOJOWMHIIA 00YMOBHIIM HEOOX1THICTh BIIOCKOHA-
JICHHSI ICHYIOUMX Ta pO3pOOKH HOBMX TEXHOJIOTiH 00pOOKH BoAW. SIK MpaBmIilo, Taki TEXHOJOTIT CKIIAIAIOTHCS 3
KUJTBKOX €TalliB, Cepell IKUX OJJHUM i3 3aBepIIaIbHAX HAOLIBII JOLLTPHAM MOXKe OyTH 00po0OKa BOTH MIPSIMOIO
JIEI0 eNeKTPUIHUX po3psiB [1]. AHami3 cBiToBoi jJiteparypu [1—5] Ta, 30kpeMa, JOCTIIHKEHHS aBTOpiB [6, 7]
MOKa3aJTi, [0 cepe]] PO3PsIiB PI3HUX BUIIB HAMBHIIY eHeproe(eKkTHBHICTD i yac 0OpoOKH BOJHM MAlOTh iM-
nynbcHi 0ap’epHi po3psau (IBP) Ha po3BHHYTY NOBEpXHIO BOAM, KOJIHM BiJHOLICHHS IUIOLI MOBEPXHI PLAMHH
1o 11 00’ eMy TIEpEBHIYIOTh Kijbka M/ 1[poro mocsraroTh [1—3] 3aBOSKM CTBOPEHHIO TOHKOI BOASHOI TITIBKA
(~0,15 mm) abo kparess BoJM MaJIOTO JiaMeTpy (<2 MM). AJie 4epe3 BiJTHOCHO BEJWKi TUTOMI €HEPrOBUTPATH
Ta CKJIaJHICTh CTBOPEHHS MPOMHCIOBOTO BHCOKOBOJBTHOTO reHepaTopa KopoTkux (~100 Hc) iMmynbciB meit
CHoCi0 OYMINEHHS BOAM JOIUIHLHO 3aCTOCOBYBATH 32 YMOB, KOJIM KOHIICHTpAIlisl 3a0pyIHIOBaYiB Y BOJI HE 3a-
HAJTO BEJHKA, BAYKIMBHM € iXHE BUIAJICHHA, a COOIBAPTICTh 00IaIHAHHS Ta 00poOKH nmpuitHATHI. CITif TAKOXK
BIZIMITUTH, 1110 00poOKa nuTHOI Bosu IBP Moxe OyTu anbrepHaTHBOIO i 030HYBaHHIO [S].

B monepenniii po6oTi aBTOpiB [7] BuBUanacs eneproedexruBHicts IBP mix yac 06poOiIIi B KparuiinHoO-
TUTIBKOBOMY CTaHi BOJHOTO PO3YMHY METHJICHOBOI CHHI, SIKa € OPTaHiYHUM OapBHHKOM, IO BaXKKO PO3KJIa-
JaeTeesl mix niero iHmumx meroniB. IBP mpoxonus B koakcianbHii po3psnHiit kamepi (PK) 3 akpunoBum mie-
JIEKTpUYHUM Oap’epoM (BiIHOCHA JieJIeKTPUYHA IPOHUKHICTD £=3,5) Ha OHOMY 3 eNeKTpoiB. B 1iit po6oTi
B OCHOBHOMY OYyJIO OIMCAHO BIUIMB YaCTOTH MOBTOPEHHS IMIYJBCIB f/ Ha MIBUAKICTh PO3KIANaHHS 3a0py-
HIOBaua i BUTPATH Ha IIe 030HY, 10 reHepyeThest B PK. Aue icHye e psin ¢hakTopiB (eHeprist iMITyIibCy, BU-
TpaTH BOAMW Ta Tasy, mo noaaiThes B PK, y3romkenHs cymicHol poOoTH reHepartopa immynbciB Ta PK To-
I110), KOTPi MOXKYTh BILTUBATH Ha eHeproedekTuBHicTh 00poOku Boau IBP. Okpim nmporo macmradysanus PK
KOaKCIaJIbHOTO THITY IS TTPOMHCIOBOTO BHKOPHUCTAHHS OyIe CTBOPIOBATH 3HAYHI TPYAHOII Yy TIporieci ii
BUTOTOBJICHHSI, & BUKOPUCTAHHS aKpHUITY, SIK MaTepiany Ui JieIeKTpUIHOro Oap’epy, uepes Horo mpuckope-
HE CJICKTPUYHE CTApiHHS B CHIIBHOMY €JIEKTPUYHOMY I0JIi Oyie CyTTEBO OOMEKYBAaTH 4ac HOPMAIBHOTO (y-
HKIIIOHYBaHHS €JIEKTPORHOI cucteMu. ToMmy memoro pob6omu € CTBOPEHHS MpoTOTHITy mpomucioBoi PK 3
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IUIACKOIO €JICKTPOJHOI0 CHCTEMOIO, sIKa JIETKO MiIaeThcsd MacIuTaOyBaHHIO, 3 CKISHUMH JieNeKTPUIHUMHU
0ap’epaMu, KOTpi MalOTh Ha TIOPSIKK OUTBLINIA HIJK Y aKpHIIy pecypc poOOTH i B KiJlbKa pa3iB BUII 3HAUCHHS
&, 10 MOXKe MTO3UTUBHO BIUIMHYTH Ha POOOTY MPUCTPOIO, a TAKOK BU3HAUYEHHS BCiX YMHHHKIB Ta iXHIX mapa-
METpIB, 3a SKUX poOoTa ycTaHOBKH 171 00poOku Boau IBP € onTumanbHOMO.

