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EXACT ANALYTICAL AND APPROXIMATE ASYMPTOTIC CALCULATION
METHODS TO DETERMINE THREE-DIMENSIONAL ELECTROMAGNETIC FIELD NEAR
CONDUCTING BODY WITH FLAT SURFACE

Yu.M. Vasetsky
Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: yuriy.vasetsky@gmail.com

The analytical solution of the three-dimensional quasi-stationary electromagnetic field problem for a current_located |
near conducting body with a flat surface is considered. The exact and approximate solution of the problem is presented.
The exact solution has no restrictions on the external field configuration, physical properties of the medium, and
frequency. The approximate solution is based on an expansion in asymptotic series and has limitations: for sinusoidal
field, the solution is limited to frequencies above the lower limit; for pulsed field, the solution is limited by the initial
time interval of the current pulse. Based on comparison of the results of exact and approximate calculations for
nonuniform sinusoidal field at the interface between the media, the admissible value of the introduced small parameter
is determined. For pulsed field the proposed choice of the limited time interval for calculating electomagnetic field
using the asymptotic method is justified. References 29, figures 7.

Key words: three-dimensional electromagnetic field, exact analytical method, asymptotic series expansion, skin effect,
sinusoidal and pulsed fields.

Introduction. Attention to the study of three-dimensional high-frequency sinusoidal and high-speed
pulsed electromagnetic fields, taking into account eddy currents in conducting bodies is due to the need to take
into account the influence of geometric and physical factors on the processes in the device elements of which a
strong skin effect is appeared. It is enough to point out, for example, the technology of high-density pulsed
currents to change the mechanical properties and control the stress-strain state of metal products [1-3], devices
for high-speed forming technology using pulse magnetic field [4-6], equipment for high frequency induction
heat treatment of metals [7 — 10]. Here, the search for the geometry of electromagnetic systems and the
optimization of their parameters is of particular interest, which is associated with the significant laboriousness
of computational procedures. These circumstances determine the need to develop of methods for
electromagnetic field simulation, which provide high accuracy with a moderate amount of necessary
calculations. Among them, analytical and numerical-analytical approaches stand out.

Considering that with strong skin effect, the current and the field are concentrated in a thin surface
layer of the conductor, approximate calculation methods are often used to determine the electromagnetic
field. The most advanced methods are those based on the perturbation method [11, 12]. To determine the
field in the dielectric region outside the conductor, an effective technique is to use the impedance boundary
condition [13, 14], which establishes a connection between the components of the electric and magnetic
fields tangential to the surface. The developed approaches are used in modeling electrodynamics problems
taking into account the geometric and physical properties of real boundary surfaces [15, 16]. A detailed
analysis of the application of various numerical methods using the impedance boundary condition in
electrodynamics problems is presented in the book [12].

A distinctive feature of this paper is the use of an exact analytical solution for a three-dimensional
sinusoidal field of an arbitrary system of external sources located near the conducting half-space [17, 18].
The exact solution made it possible to obtain a number of general features of the electromagnetic field
formation and to propose justified approximate methods for solving problems based on the asymptotic
expansion of functions of the exact solution [19 — 21].

The found asymptotic approximation for the frequency spectrum of potentials and field vectors has
limitations in the low-frequency range. However, the theoretical estimate of the calculation accuracy [22]

© Vasetsky Yu.M., 2021
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must be confirmed, at least by comparing the actual results obtained using exact and approximate
expressions. In addition, it is advisable to show the validity of the values of the approximate expressions for
the intensities of the nonuniform field at the interface between the media, which , as shown, are determined
only by the values of the field of external sources.

Application of the asymptotic expansion for a pulsed electromagnetic field is based on a number of
assumptions, which are associated with restrictions on the frequency spectrum. The validity of such
assumptions must also be confirmed, including by comparing the calculation results of different methods.

The aim of the work is to substantiate theoretical estimation of the applicability range of the asymptotic
method for calculating three-dimensional quasi-stationary electromagnetic field based on the comparison results
of calculating the approximate and the exact analytical solutions for sinusoidal and pulsed fields.

1. Mathematical model. Exact analytical solution of the three-dimensional problem. The
analytical solution of three-dimensional linear problem of conjugation of a quasi-stationary electromagnetic
sinusoidal field at a plane interface between dielectric and conducting medium satisfies Maxwell's equations
and boundary conditions. The boundary conditions include the equality of the normal components of the
conduction density current in conducting medium and the displacement density current in dielectric medium.

The solution is based on the known analytical
solution of the problem for an emitting current
dipole near the interface [23, 24]. In the quasi-
stationary approximation, a closed contour of
O(x.y.2) arbitrary  configuration located in a
nonconducting and nonmagnetic medium,
without loss of generality, was represented by a
serial system of dipoles with a constant initial

current /,(io) along the contour, where ® is

<
Q
|
UO
T~
Q
I
=y

cyclic frequency, i is imaginary unit. The current
B /r 1 contour is located in the dielectric medium near
=~ conducting half-space with electrical
conductivity y and relative  magnetic

. Fig. 1 permeability p. The element of closed contour /

. is shown in Fig. 1. The solution was obtained

without restrictions of the contour configuration,

properties of the medium and the frequency of the field. It easily extends to the general case of an arbitrary

system of contours, that is, an arbitrary external field and to an arbitrary current dependence on time /, (t)
using a Fourier transform.

1.1. Exact analytical solution for sinusoidal electromagnetic field. If external sources are represented

by a single closed contour with current, then the expressions for the complex-value amplitudes of the vector

A and scalar ¢ potentials in the Lorentz gauge, the intensities of the electric E and magnetic H fields in

the dielectric half-space can be represented in the form of the following contour integrals:

A :MO_IOJ, L_t_l_tlﬁ dl, 9]
4n \r n oz
, I
¢, = ipHete §(t1 -e.)Gdl, 2)
4 Ji -
- I
E it [i_ﬁ_ez " xvc;]]dz, 3)
4r \r n
g b tﬁr_'lirl_,lxv(ﬁj al . (4)
4y r 4 0z

Here ¢ and ¢, are unit tangent vectors to the initial and mirror reflected from the surface contours at the
source points M and M, ; the position of these points relative to the observation point Q is determined by
vectors r and r , respectively; the axis z is oriented perpendicular to the interface surface in the direction
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of the unit vector e.. For arbitrary spatial contour, the unit tangent vector to the contour # = ¢ + ¢, has nonzero
projections onto the vertical direction #, = (¢-e.)e; and onto the interface between the media 7, = ¢ - (t ‘e, )ez .
Potentials and field intensities are determined by single function G
2 2expl—ycosP, /e M, xsinp, /e
G:_”[ p( xcosp,/ 1) o(X B/ 1)dX , (5)
Lo Wl(X)

where the parameter ¢, = M/ (m/wuuov)= uﬁ/ (ﬁn) is proportional to the ratio of the penetration depth of the
uniform field &=./2/(opu,y) to the distance 7, J, () is the Bessel function of the first kind of zero order, the

denominator is w](x)zx/\/l_'+\/1+[x/(;,t\/l_')]2 .

Expressions (1) — (5) completely determine the quasi-stationary electromagnetic field of the
sinusoidal current of the arbitrary configuration contour, taking into account the eddy currents in the
conducting half-space.