Excnepumenmansua ycmanosxa. Jlo 11 cknagy BXOAWIM NPUCTPIH, B IKOMY Ipoxoauia o0poOka Bo-
IIM, TEHEPaTOp BUCOKOBOJBTHUX IMITYJILCIB HANPyTH, MPWIagd Uil BUMIPIOBaHHS IapaMeTpiB PO3PSIHUX
IMITyJIbCIB Ta KOHLIEHTpaLild 030HY y rasi i 3a0pynHIOBadiB y BOJi, a TAKOX JOMOMIXKHA amaparypa (Hacoc,
potametpu Toro). [Ipuctpiit mist 06podku Boau (puc. 1) ckimamaBcs 3
TPHOX OCHOBHHMX YacTHH: KparumHoyTBoproBada Boau (KB) &, pospsn-
Hoi kamepu (PK) I, B sakiii po3mimanuca KB i enekrpoana cucrema
(EC), Ta xamepu ozonyBanus (KO) /9. EC mana nBa murackux BHUCOKO-
BOJIBTHUX €JEKTpona /2, KOKeH 3 KOTpux OyB BKpHUTHU 3 000X OOKiB
CKIISIHUMH JieJIEKTPUYHUM Oap’epamul TOBIIMHOIO 1,5 MM (e=8) Ta Tpu
3a3eMIIeHUX IUTaCKHX elekTpoaa /4 i3 Hepxkapirouoi crami. KB ta EC
OyJI0 pO3MIIIIEHO B OTHOMY IITIHIAPHIHOMY aKpriioBomy kopiryci PK 7,
B KPUIIKY 2 SKOTO BMOHTOBAHO IITYIIEPH JJIsl BBEJICHHS BOIU 5 Ta ra3y
6 1 BuBoau 3, 7 ans migsenenns Hanpyru g0 EC. Po3mipu enexktpoais /2
cTaHOBHIK 55x70 MM’, CKISHHX Oap’epiB Ta enextpomis /4 — 70x85
MM, BenmumHa ra3oBOro MpOMiKKY Mik €NEKTPOJAMH O 3a1aBaacs
JIENIEKTPUYHUMU BCTaBKaMH 5, TOBIIWHA SIKUX JOpiBHIOBaia 3,36 MM.
Boma 23 3 pesepByapy 22 nacocom H mo moianry 25 depe3 miHOIIOMII-
pomieHoBui GinbTp P, AKUI HE MPOITYCKAB YACTHHKH PO3MIpPOM ITOHA]]
5 MxMm, nopaBanack B KB. Burparu Bonu cranoBwnu Q,~2—4 1/XB i BU-
MiproBanucs poramerpoM P. 3 KB Boma 9 wepe3 48 orBopiB 4 B ioro
AKpUJIIOBOMY ITHI, sIKi OYJIM MPOCBEPJICHI YOTHpMA psmaMu 1o 12 mTyk
B KoxkHOMY, Haaxoamia no PK. OtBopu mamu nmiamerp 1 MM, BiicTaHb
MK iXHIMH LeHTpamu ctaHoBwia 4,5 mMMm. Bonm Oymu posramoBani
B3JIOBXK CEpeIUH BiIMOBIIHUX YOTUPHOX Ta30BHX MPOMDKKIB MiX €JeK-
Tpomamu. ['a3 (TIOBITpst aTMOC(HEPHOTO TUCKY), BUTPATH SIKOTO CTaHOBU-
mu 0,36—1,5 n/xB, B PK BBOAMBCS uepe3 4OTHPU IITYLEPH O, SKi repme-
THYHO Tipoxoamiu yepe3 KB. Butpatu razy O, BumiproBaiucst potamer-
powm, sikmid Ha puc. 1 He moka3ano. EC kpinmmracs 1o KB nBoma xyTuka-
mu /3. Bona BuTikana 3 oTBOpiB 4 cyniibHUMU HiBKaMu /() nosxuHOI0 20—40 MM (B 3anexHOCTI Bin O, ), AKi
manu giametrp 1 mMm. LliBku B momanbmioMy NepeTBOPIOBAJMCSA B MOJiAMCHEPCHI Kparuli //, OCHOBHa Maca
SKUX Maja XapakTepHHuU miameTp ~1,7 MM Ta pyxanacs BHHU3 3i mBHAKicTO v=0,9 — 1,8 m/c (Q~2—4 n/xB).
[Mig wac pyxy 4acTHHA Kparelsb Tonajana Ha MOBEpXHi eNEKTPOIiB, fKi € rizpododHumu. 1o 3amobirtu
YTBOPEHHIO Ha HUX BEIUKUX Kparmejb, 0 MOKYTh YTBOPIOBATH BOJSHI MiCTKM MK CTIHKAMH NPOMIXKY,
MoBepXHi 0ap’epiB Ha enektponax /2 ta /5 BkpuTi TOHKUM (=0,1 MM) mIapoM TKaHUHH, 3aBASKH YOMY BOJa
0 HUM CTikaja IIiBkoo (=0,15 mm). B HmwkHiM gactrHi PK mniBkoBi BuTpatn Boam cxmanmanu ~10% Big
3aranpHuX. [lapamMeTpu LiBOK, Kpamnelb Ta iXHIl pyX BH3HaYaaucs Ha OCHOBI aHali3y ()OTO3HIMKIB, 3po0iie-
HuX Kameporo Cannon A630. [Ticns mpoXomKeHHs PO3PSAHUX MPOMIKKIB BOJIa 3 Ta30M HAKONHYYBAJIMCS HA
HkHIN kpumii PK 16, me BoHU iHTEHCHBHO TepeMinryBaiucs (HIOMTO yTBOPIOBABCSA «KHUILITIUH IIap BO-
II»), 30UTBIIYIOYH THM CaMHM Yac KOHTaKTy BOJIM 3 030HOM Ta pagukanamu OH*, sixi yrBopunucs npu IBP,
a moTiM 4epe3 105 otBopiB /& miameTrpoMm 2 MM momnajgand B kamepy o3oHyBaHHs /9. IlpusHauenns KO —
BUKOpHUCTaHHs 030HY Ta OH*, mo He Berurnm mpopearysartu 3 3a0pyantoBadamu B PK. 1106 yTBOpuTH Be-
JIUKY TUIOIIY KOHTaKTy OKMCHIOBAUiB 3 BOJOIO, 1110 00poOitoeThest, KO 3amoBHEHa KepaMIiYHUMU KUTbLSIMA
Pammra 20 3 po3mipamu 6X6x2 MM® (30BHIIIHI# JiaMeTp, BHCOTA, TOBIIMHA CTiHOK). KilbIist 3 TakuMu pos-
MipaM# MalOTh OJHE 3 HaHOUIBIINX Cepel TUX, IO BUITYCKAIOTHCS MPOMHUCIOBICTIO, CIIBBITHOIICHD TIIOMII
iXHBOT ITOBEPXHI 10 00’ €My, 3aBISIKH YOMY BOJIa, IO MPOoXoAuTh Yepe3 KO, Mae po3BHHEHY ILIONTY MTOBEPX-
Hi. Bucora 3acunku kinbigamu 48 cM. [IpoiiioBg yepes mmap Kijelb, BojJa HAaAX0auia 10 pe3epryapy 22, a
ra3 BuxoauB 4epes nmarpyook 2/. B KO takox € marpy0ok /7, npu3HaYeHHI JUTsl BUMIPIOBaHHS KOHIIEHTpPA-
1ii 030Hy, o moTparnsie 3 PK mo KO.

3amns crBopennst IBP B EC Bix reneparopa immynbcis (I'1) Ha enextponu /2 monaBanacsi BHCOKa Ha-
npyra (BH) gepe3 xoakcianphuii kabenp qosxuHoo 120 cM. B po6oTi BukopucroByBascs ['l, mo mir 3a0e3-
NevyBaTH YHIMOJSPHI IMITyJIbCH HAIIPyTU 3 4acTOTOIO MOBTOpeHHs Ao 1k['n, ammiiryzoro no 30 kB, Tpusa-
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nictro nopsiaky 100 He Ta dporTOoM ~40 HC. BiH moOyaoBaHuil 32 MPUHITUIIOM MarHiTHOTO CTUCKaHHS iMITy-
JbCIB 3 BUKOPHCTAHHSM Y BUXIJHIH JIaHI iHAYKTHBHOTO HAKOMUYyBaya €HEprii 3 MepepBHUKOM CTPYMY Ha
miogax 3 ManuM 4acom (=40 Hc) BuMKHeHHs. EHepris iMITyNbCiB perynroBaiacs HUIIXOM 3MiHM Hamnpyru Uy
JoKeperna mocTiiHoro crpymy, ske kuBwio ['l. Jlo 'l takox BxoauB marHiTHHN Kitod (MS), sikuit cipusi
PO3PSKAHHIO €MHOCTI JICIEKTPHYHOTO Oap’epy MICIsI MPOXOKEHHS TPSMOTO IMIYJIbCYy CTPYMYy Uepes
EJIIEKTPOJIHY CUCTeMY. BBl IeTalbHO TPO KEPENO JKUBJICHHS MOXKHA Ji3HATUCS 3 podoTu [6]. Ociuor-
pamu ctpymy Ta Hampyru Ha PK 3amucyBammcs ocumiorpagom TDS 1012 3a momomororo iHAYKTHBHOTO
nmatauka ctpymy P6021 ta akTHBHO-eMHICHOTO TToAUThbHIKA Hampyru P1015.

Sk MozmenbHUH 3pa3ok 3a0pyAHEHOI BOJY BHKOPHUCTOBYBABCS PO3YHH Y BOJIONPOBIIHINA BOJI METH-
nenoBoi cuHi (Ci¢H 3CIN,S), KoTpa, 30kpemMa, 3aCTOCOBYEThCS B TEKCTHIIbHINA MPOMHUCIIOBOCTI K OapBHUK.
Bona € opraniuHo0 peyOBHHOIO, IO Ba’KKO PO3KIIAAAETHCS y pa3i BUKOPUCTAHHS IHIIMX METOIIB OYHIICHHS
Boau. Konmenrpartist MetmineroBoi cuHi (MC) y Boji, a TaKOXK 030HY y Ta3i 00YHCITIOBAIINCS 110 TTOTJIMHAHHIO
CBITJIa HA JOBXHHAX XBHJIb BIAMOBITHO A=665 HM Ta A=253,7-275 HM, siKe BUMIPIOBAIIOCS MOHOXPOMATOPOM
MJIP-23. TlouatkoBa kxonmeHTpamis MC Ta KibKiCTh PO3YWHY, IO OOpOOJSBCS, BiIIMOBIAHO CTaHOBWIIA
K, =50 mr/n, V,;=2,2 1.

AHaJi3 pe3yabTaTiB AocHimKeHnb. [lapamempu po3pady. SIk mokasamu BizyanbHi Ta QoTorpadivHi
nocnimxensst IBP 3a wacroramu f 1o ~ 300 ['n mae kBaziomHopigHuil Xapaktep. [Ipo e cBimunTh puc. 2, Ha
SKOMY YOTHPH CBITJi nojiocu — BunpoMineHHs IBP. OxHopinHicTh po3psiny BaxIuBa ISl IPOXOMKEHHS «KO-
PHUCHUX» ISl po3KIIafanHs 3a0pyIHEHb TIA3MOXIMIYHHX peakiliil, 00 JIOKaIbHO HE MiABHILYEThCS TEMIIEpaTy-
pa ra3y. Uucno HUTKOMOMIOHMX YTBOPEHb B yCIX YOTHPHOX PO3PSIHMX MPOMIXKKAX HE MEPEBHIYBAIO OJHOTO
JlecsaTKa 1 3aiiMalio He3HaYHY IDIONIY BiJ 3aralibHOI TUIOMI po3psny. Pe3ynbraTy, HaBeneHi B i poOoTi, OTpH-
MaHO 3a aMITIiTyAax Hanpyru immyisciB Ha PK U,~15-21 kB. Xapakrepuanii s IbP mpu U, ~18,5 kB BuTISI1
OCLIWIIOTpaM CTpyMy i(?) (kpuBa /) Ta Hanpyru u(?) (kpusa 2) Ha PK nokaszano Ha puc. 3. Bonu Oysiu orpumMani
3a 9acTOTH MOBTOpeHHs iMmynbeiB f =100 ' Crix BigMITUTH, IO B JOCHIpKyBaHOMY Hiana3oHi f=25-300 ['a
XapaKTep OCITIIOTpaM 3aJIHMIIaBCs MPakTHIHO He3MiHHNM. atunku ctpymy JIC ta manpyru JIH migxmodanm-
cs1 Oesnocepenubo 10 PK, cxemy 3aMilieHHs K01 Moka3aHo Ha puc. 4. BoHa BuKoprcTOByBasiacs iz 4ac po3-
paxyHKiB mapameTpiB po3psay. Ha Hiit cymapHi emMHOCTI AienekTpuynux O6ap’epiB C;~600 nd ta ra3oBux mpo-
MikkiB C~60 nd, R, — ixHIi 3araabHHAN OIip, KU Magae 3 MOYATKOM PO3PsAy Ha KiJibKa MOpSAKIB 10 ~60
Owm. Ha puc. 4 Takox oKa3zaHO MarHiTHUA K04 MS, minkirodenuii 1o suxoay [, ta omip R, npo npu3HayeH-
Hi siKoro Oyze ckazano Hiwkde. CroyaTky 3a BiIHOCHO Mayux Hampyrax (1o ~12kB) ctpym (puc. 3, kpusa 1)
Ma€e TIepeBaKHO €EMHICHHN XapakTep 3aBIsKd 3aranbHiii emHOCTI PK, BennumHa sxoi cknanae ~50 nd. Kpusa
i(t) CBITYUTH, IO IMITYJIBC CTPYMY CKJIATAETHCS 3 IBOX YACTHH: MPSMOTO CTPYMY TpuBaiicTio 7; ~100 HC 3 aM-
wriTyaox 1,,;=240 A Ta 3BOpOoTHOTO 3 BenmuuHaMu 7, ~120 Hc 1 7,,,=135 A. llIBuakicTh HapoCTaHHS HAIPYTH
Tl Yac IPAMOTO IMITyIIECY CTPYMy CTaHOBHTH ~5-10'' B/c. JIns MOMeHTy yacy, Komu i(2)=1,,;, ycepeaHeHa mo
TUIOLI €EKTPOIIB TYCTHHA CTPyMy HOpiBHIOE j=1,6A/cM’, a ycepe/HeHi Mo 06’ eMax ra3oBHX IPoMiKKiB PK
KOHIICHTpAIIisl Ta SHEPTisl €JICKTPOHIB CTAHOBJISATH BiIMOBITHO N, =3-10"em> 1a 7, =3,4 eB. Cmig BigMiTHTH,
11O LISl EHeprisl BUIIA 33 CEPETHIO EHEPTiIO SNIEKTPOHIB B CTPUMEPaX 3BHYAHOTO Oap’€pHOrO PO3psiay 3MiHHO-
ro ctpymy (1 — 3 eB) [8], mo BigkpuBae MOKIIMBOCTI AJIs OLTBII iHTEHCHBHOTO TIPOXO/KEHHS TDTa3MOXIMITHUX
peaxirii, siki mouynHaroThCs nipu 1, moHax 3 eB. EHepris, KoTpa BUALIAETHCS B Ta30BUX MPOMIKKAX 3a OJUH
po3psiaHui iMmysbe, W= 132mIx. Leit npouec mpoxoauTk B ABa eTamu: mijg yac npsiMoro (69 m/Ix) 1 3Bopo-
THOTO iMITyIIBCIB cTpyMy (53 M/[x) (kpuBa 3).
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3nauenHs N,, T, Ta W, Oynu BU3HAYEHI Ha OCHOBI pO3paxyHKY HampyTu Ha 0ap’epax ug (puc.3, Kpu-
Ba 3) Ta ra30BUX MPOMIXKKaX i, (KpUBa 4) eJIeKTPOIHOI CUCTEMHM 10 METOJHIII, 1110 BUKIaaeHa y [9]. [ienekt-
puuHi O0ap’epH Ha €NEKTPOJax Micsl MPOXOMKECHHS IMITYJIbCY 3aBASKH MiAKIIOYSHHIO MarHiTHOrO Kitoya MS
Ha Buxozi I'l moBHicTio po3psmkeni. [Ipo 1ie cBimuuTh BemuunHa Hanpyra u;~0 mo 3aBepiieHHto 1bP.

Crim BiIMITUTH, IO BUKOPHUCTAHHS CKIITHOTO Oap’epy 3 OUTBIINM 3HAYEHHSM & B MTOPIBHSAHHI 3 aK-
PHIIOBUM JIO3BOJIMIIO 332 CXOXKHX 3 yMOBaMHU poOOTH [7] mocsraTv OJHAKOBOI €HEPTii IMITyJIbCy 3a 3HAYHO
meHmii Hanpy3i Ha EC (30%) 3aBasku 3MEHIICHHIO NagiHHA Hanpyry Ha Oap’epi mix yac IBP. Lle € Baxiu-
BUM (pakTOpoM, 00 CYTTEBO 3HMUKYE BUMOTH JI0 BUCOKOBOJIBTHOT 130l I'l Ta EC.

Posknaoannss MC. Bnaue enepeii imnynvcy Ha auHaMiky poskiaganas MC (3MiHy 1i KOHIIGHTpalii
K. B 3a1exHOCTI Bzl 4yacy o0poOku ¢) 3a f =100 ['n, Q=4 n/xB, 0,=0,7 n/XB nmoka3zaHo Ha puC. 5, e KpuBa /
BIJINIOBi/Ia€ €HEprii, Mo BUAIMSAETHCA B Ta3i 3a onuH immynsc npu W.=80 m/Ix (U, ~15,4 xB), kpuBa 4 — 110
m/x (U, =17,8 xB), kpuBa 3 — 140 m/Ix (U,, 20,8 kB, kBaapatHi Mapkepu). PUCYHOK CBITUHTH, 11O 3pOC-
TaHHA eHeprii iMmybey Big 80 no 110 M/ npu3BOIUTH 10 MPUCKOPEHHS po3kiaaaanHs MC, ane noganbiie
30inbIIeHHs1 W, fioro He 3MiHIOE (KpHBi 3, 4 IPAaKTUYHO CHiBNaAar0Th). Haitbinbira mBUAKICTh pO3KIIaTaHHS
AK,,/At B ycix Bunaakax (kpusi /, 3, 4) cnocrepiraerbes nepiri 5 XxB 00poOKu, Koiu KoHIeHTpamnisa K, Hail-
BUINA, aJie B MOJANBLIIOMY BOHA 3HAYHO YHOBLUIBHIOETHCA. Lle MOXHA MOSICHUTH THM, IO 3i 3MEHIICHHIM
KOHIICHTpaIlii 3a0py/IHIOBaYa 3TiJTHO OCHOBHOT'O PIBHSIHHS XiMIYHOT KIHETHKH

Kuer/n d[D]/dt = -k ,[D][O], (M

30 ne k, — KOHCTaHTa MBUAKOCTI peakiii (1), sKka 3a1eXuTh BiJ] OKUC-

40 HOTO TIOTCHITIaTy OKMCHIOBaYa Ta BUAy Aomimkw; /D], [O] — Bin-

MOBIJIHO KOHIICHTpaIli JOMIIIKKH Ta OKHCHIOBaua, OyJe MaaaTu

30 mBUAKICTh po3kiananas MC. Takum umnom, W.~110 m/Ix € om-

THMAaJIBHOIO EHEpricro iMImynbcy. [if Biamopinae 06’eMHa TycTHHA

20 eHeprii, 0 BHALIAETHCSA B Ta30BHX MPOMiKKax, ~9 MJ[x/cM’, dac-
10 THHA sKO1 He Ha po3kiaganus MC.