1.2. Exact analytical solution for pulsed electromagnetic field. Expressions (1) — (5) can be
considered as the frequency spectrum of the potentials and vectors of the electromagnetic field, which is
created in the dielectric half-space when current pulse / (t) with frequency spectrum 7, (i) flows along the
contour. In this case, to obtain a solution in the form of time dependences, it is sufficient to perform the
inverse Fourier transform. The corresponding expressions can be represented as follows:

ol)=2f(e,-e. ), (0 ()
4n I
W o[t ol
E(z)=_4_:E f H; _ﬁj# —e.x[t,xVV, (t)]}dl, (8)
1 txr t XFr ov (¢
H(t):_4_761|:( 3 - 1?‘13 IJIO(t)_hXV( aAZ( )J:|dl . )
The functions ¥,(¢) and V,(¢) are written as inverse Fourier transform as following
N (t) = z0_|('Jcos(oot)Re[I' 0 (io))G(ico)]do), (10)
Ty

2% (. .

Ve ()= —jcos(cot)Re[zcoIO (l(D)G(l(D)]d(D. (11)
To

To describe the pulsed field, two functions ¥,(¢) and v, () are needed, and, however, each of them

is still determined only by function G(io).

2. Asymptotic approximation. The above expressions are valid for any parameter values. At the
same time, computationally, the determination of the potentials and vectors of the electromagnetic field,
especially pulsed field, is associated with difficulties that are caused by the need to calculate improper triple
integrals. Therefore, simplification of calculations is an important task. For this purpose, an approximate
asymptotic method can be used, which is valid in the case of a strong skin effect [19, 22].

2.1. Asymptotic approximation for frequency spectrum. To obtain approximate expressions, it is
sufficient to use the expansion of the function G in asymptotic series. The expansion is carried out according
to a small parameter ¢, <1, which in this case reflects a significant degree of remoteness of the external field

sources r, compared to the penetration depth & . It means that the asymptotic expansion is valid in the case

of a strong skin effect, in which the penetration depth of the field is small not only with respect to the
characteristic dimensions of conducting body, but also of the entire electromagnetic system, including the
distance from the surface of body to the external sources. The small parameter value determines the
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limitation on the field frequency. The frequency f =o/2r must be large than the limit value
f>f =un/ (271},10\(}”12851), where ¢,, is the chosen permissible value of the small parameter.

A feature of asymptotic series is that they are divergent series. In this case, the function G is
expanded into asymptotic power series of the Poincaré type [25, 26] with an error that can be made
arbitrarily small by choosing &, — 0. With an increase in the number of terms in the series, the error in the

approximation of the function first decreases, reaching a minimum, which depends on the value of the small
parameter. Then the approximation error increases. In addition, each term of the asymptotic series is
determined with an error, the magnitude of which depends on the value of the small parameter and the
number n of the term in the series. Therefore, for each term of the series, there is also a limitation on the

lower value of the frequency f > f,, which increases with increasing number of the member of the series ».
In this regard, with an increase in the value of the small parameter, the total number of considered members
of the series N decreases and, accordingly, the total approximation error increases.

The asymptotic series for the function G takes the following form [22]:
. N . N n+l (n)
G236, =320 a ] 2| L, (12)
n=0 n=0 \/; oz" n

where a, (1) are the Taylor series coefficients of the function 1/w, = ian (M)(X Ji )1 .
n=0

Taking into account (12), expressions (1) — (4) can be written as follows:

A= %Mf—;—i}ﬂ - é(—l)"zan(p)(;] Z(ll) frl dl] (13)
E =i “jnof(;—szl+4—gZ( 1)"2a, )( J e txr‘ dl., (15)

Here, it is taken into account that g / VJi= u/p, where p=.liop,u,y, is propagation constant, = p/y, is
surface impedance.

In the case of strong skin effect, the distribution of the electromagnetic field at the interface between
the media is of great importance. The electromagnetic field on this surface defines such characteristics as the
energy flow of the electromagnetic field into the conductive body, the surface density of Joule heat release in
the surface layer, the magnetic pressure on the surface of the body. Expressions (15) and (16) for the
intensities of the electromagnetic field at z=0 are greatly simplified. Here at strong skin effect the
electromagnetic field is determined only by the known distribution of the field of external sources at the
boundary without the need to solve additional equations [20, 22]:

(n) X
( ) ";E'Hn _gnzza ( {pj {%eszOH s (17)
N4l N+l o™ E
H|(z=0)=3.H,, - goza,,l(u)[%j {%} : (18)

( ) z : Zzan(“)[ jnn{@mnHMH ’ 19)
0 p »

1
n=0 aZ "
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where H, is the magnetic field intensity of external sources in dielectric medium at the interface; HOH and

H,, are the tangent and normal components of the field, respectively; it is accepted a.; =—1. If the external
field is created by a single current contour, then
: I, ctxr
H,=-——" dl. 20
0 47t£ P (20)

2.2. Asymptotic approximation for pulsed field. To find pulsed electromagnetic field in the dielectric
half-space, it is necessary to determine the functions ¥,,(¢) and Vo (t) for given time dependence of the

current I,(¢). The values ¥, (¢) and Vo (t) are determined by expressions similar to (10) and (11), with
replace G(io) by G, (i).
It is essential that each term of the asymptotic series is represented as a product of two functions, one

of which depends on the frequency, and the other depends on the properties of the medium and the
coordinates of the vector r,

N N
Glio) ~ 26, (io) = 20%311%) @)

Here the functions g, are as follows

n+l

i a(n) 1

g, =g, (wy.n)=(-1) 2an(u)[ \/ﬁJ por (;j (22)
0 1

Taking into account the simple frequency dependence of each term in series (21), we will solve the
problem in two stages. First, we find the time dependence under the action of unit current pulse 7/(¢)

0, <0
T(Z):l t>0. (23)

At the next stage, using the Duhamel integral, we will find functions ¥,,(¢) and Von (t) for an arbitrary
dependence of the current on time 7,(¢).

Taking into account that the integrand (21) in the improper integral of the inverse Fourier transform
does not satisfy the boundedness condition, we will use the Laplace operator s instead of the operator i .
Under the action of unit current pulse, taking into account (21), for each term of the asymptotic

expansion A ,,(s)=7(s)G,(s) and A, (s)=sT(s)G,(s) the inverse Laplace transform is a power function of
time [27] ,,(t)=1"""? g, /T((n+3)/2) and lw(t)zt("_l)/z g,/T{(n+1)/2), where T'(-) is the gamma function.

Since for all A, (O)zO, then for the function V, (t) which determines the vector potential and
magnetic field intensity, we apply the Duhamel integral in the following form [28]

_y_ ntl (=22 (D
IO(T):ldT_,12—%)21—‘((11+3)/2)g”'([(t ) Io( )d . (24)

V0= 000+ j{m

o dg

When calculating the scalar potential and electric field intensity, it is necessary to take into account
that at # — 0 the zero term of the series Mo(t)N ™ increases indefinitely. Therefore, to eliminate the

E=t—1

singularity of the integrand, we will apply the Duhamel integral form, in which time derivative of current is
used

() =2, (0)1,(0)+ i{dg—? E[_17»(‘)&)]&& - io — ((ngj— 1)/2)i{dlc‘;§)|ét_rr(”‘l)/z}dr . (25)

Here, it is necessary to impose a limitation on the dependence of the current on time near ¢ = 0. If the current
changes according to the power law I (t) ~at", it is necessary k>1/2. An even stricter restriction is

associated with the first two terms in (8), for which it is necessary k£ >1.
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In the asymptotic approximation, the limitation on the field frequency makes it necessary to limit the
frequency spectrum of the pulsed field in the low-frequency range. For current pulse this is due to limitation
of the time interval over which the field can be calculated. For example, when a unit current pulse flows
along the contour, the presence of low frequencies in the spectrum leads to an unlimited growth of functions
Ao (t) at ¢t — oo, while the vector potential and magnetic field intensity should tend to a constant value. The

expressions will be valid until a certain characteristic point in time 7, ~1/ f, , for which, in fact, the previous
condition is satisfied g, =p\/z / (2nnM)<l. The assessment of the allowable time intervals can be
performed as follows: for the entire calculation #<¢, =1/f, and for each term of the series #<¢, =1/f, . In
the results below, the current is normalized to the maximum value 7, ()=1, (t)/ Lo -

3. Comparison of exact and approximate calculation.
3.1. Comparison of calculation results for sinusoidal field. The value of the small parameter ¢,

depends on the distance 7 and, accordingly, changes depending on the relative position of the point M, on
the mirrored contour and the observation point. For specific contour the parameter ¢, takes its greatest value
at the smallest distance 7, when the observation point is located at the interface between the media on

vertical axis passing through the point on the contour. Therefore, the largest error will occur when the field is
calculated at the interface between media. In this regard, we compare the results of calculations using exact
and approximate expressions for the field on the surface of the conducting half-space.

The analysis of the calculation errors of the
sinusoidal field depending on the value of the parameter ¢,

for specific points M, not related to the configuration of

the contour was studied in sufficient detail in [22].
Therefore, here we will compare the calculation of three-
dimensional electromagnetic field for a model of an
» eclectromagnetic system with circular contour with
sinusoidal current [3] (Fig. 2). The contour lies in a plane
normal to the interface between the media. The geometric
Fig. 2 dimensions are as follows: radius of the contour
R =0.05m, distance from the center of the contour to the

surface H =0.06 m, respectively, the minimum distance from the contour to the surface 4, =0.01m. The
electrophysical properties of the medium correspond to those of aluminum y=3,71/ (Q-m), u=1.

Frequency is variable.
The calculation was carried out for all components of the electric and magnetic field intensities
according to exact (3) — (5) and approximate (17) — (20) expressions. The results are presented for the

normalized component values of the complex-value amplitudes of the electric £, :i‘E;‘exp(i(pEk) and

exp(i(ka) fields, where k =x,y,z. The argument of the complex-value amplitude

magnetic H, = i‘H .
shows the phase shift angle relative to the phase of the contour current within the limits —nt/2 <@ <7/2 (the

(I3

sign in front of the complex-value amplitude modulus is equivalent to phase change by m). The

. owllo ., .
normalized values of the field vectors are defined as follows E = #E , H = %H .
T nh,

In Fig. 3 for the point on the surface x =0, y =0 closest to the contour, nonzero normalized values

of the components of the electric £ " and magnetic H ; field intensities are presented depending on the value

of the parameter €= p/ (r, min1/2nfuu0y), where in this case the minimum distance of all # is 7. =h,.

Modules of complex-value amplitudes for calculation by exact (solid curves) and approximate (dashed
curves) expressions are shown in Fig. 3 a, ¢. The arguments for the complex-value amplitudes are given in
Fig.3 b, d.
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From the presented comparison
results, it can be seen that for the values
of the small parameter ¢ <g, =0.3, the

results for the moduli of the field
vectors practically coincide. For the
arguments of complex-value field
vectors the deviation of the results
occurs at a slightly smaller value of the
small parameter, and also at values
close to the indicated value. In this case,
for example, for aluminum, the
calculation with sufficient accuracy can
be carried out for the field frequencies
f=f, =38Hz.

For other observation points on
the interface between media with large
minimum distance to the contour
iin > My, @ similar limiting value of
the small parameter also takes place.
This circumstance is illustrated in Fig.
4 for point on the surface

x=0.025m, y=0.01m for which the
minimum distance to the contour
increases to a value 7, =0.018 m. At
this point all components of the field
intensities are not equal to zero.
Therefore, in Fig. 4 shows the results of
comparing calculations for all field

components except for the component
EZ , which is completely determined
only by the induced electrical field of external sources [17].

From the point of view of the possibility of using computationally simpler asymptotic expansion, the
main conclusion is that for all components of the electromagnetic field, the results practically coincide with
the calculation using exact expressions up to the value of a small parameter ¢, ~0.3. In addition, it is
essential that the introduced small parameter, which combines several quantities, is a single parameter that
indicates the limiting value for the application of approximate asymptotic calculation method. So, for the
considered point on the surface, which is at a greater distance from the contour # =0.018 m >4, =0.01m,
the limiting value of the field frequency decreases to the value f, =11.7 Hz.

3.2. Comparison of calculation results for pulsed electromagnetic field. Since in the asymptotic
expansion method the lower frequency limits increase with an increase in the number of term in the series,
then in the initial period the largest number of the terms in the series is taken into account and the field can
be calculated most accurately. The validity of the proposed estimate of the time intervals for the integrands
in the contour integrals is carried out on the basis of comparing the calculation using exact expressions (5) —

(7) for functions V,(t), V(p(t) and approximate expressions (24), (25). In addition, we will compare the

results of calculating the electromagnetic field created by specific contours with pulsed current.
It is convenient to analyze expressions using dimensionless parameters. The basic frequency

f, = (nhzuuoy)_l (and accordingly the time 7, =1/, ) is determined as the frequency when the penetration
depth is equal to the vertical coordinate & =/ of a contour element. In this case, the normalized time is
related to the value of the small parameter as ¢ =1, =2(¢,/u)’(r/h) . The contour current in the results

below is normalized to the maximum value 7, ()= 1,(¢)/ 1y, -
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Fig. 5 illustrates a comparison of the exact and approximate normalized values of the function
V: (t) =V, (t)/ 1, ... foran exponentially decaying current pulse, which at the initial moment ¢ =0 takes on a
maximum value by jump. At the point on the surface under the contour element (Fig. 5 @) at p=0,7 =/ and
pn=1 for the chosen permissible value of the small parameter, for example, €, =0.3 the limit value of the

considered time interval turns out to be ¢, =0.18. The insignificant deviation of the calculation results at

t ~0.12 practically disappears when the distance 7, =+/h> +p” increases (Fig. 5 b). Here, for the same
value of small parameter ¢, =0.3, the time intervals taken into account turn out to be much larger:
p/h=1,1,=036 and p/h=3, t, =1.8. Deviations between the results of exact and approximate

calculations within the allowable time intervals are insignificant and are not reflected in the graphs. It
follows that, when integrating along the contour using the asymptotic approximation, the calculation error is
mainly influenced by the calculation of the integrand at the source point closest to the observation point.

v, () NG, Va(t) Iy (£)
0.3 o 1203 1.2
: 1, ()=e™", p/h=0 '
0.2 0.8 0.2 0.8
Exact Approx.
0.1\ 0.4 0.1 0.4
~—1,"
N 0

00 005 01 o015 ¢ 0 0 15 r

Fig. 5
Unlike the function ¥, (¢) for calculating the function V, (), which determines the time dependence

of the scalar potential and the electric field intensity, the current pulse should not change by jump.
Otherwise, the field intensity will take on infinite value. G. Knopfel [31] also points out incorrect physical
consequences when using models with a jump in the external field at the initial moment of time. For this
reason, current pulse was chosen in the form of the difference of two exponentially decaying functions

PR

]*(t*)z I (e’“T’* —e ), which at ¢~ — 0 changes proportionally to time ¢~ — 0: I*(t*): I (oc; —a,
The results of comparing exact and approximate calculations of the normalized values of the function

V(: (t*)z v, (t)/ (1 Omax fb) at a point on the surface z =0, p=0 for some current pulses are shown in Fig. 6. It is

seen that the approximate method of asymptotic expansion gives very insignificant deviations in comparison with
the exact one in the time interval from the beginning of the current pulse action to the limiting value ¢, = 0.18.
For the pulses in Fig. 6 b, ¢ the values practically coincide over the entire time interval.