3anas BU3HAYCHHS BIUTUBY 3BOPOTHOTO CTPYMY Ha TEMII

0 | . po3kimaganHas MC MOCTIZOBHO 3 MarHiTHUM KiodeM MS OyB

0 10 20 30 40 txs  Tia exHaHUiH omip R (puc. 4), sKuif 3a paxyHOK HOTo 3pOCTaHHS BiX

0 o 330 Om 3menmyBaB ammutityay /,, yasoe (U, =20,8 xB), 3a-

Puc. 5 JUTIIAI0YY 32 OJHAKOBUX IHITUX YMOB MPAKTUIHO HE3MIHHHMH Be-

muuuny 1,,,=270 A Ta eneprito W.;=80 M/, 110 BUIiIMIACS ik
qac MpsSAMOTO IMITyJIbCy CTpyMy. Ase ko R=330 Om, npu 3BOpOTHOMY iMimyiisci eneprist W,,=28 mJIx, 1o
Maibke ynBidi MeHme Hix 3a R=0. [Ipu upomy Temn poskiananas MC (puc. 5, kpusa 2) HIDKYE, YUM 32 HOTO
BIJICYTHICTIO (KpHuBa 3).
Bumpamu 600u ma nosimps B Mexax, 3a IKUX BEJHCh JOCHIIKeHHs O,=2—4 J1/XB, 110 B IepepaxyH-
Ky Ha OAHY LIBKY BOAHM, sIKa BUTiKasa 3 48 OTBOpiB, O3HAuae€
Kue,T/n1 ~0,04-0,08 n/xB Ha omuH OTBip Ta razy (,=0,36—1,5 n/xB, Tpak-
TUYHO HE BIUIMBAJIH HAa XapaKTEPUCTUKH, IO MPEACTABICHI y LIl
po6orti. Tomy B mojansIioMy BCi BOHU NpHUBEICHI 32 OJHAKOBUX
yMoB, kot Q=4 n/xB, 0.=0,7 11/XB.
Bnaue wacmomu nosmopenus imnyavcie. IIpo Hboro Mox-
Ha 3poOUTH BICHOBKH Ha OCHOBI pHC. 6, e KpUBUMH [—)5 TIOKa3a-
HO 3anexHocTi K),.(?) 3a /=25, 50, 100, 200 ta 300 't BignoBinHO,
mo Oymu otpuMmadi 3a W,=140 mIk. 3 pUCYHKY BHIHO, IIIO Ha-
nosinbHime MC po3knagaetses npu 25 ', a HalmBHAIE — MIPH
200I' . Temn posknaganas 3a0pyaHoBava B miana3zoni 50—100 '
Maibke omgHakoBui (kpusi 2, 3). Te, mo BiH 3a 300 I'm memto HIK-
yuii, Hixk 32 200 ', MOXXHA TIOSCHUTH 3MIHOIO X0y IIa3MOXiMi-
yHUX peakuiil [10], yuco AKUX y BOJIOTOMY HOBITpi AOCSTA€E Kilb-

Puc. 6

KOX COTCHb.

Ipozopicme pozuuny MC ons yrempadghionemogoeo ceimna. O6e30apniaeHHs po3unny MC min niexo
IBP cBimunTh npo Bigpus Bix ii Mmonexkymu (C,sH;5CIN,S) rpyn atomiB CH; [11], ane BoHO He BKa3ye Ha pyH-
HyBaHHS cTiiikux OensonpHuX Kinerpb (BK), mo Bxomath 10 ii ckiaay. OnocepeKOBaHUM MOKA3HUKOM TX-
HBOTO PO3IMIEIUICHHS 1Mia 9ac o0poOku 3rigHo [11, 12] Moxe OyTu 30inbpmenHs mpo3opocti T pozunny MC
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T% U yIbTPadioNeTOBOTO CBiT/IA. 3MiHM BeNMWYMH 1 Ha JOBXKHHI
60 ~ )/' XBWI A=292 HM, sKili BiIIOBiae MaKCUMyMy TIOTJIHHAHHS CBi-

' g /1 Tia OCH30JPHUMH KUIBLSAMH, B 3aJICKHOCTI BiJl 4acy OOpoOKH
MOKa3aHo Ha puc. 7. 3HaueHHA T pO3paxOBYBAIMCS 32 BUPA30M
T=100U,/Uy,%, ne U,; U,— HanpyTH, NpOIOPIiiHI IHTEHCHBHO-
CTI CBITJIA TICJIA WOTO MPOXOKCHHS Yepe3 3pa3Ku 3 PO3UYUHOM
MC Ta uyncroro Boznoro BinnosigHo. Kpusi /, 3, 4 BinoOpaxyoTh
3aJIeKHOCTI, 10 Oyio oTpumMano 3a f=100 I'11 Ta pi3HUX eHepri-
sx iMmysbciB (Bigmosigao 80, 110 Ta 140 M/Ix). 3 puUCyHKY BH-
, | , nHo, 1o miasunieras W, 3 80 no 110—140 m/lx mpuBoae 1o
0 10 20 30 a0 i ~4—6-KkpaTHOTO 3pOocTaHHS MmBUAKOCTI poskmananas BbK. lle
MOJKHA IOSICHUTH Pi3KUM 3POCTaHHSAM IHTEHCHBHOCTI I'eHeparlil
pazukanis OH  3i 30iIbIICHHAM €IEKTPHUHOTO TIOJIS B Fa30BOMY
npoMikKy, (3a W, =80 m/Ix amrutityane 3HadeHHs mons E.~36kB/cM, 3a 10m/Ix — =41 kB/cm i =49 kB/cm
3a 140 m/Ix). 11i pagukanm BigirparoTh BU3HAYAIBHY POJb B po3mieruieHHi bK, 00 iXHiii oKuCHUIT TOTeHITian
(¢p=2,7 B) Bue, Hix y BK (2,48 B) [12]. YTBopenns pagukanis OH mix miero IBP BinOyBaeThes BHACTIIOK
peakiii KoMMBaNbHOTO 1 00epTanbHOro 30y KeHH MoseKyn Boau (enepris nopory 7, <1 eB), ixapoi auco-
uianii (7, =7eB) Tta ionizaii (7, =13eB) [3], a Takox iHmMMX TUIa3MoxiMivHuX peakiit [10]. Hamgmipae 3poc-
TaHHS YaCTOTH f IPUBOJIE 10 3MeHIeHHs BennauHu 1. [1po 1e cBimunuTh KpuBa 2 Ha puc. 7, SKy OTPUMAaHO 32
300 T (W,=140 mJIx). MOX/IMBOIO NPHUMHOKO LEOTO € 3MEHIICHHS KOHIEHTpawii pagukanis OH BHacmi-
JOK TXHBOT B3a€MOZI{ 3 030HOM Yy pa3i JOCTaTHHO BEIMKHUX HOro KOHLEHTpauisx. Ha 1e Bka3yroTs pesyibra-
" pobotm [11].