Vo (£) I(£) . L
V(p (t ) I*(t*) 20 |[0*(t*):]m*(e_10t* — 6_5(),*) | 20 V(P (t ) I (t )
N O @ [ s 15 A 1@ @ - | .
10 - 10 1o Lo 30 :

20,
10

0.5 I'()

N4

Vo(t)

Exact 77 | 07005 01 015 i

Fig. 6

Since the small parameter ¢, is function of points on the contour, the permissible calculation time

interval also changes when integrating along the contour. For the entire contour, it is advisable to choose the
minimum value of the permissible time interval, which corresponds to the minimum distance between the
mirrored contour and the observation point. In this case, the accuracy of the field calculating for the entire
contour will be higher than for the contour point with the greatest ¢, .
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The noted circumstance in Fig. 7 is illustrated by the time dependences of the vector potential and
the electric field intensity for pulsed current. The results for the vector potential when pulsed current
15(:*):exp(— Sot*) flows along an elliptical contour are presented. The contour geometry and orientation

relative to the boundary surface are given by the following parametric equations:
x=acosOcosa, y=bsin0, z=H —acosOsina, (26)

where the parameter 6 changes within 0+2m; o is the tilt angle of the plane in which the contour lies
relative to the interface between the media; H 1is the height of the location of the ellipse center relative to
the boundary surface. The relative sizes of the semiaxes of the ellipse and tilt angle are chosen

a/H=1, b/H=2 and a=60°. The contour is shown in Fig. 7 a on the left. The vector potential is
determined at the point Q(x/ H = 0,5;0;0) marked in the Figure with a cross, where the distance from the
contour to the interface is minimal 7, = 0.134. At this point, for the chosen geometry of the contour, the

vector potential has only a tangent component, parallel to the axis y.

4 E 1 oo E" — Exact
0.5 00 v xact . —E,’ — Approximate
— 4, — Approximate -==51,'(¢") — Current

0.4 == 1y /2 — Current 5
0.3 \\

\
02 \ \9\6\'
oaf

AN _ ~e—y
%0 005 o1 o015 ¢ 0 005 01 015 ¢

Fig. 7
The calculation results obtained by approximate expressions (13) are shown in Fig. 7, a with a solid
curve. Individual points show the results of calculations using exact analytical expressions (1), (5). The
I, .
normalized values of the vector potential are determined in accordance with the expression AQ = “4(1 L AQ.
T
It can be seen from the given dependences that the values of the vector potential calculated by the
approximate expression coincide with the calculation by the exact expressions from the beginning of the

pulse action to its normalized value ¢* ~ 0,2 . At this time interval, the calculation accuracy is higher than for

the function 7, (t*) at the point of the contour located closest to the interface between the media (Fig. 5, a).
The electric field intensity of the circular contour (Fig. 7, b) with pulsed current
I, (t*)z 4lexp(— SOI*)— exp(— 1001*)J was determined at the interface between the media at the point closest
to the contour. The contour, as before, is located in a plane perpendicular to the boundary surface. The ratio
of the circle radius R to the distance H from its center to the surface is R/H =0.833. In this case, the

minimum distance of the contour from the surface is equal to 7. =0.167. It can be seen that for the

selected current pulse, the induced electric field decays before the maximum time value ¢, = 0,18 is reached,

and throughout the entire transient process, the exact and approximate values practically coincide.

Comparison of the results of calculating the pulsed electromagnetic field by approximate and exact
expressions confirms the validity of the choice of time intervals during which the use of approximate
asymptotic method is permissible.

Conclusion. The presented analytical expressions for calculating the potentials and intensities of
pulsed electromagnetic field are based on the exact analytical solution of the three-dimensional quasi-
stationary problem for calculating of the field in the system "current contour - conductive half-space". There
are no restrictions on the geometry of the contour, the physical properties of the medium and the frequency,
and hence the dependence of the pulse current and the field on time.

In the case of a strong skin effect, the presented approximate expressions for nonuniform sinusoidal
electromagnetic field make it possible, without solving additional equations, to find the electric and magnetic
field intensities at the interface between the media, having only the known field distribution of external
sources at the interface. Comparison of the results of exact and approximate field calculations made it
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possible to establish the limit value of the introduced small parameter, up to which the asymptotic expansion
of expressions for the field at the interface is valid.

Since for pulsed field the exact analytical solution in the frequency domain involves the inverse
Fourier transform and its obtaining is associated with calculating triple improper integrals, then under the
strong skin effect it is reasonable to use the asymptotic expansion method for pulsed processes. It is shown
that the calculation of the vector potential and the magnetic field strength can be performed for discontinuous
time dependency of current. On the contrary, in calculating the scalar potential and electric field intensity,
the finite rise time of the external field must be taken into account. Due to in the method of asymptotic
expansion the values of the lower frequencies cutoff increase with increasing number of the series term, the
field in the initial period can be calculated most accurately. Since the current pulse usually changes most
rapidly and reaches its maximum values over a relatively short period of time, so during this, most important
stage, the electromagnetic field is determined.

Comparison of the results of calculating the pulsed field by exact and approximate methods shows a
high accuracy of calculations using the asymptotic expansion within the proposed time interval. Taking into
account a significant reduction in the amount of calculations, the approximate method is effective method for
calculating the distribution of the three-dimensional field.
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TOYHUA AHAJITUYHUA 1 HABJWKEHAN ACUMIITOTAUYHAN METOJU PO3PAXYHKY
TPUBUMIPHOI'O EJIEKTPOMATHITHOT O ITOJISI NOBJIN3Y EJIEKTPOIIPOBIJIHOI'O TUIA 3
IVIOCKOIO ITOBEPXHEIO
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IncrutyT enexrponunamikn HAH Yxkpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina
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Posznaoaemvca ananimuunuti po36’a30k 3a0aui po3paxyHKy mpUSUMIPHOZO KEA3ICMAYIOHAPHO20 eeKMPOMASHIMHO20
nOJIsL CIPYMY, WO NPOMIKAE NOOIU3Y eNeKMmPONPOSIOHOZ0 Mild 3 NAOCKOI0 nogepxwero. llpedcmaesieno mounutl i
HabaudICeHUtl PO36 30K 3a0aui 05l CUHYCOIOANbHO20 MA IMIYIbCHO20 NOAIG. ToYHULl PO36 'a30K He Mac 0bmedceHb no
KOHGhicypayii 306HIWUHBO2O NOJS, ENeKMPOPIZUYHUM GIACUBOCMAM cepedosuwya i yacmomi noas. Habnuocenuil
PO36’SI30K 3ACHOBAHUL HA PO3KIAOAHHI 8UPA3i6 6 ACUMNMOMUYHI PAOU | MAE OOMEMNCEHHS: OISl CUHYCOIOANbHO20 NOJA
yacmomamu Guge HUNCHbOI MedNCL; 0N IMNYIbCHO20 NOJISL — NOYAMKOBUM NPOMINCKOM Yacy Oii imnyavcy cmpymy. Ha
OCHOBI NOPIGHANHA Pe3YIbMamie MOYHO20 | HAOIUINCEHO20 PO3PAXYHKIE O/ HEOOHOPIOHO20 CUHYCOLOATbHOCO NOJIA 0L
Medici noodiny cepedosuuy BU3HAYEHO OONYCMUMe 3HAYEHHA 88e0eH020 MAN020 napamempd. [[is iMAYIbCHO20 NOA
OOIPYHMOBAHO 3aNPONOHOBAHUL BUDID OOMENCEHO20 NPOMINCKY UACY PO3PAXYHKY 3 BUKOPUCTHAHHAM ACUMNIMOMUYHO20
memooy. bion. 29, puc. 7.