Enepeoedpexmusnicmo 06pobru 600u. 3araJbHONPUUHATAM MOKa3HUKOM €HEProe(eKTHBHOCTI elieK-
TPOPO3PSAAHOT OOPOOKH BOIU € SHEPTeTUYHHIA BUXiJ ¥, KOTPUH MOPIBHIOE KITBKOCTI PO3KIAACHOTO 3a0pya-
HIOBada (B TpaMax) IpH |KBT TOJ BHTPA4YCHOI Ha po3ps eHeprii. s yMoB miei poboTn 3Ha4eHHS Y po3pa-
XOBYBAaJIOCS 3 BUPa3y

Puc. 7

Y=AK,J,/ W, @)

ne AK,,.— 3meHmennsa xonneHtpaiii MC B 06’emi Boau V;, 3a 9ac 1i 00poOku ¢. 3aams MOPIBHSHHS €HEproe-
(EKTHBHOCTI PiI3HUX EINEKTPOPO3PIIHUX TEXHOJIOTIH, SIK MpaBu-

¥.r /kBT'TO . .
A JIO, KOPHUCTYIOTBCA ABOMA NOKAa3HUKaAMH: CHCPIrCTUYHUU BUX1]]

300 i ‘ _ _ pO3psAy y pasi 3MEHIIEHHS TTOYaTKOBOI KOHIICHTPAIIT JOMIIIKA
250 |— — HaITOJIOBUHY — Y59, Ta Ha 90% — Ygy. 3aIe:)KHOCTI X BETHMYUH
200 _\ ' N BiJ yactoTu 3a W.=140 m/I>x HaBeJCHO Ha pUC. 8, 3 SIKOTO BUJI-
; i HO, 1110 3pOCTaHHs f IPUBOJIC 0 MaJiHHS 3HAYCHb Y5 Ta, MOYH-

150 — Hatoud 3 =50 I'm, 1 Yyy. IlogiOHuii xapakTep 3MEHIIEHHS Y 3a
100 | BIZTHOCHO HEBEIMKOIr0o MifgiioMy f (TOOTO 30iNbIICHHI E€Heprii,
Y90 \?\ [0 BUTPAYAETHCSA HA PO3PSA) XapaKTePHUH 1 JUIS IHIIMX JTOCITi-

50 _{.‘ T T~ JKEHb OOPOOKH BOJM IMITyJbCHUMM KOPOHHHM Ta 0ap’€pHHM
o L1 S | . :‘ po3pamamu B ITiBKOBoMy [6, 13] um kpamensHOMY cTaHi [11,
0 50 100 150 200 250 fTn 12, 14, 15]. binbir BUCOKI 3HAaYEHHS Y59 HIXK Yoy MOSCHIOIOTHCS
THUM, 10 TEPI BEIMYUHU OTPHUMAHO 3@ BHIIMX KOHIICHTPAIiSX

Puc. 8 JIOMIIIIKY, IO IIIe He BCTHTIA po3kiactucs. Tomy 3rimao (1)

MBHUAKICTH po3tiemneHas MC ans Ysy Buia, Hixk s Yoy Haid-
OinbII 3HAYCHHS Y5, sIKUX OYyJIO JIOCATHYTO B Ml po0oTi, =270 I/KBT'TOM, IO B KiJIbKa pa3iB BUII OTPHMa-
HUX ¥ [2, 6, 13] mig gac oO6podui IBP Bomu 3 momimkoro MC B mumiBkoBOMY cTaHi. BemuunHy Y9 MOKHA
BBa)KaTH OB IMMOKA30BOI0, 00 BOHA peNpe3eHTye CTyIiHb po3kinaaands MC, mo HabmmxyeTbes 1o 100%.
3a yMOB 11i€i poO0TH MaKCUMaJIbHI 3HaYeHHSI Y9y~60 T/KBT TOJ Oyno gocsarayTo 3a =50 ['1, 1mo Takox 3Ha4-
HO (BiJ{ IECATKIB BIJICOTKIB JI0 KiJIbKOX pa3iB) BHUIIE, HiXk MiJ 4ac 00poOku Boan, 3a0pyanenoi MC, imMimybc-
HAM KOPOHHHM po3psiaoMm [2, 12, 14].

Caig BiAMITUTH, 10 3a IBUIKOCTI pyxy kparuti v=1,8 M/c Ta BUcOTI enekTpoaiB 70 MM yac Ti 3HaXo-
JOKEHHSI B MDKENIEKTPOAHOMY TPOMIXKKY mopiBHIOe ~40 mc. lle o3Havae, mio 31 301IBIIEHHSM YacTOTH f B
Mexax 25—300 I'iy uncno «ymapi» IBP mmo kparmuti i 9ac ii mpoxoKeHHS MTPOMIKKY 3pOCTa€E BiJ OJHOTO IO
~12 pasiB. Aune, sIK MOKa3aaH I1i TOCTIPKEHHS, Ui po3kiaaanHs MC HaiO1bIn eHeproe()eKTUBHUMHU € T1e-
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puri nBa «ymapu» IBP mo xparmi (=50 I'm), a po3mennennro bK — wotupu (=100 ['m). Lle o3Havae, mo po-
outu EC 3 3aHanTo noBrumMu (10 BUCOTI) €ICKTPOAaMU HEMAE CEHCY.

Mexanizm posxnadanus MC po3srnsgaBcs B podorax [6, 11], ToJOBHUN BUCHOBOK SIKUX IOJISITAE B
TOMY, III0 BOHO TIPOXOANTH B OCHOBHOMY IIiJl AI€F0 TPHOX TOJIOBHUX OKHUCHIOBaYiB: 030HY (O3, T1APOKCHIBHO-
ro pagukany OH i B MeHmIiii Mipi mepokcuny oo H>0,, mo yTBoproroThes mpu IBP. Bei Bonn mifoTh Ha
06e36apBieHHs po3unny (poskiananus MC), kpiM 1poro paaukan OH crpusie posmerenno BK. Haii6i-
aemy noio (~80%) B posknananas MC BHOCHTB 030H [6]. Sk mokaszanu AOCTiIKEHHS, B MOAIOHUX YMOBax
[7] mpubnm3HO TOIOBMHA KUTEKOCTI 030HY, IO TeHepyeThbes IBP, mornmuaaersest Bomoro B PK. KonmenTpartis
o30Hy Ha Bxoji B KO B 3anexnocTi Big yacrotu f =25—300 I'u nopisHioe ~0,5—2,5 mr/in. O30H, 1110 HOTpar-
nsie 1o KO, Ha =70% po34nHSAETHCS Y BOI, SIKA IPOXOIUTH Uyepe3 Hel.

V320001cenns cymicuoi pooomu I'l ma EC. 1le € BaXIMBUM €IEeMEHTOM y pO3pOO0IIi yCi€el yCTaHOBKH,
00 BH3HAYAE B IIOMY ITUTOMi EHEPTOBUTPATH Ha 00pOOKY BOAM, SIKi TOPIBHIOIOTH CyMi BUTpaT eHeprii B I'1
ta EC. OmHUM 3 TOJIOBHUX €TamiB [BOTO MPOLECY € Y3roJDKEHHs CcriibHOi poOoTh BuximHoi maHku [T Ta
EC. Ilonepenapo onTuMainbHi mapaMeTpy BuxigHoi tanku 'l Oymo Bu3HaueHO mif yac i po3pooili, 4acTKOBO
3a paxyHOK BKITIOYEHHS 70 Hei MarHiTHoro kimoda MS. 1ls manka BKiIrodae B cebe HaKOMMIyBaJIbHUN KOH-
JICHCATOoD, SIKUHU TIepe;] movaTkoM po3psiay mae eHeprito 340 m/Ix (IBP 3a U, =20,8 kB). 3a 11i€l ymoBH eHep-
rist W,, mo Buginserscs B razopux npoMikkax EC cranoButh jume 140 m/x (KK1~41%). MoaentoBaHHs
(mporpama Micro Cap 11) cymicHoi pobotu BuxigHoi jJanku 'l Ta EC mano HanpsMok niii 1o TiABHUINEHHTO 11
KKJI. Bono nokasaro, o Ha BeJIMunHy W, BIUIMBalOThH B OiIbMIii Mipi emHicTh Oap’epy C; Ta B MEHIIIN —
omip razoBoro npomixky R, min yac IBP. Tak 36inbmenss emuocti 6ap’epy C; =600 n® BTpuyi npuBeae 10
3poctanns KKJ] Buxinaoi nanku ynBoe (mpu R,=100 Om). Llporo edekTy B OCHOBHOMY MOYKHA JIOCATTH BHA-
CHiTOK 301TBITICHHS TIIOMII eIEKTPOIIB (32 paxXyHOK iXHBOI KUTBKOCTI Ta MHpHUHN). HamMipHe MiaBUICHHS &
(monan ~10), Big 90r0 TaKoX 3anekuTh BenuduHa Cg;, OyIe MepeTBOPIOBATH pO3psia B HeomHopinuuid., Omn-
TUMAJBHUH 32 YMOB MojiemtoBanHs omip R, =80 — 100 Om. VY pazi 3pocTaHHs IUIOIII €TeKTPOAiB omip R, Oy-
ne magati. YacTkoBo el eeKT MOKHA HiBEIIOBATH BHACTIIOK 3MEHIIICHHS PO3PSIAHOTO CTpyMy abo 30171b-
HICHHS BEJTMYMHU T'a30BOT'0 IIPOMIXKa, aje Iie MoKe OyTH HEeJOIUIHUM 3 PI3HUX MPUYUH (3MEHILCHHS CHep-
TEeTUYHOTO BUXOJY, IPOAYKTUBHOCTI TomI0). ToMy mif yac po3poOKu MPOMHCIOBOI YCTaHOBKH AJ1sl 0OpOOKH
Boau IBP noTpiOHiI moganeIni MoebHI Ta eKCIIEpUMEHTANIbHI TOCITIPKEHHS.

Ilpooykmuenicms yCmManoeKu ma numomi eHepeosumpamu Ha 00pobKy 6o0u 3ajiexarb Bij HEOO-
XiIHOTO CTYNEHIO po3KiIajaHHs 3a0pyAHIOBaYiB BOAM Ta iXHiX BWAIB. Hampuknaza, Ijist yMOB HUX OOCIi-
mkeHb 50% posknaganHto MC BiamoBigae mpoayktuBHiCTE ~30 n/rox Ta mmrtomi eHeproButpatu 0,19
KBTTOI[/M3, a90% — ~ 10 a/rox ta 0,83 KBTTO/M BianosinHo. Ciria Takok BIIMITHTH, IO 3POCTaHHS KiJTb-
KOCTI Ta IIUPUHH €IEKTPOIIB KPiM MOKpaIieHHs y3ro/pkeHHs cymicHoi podoru 'l ra EC O6yzae cnpusita mif-
BUIIICHHIO TIPOJYKTUBHOCTI YCTAaHOBKH 32 PaXyHOK MOJJIMBOCTI 3011bIIIEHHS YKCIIA I[iIBOK BOJIH, 110 BUTIKa-
1071b 3 KB.

BucHoBku.

1. Po3po6neHo Ta nociiKeHo aHaloT MPOMHUCIOBOT YCTaHOBKH 3 MJIACKOIO €NIEKTPOTHOIO CHCTEMOIO
Ut OOpOOKH IMITYJIBCHUM Oap’€pHUM PO3PSIOM BOIHM B KPAILTHHO-TUTIBKOBOMY cTaHi. IIInsixom 30imbIIeHHs
KUTBKOCTI Ta MIMPUHHU €IEKTPOIIB 1 ACSIKAX IHITUX BIIHOCHO MPOCTHX 3MiH (KpaIZIMHOYTBOPIOBAY BOIH, Te-
HEepaTop iMITyJIbCiB, HACOC, (DIIBTP TOIIO) YCTAHOBKA MiJAA€ThCS MAcIITaOyBaHHIO, 3a SKOTO ii MPOIYKTHUB-
HICTh MOKe OYTH 301JIbIIIeHa Ha MTOPSIIOK 1 OibIme.

2. Ha npuxiani oOpoOku BOAHOTO PO3YMHY OPTaHIYHOTO OapBHUKA (METHJICHOBOI CHHIi) 3 MTOYATKO-
BOIO KOHIIEHTpaIliero 50 MI/J1, SKHid BaXXKO 0OpPOOIIOETHCS IHITUMH CIIOCO0aMH, TIOKa3aHo, 110 3 TOYKH 30Py
eHeproe()eKTUBHOCTI HAWOIIBII ONTUMAILHOK YaCTOTOK) TIOBTOPEHHS IMIYJIbCIB 6ap’epHOTO po3psaay € <50
I'm, 3a k0¥ eHepreTruHMi Buxin mist 90% posknaneHHs 3a0pyaHioBada ckinagae ~60 r/kpr-roj. lle 3HauHO
(Bl MECATKIB BIZICOTKIB JI0 KUTBKOX pa3iB) BHIIE, HK Y BIIOMHUX poOOTaX IiJ Yyac PO3KJIaJaHHS OPraHIqHUX
0apBHHKIB IMITyJTbCHUMH KOPOHHUM Ta 06ap’€pHUM PO3psIaMH.

3. 3pocranHs eHeprii iMnybcy moHan nmeBHy Mexy (=110 mJlx), sxiii BiqnoBinae 00’eMHa rycTrHa
GHEpil, 110 BUALIAETHCS B Fa30BUX MPOMIKKAX, ~9 MJIK/CM’, He BHKIMKAE ITi ABHUIICHHS TEMITy PO3KIIaJaHH
3a0pyAHEHHS, aje 30UIbIIYE MPO30PICTh PO3UUHY UIsl YIbTPadioIeTOBOrO CBITJa, IO BKA3ye€ Ha PO3IICI-
JICHHSI CTIHKUX OE€H30JILHUX KiJIellb, IKi BXOAATH 0 CKJIay MOJIEKYJIH METHIICHOBOI CHHI.

4. Burpatu Boau 2—4 1/xB ta moBitps 0,36—1,5 1/XB, 3a AKUX MTPOBOIUIHCS SKCIIEPUMEHTH, TIPAKTH-
YHO HE BIUTMBAIOTH HA PE3YJIbTATH JOCIHIIKEHb.

5. 3amns miABMIIEHHS EHEProeeKTHBHOCTI YCTaHOBKH B LiJIOMy OOpOOKYy BOAM IMITyJIBCHUM
Oap’epHUM PO3PSAIOM JOIITHHO MPOBOIUTH 32 JOCTATHHO BEIHMKOI KUTHKOCTI Ta IIUPHHI €IeKTPOIIB.
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6. BukopucraHHsl CKIsSHOTO Oap’epy 3 OLTBIINM 3HAYSHHSM BiJHOCHOI Ji€NEKTPHYHOI IPOHUKHOCTI
(¢=8) B MOpIBHSHHI 3 aKPHIOBUM (£=3,5) 7a€ 3MOry IOCSITraTH OJHAKOBOI CHEPTii IMIYJIbCY 3a CYTTEBO MCH-
il Hanpy3i Ha enekTpoaHii cuctemi (Ha 30%). Lle € BaxxknuBuM hakTopom, 00 3HHKYE BUMOTH JIO BUCOKO-
BOJIBTHOI 130JIA11i1 reHepaTopa IMITYJIbCIB Ta eIEKTPOHOI CUCTEMH.

Pobomy euxonano 3a paxynox oepacoiodncemnoi memu «Poszeumox meopii enekmpo@izuunux npoyecie 8 iMnyIbCHUX
cucmemax enekmpo@izuuHoi 06podKu enekmponposionux cepedosuwyy (wugp «bap’ep 2»), oepoicasnuil peecmpayii-
nuti nomep memu 01170007714, KIIKBK 6541030.
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TREATMENT OF AN AQUEOUS SOLUTION OF METHYLENE BLUE IN THE DROPLET-FILM STATE
BY PULSED BARRIER DISCHARGE
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Institute of Electrodynamics National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine,
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The influence of various factors that can affect the efficiency of pulsed barrier discharge treatment in the air of atmos-
pheric pressure of a model sample of contaminated water in the droplet-film state was investigated. The impurity in the
water was an organic dye (methylene blue) with an initial concentration of 50 mg / l. Water consumption was 2—4 1/
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min, the characteristic diameter of the droplets was 1.7 mm, and the film thickness at the electrodes was about 0.15
mm. The water was treated in a flat discharge chamber with gas gaps of 3.36 mm and glass dielectric barriers, and in
addition in an ozonation chamber, which used ozone that had not previously been useful. The discharge was excited by
short ~ 100 ns pulses from voltage up to 21 kV, which provided the current density amplitude up to 1.7 A/ em’ and their
energy up to 140 mJ. The decomposition time of the impurity and the energy efficiency of the discharge depending on
the pulse repetition frequency of 25-300 Hz were studied. The discharge had the highest energy efficiency at frequen-
cies of 25-50 Hz, at which the energy yield, which corresponds to 50% decomposition of the impurity, reaches =270 g /
kWh, and for 90% decomposition — 60 g / kWh. As the pulse energy increases, the transparency of the solution for ul-
traviolet light increases, which is associated with the splitting of stable benzene rings that is part of the impurity mole-
cule. No noticeable effect of water and gas consumption (0.36-1.5 1 / min) on the research results was found. Refer-
ences 15, figures 8.