Knwowuoei cnosa: TpuBuMipHe eeKTPOMArHiTHE 10JIe, TOYHUN aHATITHYHAN METO/, PO3KIIaIaHHs B ACUMIITOTHYHUHN
psin, cKiH-e()eKT, CHHYCOiJalibHE Ta IMITyJIbCHE MOJISL.
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A novel and robust field oriented vector control method for standalone induction generators (IG) is presented. The
proposed controller exploits the concept of direct field orientation and provides asymptotic rotor flux modulus and DC-
link voltage regulations when a DC-load is constant or slowly varying. Flux subsystem, designed using Lyapunov’s
second method, has, in contrast to standard structures, closed loop properties and therefore is robust with respect to
rotor resistance variations. A decomposition approach on the base of the two-time scale separation of the voltage and
torque current dynamics is used for design of the voltage subsystem. The feedback linearizing voltage controller is
designed using a steady state IG power balance equation. The resulting quasi-linear dynamics of the voltage control
loop allows use of simple controllers tuning procedure and provides an improved dynamic performance for variable
speed and flux operation. Results of a comparative experimental study with standard indirect field oriented control are
presented. In contrast to existing solutions, the designed controller provides system performances stabilization when
speed and flux are varying. It is experimentally shown that a robust field oriented controller ensures robust flux regula-
tion and robust stabilization of the torque current dynamics leading to improved energy efficiency of the electrome-
chanical conversion process. The proposed controller is suitable for energy generation systems with variable speed
operation. References 18, figures 8.

Keywords: induction generator, direct field orientation, flux observer, DC-link voltage stabilization, variable speed,
energy generation.

Introduction. Variable speed electrical energy generation is an efficient technology widely applied
in diesel-, hydro- and wind-power stations, ground vehicles, aerospace and naval power systems [1] — [5].
The main advantage of variable speed generation is higher achievable energy efficiency of the primary mov-
er and electrical generator.

The vector controlled doubly-fed induction generators (DFIG) allow production of constant-
frequency electric power from a primary mover, the speed of which varies within a slip range, typically 20—
30% [2]. AC-DC-AC power electronics configuration is commonly used for permanent magnet synchronous
generator (PMSGQG) based systems [4] known as the most advanced generation systems for modern wind
power stations. Nevertheless, the cost of PMSG is significantly higher compared to an induction machine
due to use of rare-earth magnetic materials, which have a very limited origin. In addition, their cost is con-
tinuously increasing. The tendency to reduce usage of expensive rare-earth magnets has driven a renewed
interest for research into advanced design and control concepts for squirrel-cage machines. An alternative
approach is known as vector controlled induction gen-

eration. Vector or field-oriented control (FOC) [6], Converter

advanced FOC [7] and direct torque control [8], re- 1G 1 l
ported in a large number of publications since 1990s, [Primary 0 Z@‘L Voltage| € "§
are de facto considered as the industrial standard for LIDOVer [, . Se“f"r T —
energy generation systems based on 1G. Both classical / ™ ¢ *

are studied as control concepts in publications. Encoder
In case of standalone applications, the induc-
tion generator controller regulates the DC-link voltage,
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as shown in Fig. 1, by controlling the torque component of the stator current.

A standard IG control structure is similar to induction motor speed control system with PI speed con-
troller replaced by a DC-bus PI voltage controller. Nevertheless, this similarity arises from the simplified
consideration of the DC-link voltage dynamics, which is nonlinear since it follows the input-output power
balance of the IG-converter system. A typical approach for such systems design is based on linearization of
the voltage dynamics [10] — [12] and application of different control techniques for linear systems, like the
frequency domain approach, worst case and Lyapunov based design, etc. Most of the contributions take into
consideration the saturation effect in the IG model to enable operation with variable flux in field weakening
regimes and for losses optimization.

It is well known that vector controllers with rotor flux orientation are sensitive to rotor resistance
variations due to machine heating. Therefore, a field oriented flux controller does not provide asymptotic
field orientation and flux modulus regulation; this leads to a degradation of the torque control performance
and reduce the efficiency of electromechanical energy conversion. This problem is well studied for motor
vector control systems, but has not been widely addressed for IG systems.

At present, the published studies have established both the theoretical and the practical methodolo-
gies to construct the vector-controlled IG systems to satisfy the requirements of a wide spectrum of applica-
tions. However, most of them are based on strong simplifying assumptions (neglected nonlinear dynamics,
linearized models, current feed conditions etc.). In addition, stability of the existing systems has not been
proven theoretically since the performance specification and the controller tuning are very complex. Robust-
ness to the parameters variation is still an open research topic.

The aim of this work is to design and verify a novel vector control system for IG that improves the
robustness with respect to the rotor resistance variations, as well as dynamic performance and efficiency of
the energy conversion.

The main contribution of this paper is a novel voltage-flux controller design procedure that provides
an asymptotic rotor flux regulation together with asymptotic direct field orientation and asymptotic DC-link
voltage stabilization. In contrast to existing solutions, the flux subsystem is designed using Lyapunov’s 2™
method and is operated using estimated flux current error feedback. Such design guarantees:

- an exponential convergence of flux subsystem regulation errors to zero;
- decoupling from the voltage control;
- and improved robustness, hence improved dynamic performance and efficiency of the energy conversion.

Voltage-flux decoupling allows design of the voltage subsystem using a decomposition approach
based on the two-time scale separation of the voltage and torque current dynamics. The theoretical findings
of this paper and the effectiveness of the proposed approach are confirmed by thorough experimental valida-
tion. The paper is an expanded and further developed version of the earlier conference papers [13], [14].

The paper is organized as follows. The IG model and control problem formulation are given first.
Further the flux-voltage controller design is revealed. Next, the experimental results are reported, these are
followed by the Conclusions of the study.

Model of induction generator and control problem statement. For the purpose of this study, the
1/A-saturated 1G model reported in [15] has been employed. The model assumes that only the magnetizing
inductance L,, is saturated hence the leakage inductances are constant, and neglects the cross-saturation in-
ductance so static and dynamic magnetizing inductances are equal.

The following definitions are wused: static inductance of the magnetizing circuit is

L, (i) 2, (in)/in » Where yu(inm) is magnetizing curve, and i defines magnetizing current; stator and
rotor inductances, respectively are L, (i, )=L, (i,)+L., L,(i,)=L, (i,)+L,,, where Li;=const and
L,s=const are stator and rotor leakage inductances.
Under these assumptions, the two-phase model of saturated electrical part of IG in an arbitrary rotat-

ing reference frame (d-q) is given as follows:

id = _Ymid + (DOiq + amBm\de + mBqu + ud / Gma

iq = _Ymiq - O)Oid + a‘mBm\Ijq - (Dﬁm\ljd +uq /Gm’

\de = _am\ljd + a’mLm (lm )ld + (’OZWq’ (1)

\ijq = _(x‘m\qu + amLm (im )lq - (’02\|Id’

€, =, &(0)=0,

P, =—(3/2)(ugy +ugi, ),
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ISSN 1607-7970. Texn. erekmpoounamixa. 2021. Ne 4 15



where uy, uq are stator voltage components (here and throughout the paper subscripts ‘d’” and ‘q’ denote vec-
tor variable components in the d-q reference frame), i4, iq are stator currents, yq, g define the rotor flux
components, ® is the rotor speed, g is the angular position of the d-q reference frame with respect to a fixed
stator reference frame (a-b) in which physical variables are defined, P, denotes active power produced by IG.

Slip frequency is defined as m,=wy— ®. One pole pair is assumed without loss of generality. In the
model (1) constants (all positive) related to IG electrical parameters are given by

a=R,/L,(i,),B, =L, (i, )/[Lz(im)cm}’ @)

Yo —RG +a, B, L m( ) —L i /L m

where R, R, are stator and rotor resistances respectively. The index ‘m’ in (2) is used to denote the parame-
ter’s dependency on magnetizing current i,,. From the practical assumption that there is a constant relation-

ship between any pair of L;(in), Lo(im) and Ly(in) it can be concluded that a L (im) =oal,  =const, where
L,=const is the machine magnetizing inductance at the rated flux. Magnetizing curve and L,,(i,) for induc-

tion machine used for experimental investigations are given in [14].
Transformed variables in (1) are defined according to

_ . —Jeg _ . Je
qu =¢ 0Xab’ ab =€ OX (3)
cosg, sing 0 -1 : .
where e’ 0 o, J= , Xy, stands for two-dimensional voltage, flux and stator current
—sing, COSg, 1 0

vectors.