Key words: water treatment, impulse barrier discharge, ozone, hydroxyl radical, energy efficiency.
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In the article is offered the structural scheme of error correction of the precision measuring channel of average active
power for researches in laboratory conditions and exclusively within the limits of changes of the basic frequency of a
network. A feature of the scheme is the use of calibration of functional transducers with piecewise linear
approximation. The input voltages of these converters are a triangular voltage, which is formed at the output of the
integrator by integrating rectangular bipolar meanders, which are formed from the output signals of the frequency
divider phase shifter synchronized with the network by a device based on the original precision amplitude-pulse system
of phase frequency tuning. Compensatory small-sized low-voltage transformers using measuring amplifiers with
differentially split inputs are used as primary converters, which increases the linearity of the characteristic in a wide
dynamic range, due to which additive-multiplicative correction of errors of the whole measuring path by two points is
realized. The article presents the results of computer modeling of the main functional components of the measuring
channel, which confirm its precision and high metrological characteristics. References 10, figures 2.

Keywords: automatic error correction, active power, measuring channel, synchronization system, frequency components
of errors, phase-locked loop.

Introduction. The main feature of measuring transducers of average active power is the need to use
filtering of input signals while reducing the influence of higher harmonics [1]. In this case, as a result of non-
identity of the frequency characteristics of the filters, errors occur, both phase, which are associated with
non-identity of phase-frequency characteristics of filters and amplitude, which are associated with non-
uniformity of amplitude-frequency characteristics of filters. In addition, a significant contribution to the
frequency errors will be made by the input transformers, which are usually used as primary converters of
input voltages and currents. As a rule, the frequency errors of the converters of average electric power are
corrected at fixed frequencies and do not cover the input transformers. A similar problem was considered in
subsequent publications [2-4].

Research tasks. The purpose of the article is to create an experimental sample of a precision active
power meter for research in the laboratory and only within the limits of changes in the fundamental
frequency of the network (50 + 5) Hz.

The main material. The block diagram of the measuring channel for single-phase connection is
presented in Fig. 1, which adopted the following abbreviations: FDPS is the frequency divider phase P/4
shifter; FC1, FC2 is the functional converter, which is made according to the known scheme of functional
converters with piecewise linear approximation based on the operational amplifier, 12 segments will suffice
to obtain the average directional value of a sinusoidal signal with an error of less than 0.1% [5]; TSD is the
two-and-a-half-period synchronous detector; BIS is the block of input signals; FM- frequency multiplier; TT
is the T-trigger; IIC integrating iterative converter; MX1, MX3 is the digital multiplexers; MX2, MX4 are
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the analog multiplexers;CRT1, CRT2 is the converter of a rectangular signal shape into a triangular one; 5-Y
is the delta-sigma modulator; pc is the microcontroller (8051); Uy is the source of constant reference voltage;
BUS is the I/O bus.

A feature of the scheme is the use of calibration of functional transducers with piecewise-linear
approximation. The input voltages of these converters are a triangular voltage, which is formed at the output
of the integrator by integrating rectangular bipolar meanders, which are formed from the output signals of the
frequency divider phase shifter (FDPS) synchronized with the network using a device that increases the
frequency by four times the frequency multiplier (FM). Made on the basis of the original precision
amplitude-pulse system of phase-locked loop (PLL) [6]. Compensatory small-sized low-voltage transformers
with the use of measuring amplifiers with differentially split inputs are used as primary converters. This
gives an increase in the linearity of the characteristic in a wide dynamic range due to which the additive-
multiplicative correction of errors of the entire measuring path at two points is realized [7].

Load
Operation «1» / Calibration «2»
L, BIs ¢
[:Ip* Ui > X2
Q Uy
e * BUS
5 Or — 6x1) I TSD | e P 5y P ne s
g U, > FVY
= Ua Uk >
=T 1L
a b i¢
T9O°| MX3
0°
v
4x1
FM FDPS (4x1) o] TT t
180°| 270° ® +Up
MX4
>
'UO A
CRT!l |, FC1 L ¢
b
MX1 CRT2 Lyl FC2 | —e—>
A

Fig. 1

The scheme works as follows. The input signals of the phase voltage U, and the phase current /,, or
their linear analogues, depending on the method of accounting for three-phase power (three-element or two-
element circuit), are converted in the switching unit and conversion of input signals into proportional
voltages Uy and U, respectively. Resistor dividers together with low-voltage voltage transformers VT1 and
VT2 on ferrite cores are used as primary converters of primary voltages and currents (Fig. 2). To improve the
linearity of the conversion function of these transformers, the primary and secondary windings are wound on
the technology of "countercurrent" [8], which provides a non-linearity error of less than 0.01% in the
dynamic range over 20 dB [9], exceeding the required multiplicity of 1:5. To build VT1 and VT2, a double
ring core K32x16x12 made of soft non-thermostable manganese-zinc ferrites of general use type 3000NM is
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used. The windings contain 140 turns of SEW2 wire with a diameter of 0.3 mm and have the following
parameters: inductance = 0.2 H, resistance Rs =~ 2.4 Ohm, which determines the low-frequency pole, which is
approximately equal to 2 Hz.

P
Operation «1»/ Calibration «2» U
\ LPF,
U, (100 V, 50 Hz) R,/10K M
& C1+—— o VII e 1
/e 1 2 ! +
Ua(10 V,50 Hz) ~ R,/1K g MADCI,
s R/1
U, 1
Uea(10 V, 50 Hz, 07/90) : )
R/1K : o
zf—:l— :
1,(1-5 A, 50 Hz)
.
R,/1 +
R,/0,01 |\ R/l MADCI,
I, T ]
Load |
Yy 4
LPF, Ty

Fig. 2

This provides, together with the measuring amplifier with differential current inputs (MADCI), the
phase shift deviation on each channel = 0.5° in the frequency band (50 + 2.5) Hz and the amplitude error of
the order of 0.02%. In the filters LPF1, LPF2 to minimize the phase errors introduced by them, cower
approximation (Elliptical filters) [10] with the location of the flat part of the phase frequency response in the
range (50 = 2.5) Hz, with frequency deviation in this range caused a phase shift of about 0.2°. In addition, the
sensitivity of this characteristic to changes in RC elements did not exceed 0.3° by 1%.This means that when
using precision resistors of class 0.05 and capacitors of class 0.25, the error of the phase shift of the filters
will not exceed 0.4° per channel. Thus, the final initial phase shift between the signals Uy, U; (Fig. 2) with
no identity of the components of 10% will not exceed 0.1° in the frequency range (50 + 2.5) Hz. This will
allow calibration of the measuring channel of the average active power at two points.

To reduce the phase-frequency matching errors of transformers VT1, VT2, the latter are made
identical and the output resistance of resistive dividers and shunts has the same value, about 1 Ohm in all
modes of operation and calibration. In the "operation" mode, the mechanically interconnected moving
contacts of the relay P1 are in position "1" while the mains phase voltage U, (100 V, 50 Hz) through the first
divider formed by precision resistors R3, R6 falls on the primary winding of the transformer VT1. The
transfer factor of this divider k,; is equal to:

kg = Rs =107". (1)
R, + R

The actual value of this factor is stored in the memory of the microcontroller pc. The primary
winding of the transformer VT2, in this case through the resistor R, receives a voltage from the shunt Ry, the
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value of which is stored in the memory of the microcontroller pc. To increase noise immunity and linearity,
signals from the secondary windings of transformers VT1 and VT2 through the same sample resistors Ro;-Ro4
fall on the inputs of measuring amplifiers with differential current inputs (MADCI1 and MADCI2) whose
output signals are filtered. LPF1, LPF2 at the outputs of which the output signals Uy and U, are formed in
proportion to the phase voltage and current, respectively:

Uy = Upkglk;leMADCIIkLPFl; @)

*
UI = [pRsthTZkMADCIZkLPFZ ’

where U, is the phase voltage; ,is the phase current; k'yr and &'y, are the values of the transfer coefficient
of transformers VT1 and VT2, taking into account the errors of coordination; ky,pe, and &y, e, are the

values of the transmission factor of the measuring amplifiers MADCII and MADCI2; k;pr and k;pp are

the values of the transfer factor of the filters LPF1 and LPF2, respectively; Ry, is the shunt resistance.
With the help of MX2, MX3, IIC, ADC and uc, the quadrature components of the BIS output
voltages are determined sequentially in time:

Uy U,) = (a+ jb);

U (1,)=(c+ jd), @)
where
{NU,U,) 0% =N () , ,_ INWWU)[90°} - N(O) .
~ N(U)-N(©) v ~ N(U)-N(©) v
N, U)10° - NO) L INWU,U,)190% - NO)
NU)-N©O) " N(U,)-N(0) o

where {N(U(Up) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD is 0°; {NM(Uy (Up) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal DSD is 90°;
{N(U(Ip) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD is 0°; {N(U; (U)) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal DSD is 90°; N(U,) is the result of
analog-to-digital conversion of the output voltage IIC of the source of the reference signal £Uj; N(0) is the
result of analog-to-digital conversion of the zero input voltage of the TSD, in the last two cases the phase of
the control signal of the TSD is preserved.

In the "calibration" mode (Fig. 2) the primary winding of transformers VT1 and VT2 receives
voltage from the inputs of BIS U, and U,,, respectively. Scaling of these stresses is performed using two
identical voltage dividers kg, and k3, respectively. The values of the transfer coefficients of these dividers
will be equal and presented in the form:

=t 107, )
R, + R,
R, B
= =10". 5
R +R, ©)

The value of these coefficients is stored in the memory of the microcontroller pc. Resistors Ry, R; -
R¢ are precision.

In the "calibration" mode, which consists of three stages, in the first stage the digital multiplexer
MXI1 ensures the coherence of the calibration signals BIS Uy, and Uy, for this control signals CRT1 and
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CRT2 are selected the same and have a phase of 180°. The voltage at the outputs of the BIS will have the
following values:

UU (Ukl) = Uklngk;leMADCIlkLPFl ’

(6)
U,(U,) = Uk2kg3k;T2kMADC12kLPF2 >
Uy (U;y)=(e+ jf),
(7)
U,(Uy,)=(m+ jn),
where
L N UL U109 =N () N U) 1907 -N ) .
= 0> = 0>
NU,)-N(0) NU,)-N(0)
o VU, W10 =N ) N, W) 9071 =N ()
NU,)-N(0) NU,)-N(0)

where {N(U/(Uy;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD is 0° {NMUy(U) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal TSD is 90°;
{N(U(Uy) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD is 0°; {N(Uf(Uy,) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD is 90°.

In the mode of "calibration" in the second stage by means of the digital multiplexer MX1 which the
quadrature of calibration signals is provided. This determines the quadrature components of the output
signals of the BIS, which have the following values:

Uy (Uy) = (g + jh);

. ®)
U,(I;,)=(p+jq),

where
_ {N(UU (Ukl) | Oo} _N(O) U* h= {N(UU(Ukl) | 900} - N(O) U*
N(U,)-N(0) o N(U,)-N(0) v
_ {N(Ul(Uk2)|OO}_N(O)U* g= {N(Uz(Ukz)|90°}—N(0)U*
N(U,)- N(0) o N(Uy) - N(0) o

where {N(U(Uy;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD - 0° {N(U(Uy) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal TSD - 90°;
{N(U(U,») | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD - 0°; {N(U(Uy,) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD - 90°.

In the "calibration" mode at the third stage the quadrature components of the output voltages of the
functional converters FC1 and FC2 are determined:

Uper = (k+ jb);

9
Upe, =(r+Js), ®

where
k= {N(UFC1) | OO} _N(O) U;, ] = {N(UFC1) | 900} _N(O) U;,
N(U,)~- N(0) N(U,)-N(0)
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RL(CSIEEONS g INWUpe) 1900 -NO)
N(U)=N(0) N(Uy)-N(0)

where {N(Ugc;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase
shift angle of the control signal TSD - 0°; {NM(Ugc;) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD - 90°; {N(Uprc») | 0°} is the result
of analog-to-digital conversion of the output voltage of the IIC at the phase shift angle of the control signal
TSD - 0° {MUgcz) | 90°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD - 90°.

The obtained data allow to obtain an adjusted result:

3 (ac —bd)* + (bc + da)’ v 2 (Mj_
P, _A\/(me—nf)2+(ne+mf)2 (rk sl) (ks +7l) ]cos{arctg o —bd A |, (10)

hp + k- k, . . .
P iq ], A=-2 i3 , k g1, k g2, k o3 are the transfer coefficients of the respective
8P —nq

Rs*h 'kgl
divisors, which are stored in computer memory; R",, is the resistance of the shunt, which is stored in
computer memory.

Conclusions. The proposed scheme allows you to adjust not only the error of change of the modulus
of the transmission factor, but also the phase error in the operating frequency range. Due to this, it is possible
to use high-quality filters, which will reduce the influence of higher harmonics, the level of which today is
quite high and exceeds 10%.

The result obtained by expression (10) will be free from systematic additive and multiplicative errors
of all components of the measuring channel including the frequency component of the error, and the
accuracy class of the measuring channel will be determined by the accuracy class of sample voltage dividers
kg1, kg, kg3 shunt resistance Ry, and reference voltage source U.

where Ap = arctg[
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KOPEKIIISA TOXUBEOK BUMIPIOBAJIbHOI'O KAHAJTY CEPEJHBOI AKTUBHOI IMTOTYKHOCTI
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Y ecmammi 3anpononosano cmpyxmypny cxemy Kopexyii noxubox npeyusiiiHo20 SUMIPIOBANLHO20 KAHANLY CepeOHbol
aKmueHOI NOMYsHCHOCMI OJis1 O0CHIOJICEHb 8 1aDOPAMOPHUX YMOBAX MA BUKTIOYHO 8 MEeNCAx 3MIH OCHOGHOI uacmomu
mepeoici. Ocobnugicmio cxemu € SUKOPUCMAHHA NIO 4ac KaniOpy8aHHs (DYHKYIOHAIbHUX NEPemeopiosaiie 3 KyCcKo80-
JiuiiHoI0  anpoxcumayicio. Ilpu yvomy 6xiOHuMU Hanpyeamu yux nepemeoplosadie ¢ MpUKymua Hanpyed, o
dopmyemobca Ha 6ux00i iHmezpamopa iHMe2py8aAHHAM NPAMOKYMHUX OINOIAPHUX MeaHOpi8, AKI YMEOPHIIOMbCs 3
BUXIOHUX CUCHANIB OLbHUKA YACMOMU (PA30pO34eninsayd, CUHXPOHIZ08AHO20 3 Mepexcero 3d 00NOMO2010 NPUCMPOTO,
wWo 30i1bULYE YACMOMY 8 YOMUPU pa3u (HOMHOICY8AY YACMOMU), AKUL 6UKOHAHO HA OCHOBI OPUZIHANLHOT npeyusiiHol
amaAimyoOHO-IMIYIbCHOT  cucmemu  (azoeo2o  agmoniocmporoeanhs yacmomu. Ak nepsunHi  nepemeopiogayi
3aCMOCO8YIOMbCA  KOMNEHCAYiliHI  Manoeabapumui  HU3bKOBOIbMHI — mMpaHchopmamopu 3 BUKOPUCTHAHHAM
BUMIDIOBATILHUX NIOCUTIOB8AYI6 3 OUpepeHyiiino po3uenieHumMy 6xo0amu, wo 3abesneuye niosuujeHHs NiHIHOCMI
Xapaxmepucmuky 8 WupoKomy OUHAMIYHOMY OIANA30HI, 3A80SKU HOMY Peani3yembCs AOUMUSHO-MYTbMUNIIKAMUGHA
KOpeKyisi NoxuboK 6cb020 GUMIDIOBAIbHO20 MPAKMY NO 080M MoOuKkam. Y cmammi Haeedeno pe3yivmamu
KOMN IOMEPHO20 ~ MOOETIO8AHHSI  OCHOBHUX — (DYHKYIOHANbHUX — KOMNOHEHMI8  GUMIDIOBANLHO20 — KAHANY, — SIKI
niomeepoIICyIoms 1020 NPeYUsIUHICMb Ma 8UCOKE Memponoziuni xapaxmepucmuxu. biomn. 10, puc. 2.

Knrouosi cnoea: aBroMaTMdHA KOPEKINsE TOXHOOK, AaKTHBHA TIOTYXHICTh, BHMIPIOBAJILHUA KaHAl, CHUCTEMa
CHUHXPOHI3aIlil, 9aCTOTHI CKJIaJ0Bi MOXHOOK, (ha30BE aBTOHATANITYBAHHS YaCTOTH.
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