Produced by IG electrical power Py is transferred to DC-link by IGBT converter. Assuming an ideal
converter without losses, the DC-link power P4 is equal to generation power Pg. In this case the DC-link
voltage V4. dynamics is given by

lgc :Pdc/vdc ZP/Vd “4)
Vdc:_(3/2) (u1d+u1 / ), ®))

where C is DC-link capacitance, i4. denotes DC-link current from converter, iy is load current.
For the purpose of this study consider the IG and DC-link models according to (1), (5), and assume
that:
Al. The stator currents, rotor speed and load current are available for measurement. All model parame-
ters are known and constant.

A2. The DC-link voltage reference V,, >0 and the rotor flux reference y" >0 are constant.

Under these assumptions, the control problem is to design a flux-voltage controller which guarantees
the following control objectives:

COl1. Asymptotic voltage regulation with all internal signals bounded, i.e. hmV . =0, where

t—o0
\N/dc =V, -V, is voltage regulation error.
CO2. Asymptotic flux regulation: lim =0, where (y =y —y’ is a flux regulation error, y denotes flux
t—o0

vector magnitude.
CO3. Asymptotic field orientation, i.e. limy_ =0.

t—owo
CO4. Robustness to rotor resistance variations.

The following sections report the proposed solution to the formulated control problem.

Controller design. The main problem of the nonlinear controller design for system described by (1)
and (5) is that the controls (ug, uq) are present in both current and DC-link voltage dynamic equations. To
overcome this problem, the following is assumed:

a) flux reference y~ and primary mover speed o are constant or slowly varying;
b) voltage subsystem dynamics is designed to be much slower than torque current iy, providing the two-
time scale separation properties for voltage and torque current controls.

Robust flux-current field oriented controller. Consider the direct field orientation control algorithm
for system (1), which consists of:

—reduced order robust flux observer
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‘:I.\I = _am\’l\j + aLmld ’
oL i i
,\m q + ’YIBmA(Dld , (6)

. A4 hd .
I _ I . A —1 k g .
Iy = =Vulg T Ol + o, B,V +o,u, +kig;

€, =0, =0+

— flux controller

. 1 * o ¥ .
1, =—(0Lm\|/ + —kwew —xw), X, =kwiew; (7
ol
— current controller
ud = Gm (lez - (DOiq - amBmW* - kidid + Zd) H Zd = _kiiid s (8)

where i, =i, —i, is d-axis current tracking error, i, is i, current reference, 1, =i, — id is d-axis current ob-
servation error, zq denotes integral term of current controller, €, =\ —y is estimated flux tracking error,
(kig,k;)>0 are the current controller proportional and integral gains, (kw,kwi ) >0 are the flux controller
proportional and integral gains, y, >0 is correction coefficient, k, defines current observer gain.

It is important to note that the correction term ylﬁmoﬁd / ' in (6) provides the closed loop properties

for flux subsystem and therefore the controller (6) — (8) potentially has robustness properties with respect to
the rotor resistance variations at non-zero machine speed. This property will be proven by results of the ex-
perimental study.

Applying field orientation controller (6) — (8) to model (1), the estimation-tracking error dynamics
can be written as

Xw = _kwiew ’ .

éw = _kw;ew +X, + oL i, )
_2d = _kiild’

iy =~k iy +2 + 0, B0, + 0B,

\T’d = _(x‘m\Ild + (Ds\pqa ~

Wy = =00, 00, —7,0B,1,, (10)

id = _kOid + a‘mBm\TId + me\T]q’

where §, =y, —vy , W, =V, are the flux estimation errors, k , =o,, +k,,, ki, =v, +kis, ko =7, +k,.
Applying Lyapunov analysis, it can be shown that estimation subsystem (10) is globally exponen-

tially stable if condition a_k, >7, (OLLmBm )2 / 4 is satisfied. Hence, estimation errors (\TJ >V q,fd) exponen-
tially converge to zero independently on flux regulation dynamics. From the other hand, subsystem (9) is
linear and asymptotically stable for any values of tuning gains (kid,kii ) >0 and (kw ,kwi) >0. As far as sub-
systems (10) and (9) are connected in series, we can conclude that equilibrium point
X, =(xw,ew,zd,fd,q/d,\11q,fd)=0 of composite system is globally exponentially stable. This implies that
asymptotic field orientation and asymptotic flux regulation are achieved. Hence, the control objectives (CO2)
and (CO3) are met.

Feedback linearizing voltage controller. For g-axis current regulation let consider the following cur-
rent controller

3 . * i . ird
u, =0, ('leq + 0,1, + B0y —kiqlq +zq), z, =—kii1q, (11)

v . ok
where 1 =1, -

i, 18 g-axis current tracking error, i: denotes i, current reference, z4 is integral term of cur-

rent controller, k;  is proportional gain of current controller.
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For y' =const, i, =const and assuming that iz is slowly varying, one can state that i; =iZ =0.
Under these conditions, g-axis current error dynamic can be written as
X, =A,X, + B(t)X,, (12)
0000 O 0 O}
4 -1 -k, :

iql

0000 B,0 ap, O

As far as constant matrix A, is Hurwitz, the nominal dynamics of the subsystem (12) (if B(t) =0)

where izz(z I)T,A2={O K; }kiqlem+kiq and B(t)z[

is linear and asymptotically stable. Matrix B(t) is bounded, and therefore composite system (12), (9), (10) is
exponentially stable. Hence, the equilibrium point
x=(%.%) =0 (13)
is exponentially stable.
Taking into account (13), the applied voltages become
u, = Rli:l - csmoaoi:,

* ok ok * 14
u, =Rji, +al’i /L, +o, o) +L oy /L, (14
Using (14), the IG output power is derived as
P = —E(R (iy +i7)+R Lujo +L—mw*i*J (15)
s 1\d 2 .
2 ! IR

According to (15), the output power consists of three components: active losses in the stator (propor-
tional to R;), active rotor losses (proportional to R,) and input mechanical power

3L «x 3L
P=—""0yi =—"oyi, =Two, 16
"L, Vi L, yi, (16)

where T is electromagnetic torque.
From equations (4), (5), (15) one can derive the DC-link voltage regulation error dynamics for

.
V,. =const as

- 1 [3 v, L’ ., L ,
Vo=———=| R/| =——+1, [+R, 1 +——0oy i [+V,.] |. 17
dc CVdc [2[ I[Lzm (lm) q ] 2 L22 q L2 “II q dc”L ( )
From the right hand side of (17) it follows that the expression in brackets is power balance equation

under conditions (13), (14).
For the dynamics (17), a feedback linearizing voltage controller has been designed as shown in [14],

[18]:
L L ’ L
"oy +, || "oy | -4/ a-™+R, |p
i = L L L =R v +2V, (i +C(—k\~/ +X ))
q L2 » P= 1L2m (im) de \ 'L v Vde v]) (18)
2| o—"+R,
L2

XV = _kvi\?dc'

The resulting voltage dynamics is a second order linear asymptotically stable system in the following
form:

\;[dc = _kv\?dc +X,, X, = _kvi{]dc ) (19)
where (kv,kvi ) >0 are the proportional and integral gains of the voltage controller.
The block diagram of control system is shown in Fig. 2.
Under condition of constant or slowly varying V, , i, and y dynamics of the voltage control loop

can be designed to be much slower than current dynamics (12), (13) providing the two-time scale separation
to justify common assumption for current-fed IG control. Under these conditions, the system error dynamics
are given by (19) and (12) allowing for separated considerations of weakly coupled two subsystems, namely
- the voltage control loop (19) and the g-axis current error dynamics (12). The system tuning is provided by
selection of proportional and integral gains for voltage and current controllers as considered in [14], [18].
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From the above stability analysis, it follows that the local asymptotic regulation lim\7dC =0 is ob-
t—o0

tained, therefore control objectives CO1-CO3 are locally achieved if

Converter
u, u, ’ ¢
Gm Je, CJ. —g
_D 3 uq e u, |_ |VS| 3
d-axis current —T—’ \
controller &g
,,,,,,,,,,,,,,,,,,,,,,,,, i i 3
L af2 :
7777777777777777777777 iq e % i, —o) i [V
1/ 3
E;0
IG
777777777777777777777777777777777777777777777777777777 Pl o O'/ |
Encoder 71 Ipm
Primary
_ mover
Z—»Q_—Z> DC-link voltage
7t controller (18)
; g-axis currenﬂ
S50 ISRl ASTUSURUON: S SO S B controller |
z dec E Vie
Fig. 2

Remark. For i, =const compensation term i, may be removed from the feedback linearizing con-

troller (18) leaving 1, compensation for the integral action of the controller.

Experimental results. Experimental studies were carried out using the Rapid Prototyping Station
(RPS). As shown in Fig. 3, the RPS included: 1) induction generator with rated output power 1.9kW, rated
phase voltage 220 V (rms), rated phase current 5 A (rms), R;= 3.5 Ohm, R, = 2.1 Ohm, L; = 0.2655 H,
L,=0.2655H, L,, = 0.257 H, p,=2; 2) induction motor coupled with IG and used as a primary mover; 3) 20
A and 380 V three-phase PWM controlled converter operated at 5 kHz switching frequency; 4) commutated
load resistance Ry; 5) DSP TMS320F28335-based controller for implementation of control algorithms with
programmable tracing of selected variables; 6) personal computer for processing, programming, interactive

Ry

O o = M 1G
> (e
S o 3 'é __ %SZ Voltage | +1 C
?ﬁ > = sensor | T

zO_ E 3 > csl1

- Encod%j'
=
PC L © isillo [~ 1 Ve
[ — TMS320F28335 based DSP-controller
(32 bit, floating point)
Fig. 3
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oscilloscope, data acquisition, etc.
The motor speed was measured by
1024 ppr optical encoder; the DC-
link capacitance C = 1000 pF and
sampling time was set at 200 psec.

During all experiments,
the rotor speed was stabilized by a
vector control system, which acted
as a primary mover. The goal of
experimental tests was to investi-
gate the dynamic performance and
efficiency of the two control
strategies, namely: indirect field-
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oriented control (IFOC) in standard configuration [14]; robust direct field-oriented voltage controller
(RDFOC), given by equations (6), (8), (11), (18).

In order to compare the dynamic performance of IFOC and RDFOC, the compensation of load cur-
rent 1, was eliminated from the RDFOC algorithm.

Tuning parameters were set as follows: k;, =k; =800, k;= qul /4, k,=500, vy, =0.001,

y,=0.025, k, =125, k, =k’ /2 for RDFOC; and k, =0.18, k, =11 for IFOC. Both controllers were
tuned to provide the same performance of the voltage control loops when the system operated at speed

140 rad/s.

At the first stage, the comparative tests were performed for two constant shaft speeds ©w=140 rad/s
and =100 rad/s using operation sequence, as shown in Fig. 4;
— before the test DC-link capacitor was charged to 120 V, rotor speed was stabilized by primary mover at

o =25 rad/s;

Flux reference, Wb

,,,,,,,,,,,

005 1 15 2 25 ts

600

Voltage references, V and

500

load current profile, A?7100

400

300
200
100
0

0

Fig. 4

— initial time interval 0...0.25s was used to
excite the generator by applying a flux refer-
ence trajectory reported in Fig. 4 with

v (0)=0.02 Wb and reached the value of

0.96Wb;

— starting at t=0.5s, primary mover speed
was increased to predefined value (140 rad/s
or 100 rad/s);

— during IG acceleration, the voltage refer-
ence was increased together with rotor speed

upto V' =540 V;

— at time t=1.5s load current 2.8 A was applied and at t=2.5s it was removed; such a load current corresponds

to the rated mechanical power at machine shaft.

Voltage error, V

Primary mover speed, rad/s

20 160

10 120

O—A ety 80 /
-10 40
2 05 1 15 2 25 t, % 05 1 15 2 25 t, s
6 d-axis current, A 5 g-axis current, A
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4 -2 N

3f 4

2 -6

1 -8

0 -10

0 05 1 15 2 25 ¢ 0 05 1 15 2 25 ts
4 d-axis current error, A 4 g-axis current error, A
2 l 2

0 Une g o e

-2 -2
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0 05 1 15 2 25 t 0 05 1 15 2 25 ts
100 d-axis voltage, V 400 g-axis voltage, V

75 300

50 200 /

25 4 % 100

0 | Nan

0 05 1 15 2 25 ts5s 0 05 1 15 2 25 ts

Fig. 5
20

It is necessary to note, that selec-
tion of the initial values of the voltage
and flux at different speeds is a separate
task, which is considered in [19]. During
experimental investigations, initial values
of the voltage, speed and flux are selected
according to physical capabilities of the
generation system to provide IG excita-
tion during start-up.

Experimental results for RDFOC
are shown in Fig. 5. As it follows from
these results, the proposed control algo-
rithm provides asymptotic field orienta-
tion (condition of CO3) and flux-voltage
regulation (conditions of CO1 and CO2
are met).

In order to compare the dynamic
behavior of the IFOC and RDFOC at
different speeds an additional test was
performed for IG  operation at
®=140 rad/s and ©=100 rad/s. Load cur-
rent for these tests was reduced to
ii=1.8 A in order to provide machine
operation with rated current at low speed
(0=100 rad/s). Transients for both con-
trollers at different speed are depicted in
Fig. 6.
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From these results, it follows that both controllers provide the same dynamic performance when the
system operates at speed 140rad/s. Performances of the proposed controller are independent from the genera-
tor speed. At the same time, the dynamics of the standard controller deteriorates when w=100rad/s: the dy-
namic error increases from 8V up to 12V for the given load.

A second set of experiments
Voltage error, V

Vo{mge SV v 15 was undertaken to compare the dynamic
‘ 10 performance of the two controllers,
(5) leduams  When parameter R, used in the control
-5 ‘ algorithm is different from the actual
‘ -10 | one
3 -15 3 ' : .
2.5 3 3.5 t,s 25 3 35 t, s Fig. 7, a shows the transients
o =100rad/s a IFOC ® = 140 rad/s with the standard control obtained for
15 Voltage error, v 15 Vo}tage erro}r, v R,=16R, and R,=0.6R, respec-
10 ‘ 10 ‘ ‘

tively (above this variation range IFOC
becomes unstable). During these tests
loading time was extended up to 3.5s to
; ] achieve steady state operation condi-
25 3 35 t,s tions. As shown in Fig. 7, a, the signifi-

2.5 3 3.5

) t,s ) ) s
® = 100 rad/s b RDFOC o = 140 rad/s cant degradation of the transient per-
formance occurs for parameter R,
Fig. 6 higher than the rated value for IFOC.

The steady state value of i, axis current

is almost 20% greater than the nominal regime. When f(z is lower than original one, voltage regulation dy-
namics also deteriorate and torque producing current increases up to 40%. As discussed in [16], [17], the
inaccurate value of rotor resistance with ﬁz >R, produces the reduction of the rotor flux magnitude. If

ﬁz <R, , the motor electromagnetic system enters the saturation region, causing an increase of the stator

current magnitude. Due to the effect of saturation, the IG operates with almost constant flux modulus, but
with incorrect field orientation.

20 Voltage error, V 5 q-axis current, A Voltage error, V ) g-axis current, A
10 —(Z)M 10 onf)

e N i i —

v -8 V -10 -8
-20 -10 - -
0 1 2 3 s 0 1 2 3 ts 20() 1 2 3 ts 100 1 2 3 ts
Ry =16Ry ) Ry =1.6R, . ’
20 Voltage error, V 5 a-axis current, A 20 Voltage error, V g-axis current, A
10 9 e 10 3
0 —P& 4§ o—tbn-r 4
-10 +- -6 -6 o
-8 e -10 1 -8
-20 -10 - -
0 1 2 3 ts O 1 2 3 ts 200 1 2 3 s l00 1 2 3 ts
R, =0.6R, R, =0.6R,
a IFOC b RDFOC
Fig. 7

The results of the same test for RDFOC are reported in Fig. 7, 5. Comparison of results in Fig. 7, a
and Fig. 7, b shows that the developed direct field-oriented controller demonstrates strong robustness proper-
ties with respect to rotor resistance variations. No significant difference during load current compensation
can be noted in transients for nominal (Fig. 5) and perturbed (Fig. 7) conditions.

A third set of experiments was undertaken to compare the system efficiency under steady-state op-
eration. The comparison was referred to steady state behavior of the two controllers at fixed speed of 140
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rad/s. The rated current was applied to verify how stator current magnitude and estimated input mechanical
power varies when wrong values of the parameter IA{Z are used in both control algorithms. During the ex-
periments, iy current was set to the rated value in order to get the nominal rotor flux. The steady-state regula-
tion errors V. and i, are negligible for both algorithms.

The tests were conducted in the following way. Constant load current equivalent to rated power
Py = 1.9 kW was imposed. Different values of parameter f{z were used in both control algorithms and for

each value, the steady state current magnitude and mechanical power of the primary mover were recorded. In
Fig. 8 the current magnitude and mechanical power P, of the standard controller are shown as dashed lines,
while the same variables of the proposed controller are reported with solid lines.

The experimental results in Fig. 8 show that the RDFOC controller is capable of keeping an almost

constant stator current magnitude and input mechanical power even with large liz -parameter error. In con-
trast, the current magnitude imposed by the IFOC controller and required mechanical power considerably
increase when an inaccurate ﬁz is used. As a result, proposed controller provides efficiency stabilization as

it shown in Fig. 9. In worst case, when }iz =1.5R,, efficiency of the RDFOC controller is approximately on
10 % higher in comparison to IFOC controller.

10 Stator current magnitude, A 26 Mechanical power Pp,, kW
— Proposed robust '
91 — —Standard 24 | /,’
\ / AR _
8 \\ 7 2.2 == =
S o R
~ _ 2.0
! Pdc
6 . 1.8 ]
0.4 0.7 1 1.3 R,/R, 0.4 0.7 1 1.3 R,/R,
Fig. 8
1 o
0.9 Efficiency, %
0.85 e
- N
/ \
0.8 7 \
\
0.75
0.7 .
0.4 0.7 1 13 R /R,
Fig. 9

Conclusions. In this paper, a novel robust direct field-oriented controller for standalone induction
generator has been designed and experimentally verified. A nonlinear control algorithm guarantees local
asymptotic voltage-flux regulation under variable speed and flux conditions. In contrast to existing solutions,
the flux subsystem is designed using Lyapunov’s 2™ method and employs an estimated flux current error
feedback. The proposed design guarantees an exponential convergence of flux subsystem regulation errors to
zero, decoupling from the voltage control, improved robustness with respect to the rotor resistance variation
leading to improved dynamic performance and efficiency of the electromechanical energy conversion.

An intensive experimental study of the proposed solution and comparison against the standard indi-
rect field-oriented voltage control system with PI voltage controller clearly demonstrates that a significant
improvement in both dynamic performance and energy conversion efficiency is achieved. The controller
proposed in this paper is therefore suitable for energy generation systems with variable speed operation.
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AJTOPUTM POBACTHOTI'O IIPSIMOI'O BEKTOPHOTO KEPYBAHHS
ACUHXPOHHUM I'EHEPATOPOM
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Y pobomi pospobrero Hosuil pobacmuull areopumm APAMO20 NOIEOPIEHMOBAHO20 8EKIMOPHO20 KePYB8AHHS ABNMOHOM-
HUMU acuHxpoHHumu cenepamopamu (AI). 3anpononosanuii pe2ynamop UKopucmosye KOHYenyiro npsamo20 noaeopic-
HMYBaHHA ma 3abe3neuye adcUMnMoOmuyHe pezyuo8anHs MoOYia 6eKmMopd NOMOKO3YenIeHHs pOmopa i Hanpyau J1aHKU
NOCMIUHO020 CMPYMY 3d YMOBU, WO HABAHMANCEHHA 8 NAHYI NOCMILIHO20 CIMPYMY NOCMIliHe ab0 3MIHIOEMbCA NOBIILHO.
ITiocucmema pezynogants NOMOKO34ENIeH s, PO3POOIEHa 3 GUKOPUCMAHHAM Opy2020 Memody Jlanynosa, na 6iominy
6I0 CMAHOAPMHUX KOHCMPYKYIU, MAE 61ACMUBOCNI 3AMKHEHO20 KOHMYPY i, omoice, 60HA € poOACMHO0 00 sapiayiil
onopy pomopa. /[ns npoexmysanisi nioCUucmemu Hanpyeu 6UKOPUCMOBYEMbCsL NIOXI0 0eKOMNO3UYii Ha OCHOBI pO30iieH-
HA 8 Yaci OUHAMIKU HANPY2U MAd MOMEHMHOL CKIaoosoi cmpymy cmamopa. Jlineapu3yrouuti 360pomHuM 368 s1I3KOM pezy-
JIAIMOP HANpY2u po3pOoOAEHO 3 BUKOPUCMAHHAM pieHANHA banancy nomyaxcnocmi AL 6 yemanenomy pescumi. Pesynomy-
104a KGA3IMIHINHA OUHAMIKA KOHMYPY Pe2ylI08aHHs HANPY2U 0A€ 3MO2Y BUKOPUCTOBYBAMU NPOCHY NPOYedypy HAIAUL-
MYBAHHA pe2ynamopis i 3abe3neuye NOKpaweHi OUHAMIUHI XaAPAKMePUCMUKU 3d YMOBU 3MIHHOT WUOKOCII NEPEUHHO20
Pyulis ma nomoko3yenieHHs. Pe3yiomamu nopieHAIbHO20 eKChepUMEHMANbHO20 00CAIONCEHHS 31 CIMAHOAPMHUM AI20-
PUMMOM HENPAMO2O 8eKIMOPHO20 KePYBAHHIA MAKONC NPeOCMABIeHO 3a018 NOPIGHAHHA 3 Pe3yIbmamamu 3aCmocy8aHHs
po3pobaenoco aneopummy. Ha eiominy 6i0 icuyrouux piwiens, po3pobrenuli arcopumm 3abesneuye cmabinizayito nokas-
HUKI8 AKOCMI pe2yNio8aHHA CUCeMl 3a YMO8U 3MIHHUX wWeUuOKocmi ma nomoko3yenienHsa. Excnepumenmanvuo noxa-
3aHO, WO POOACMHULL AeOPUMM Kepy8aHHs 3a0e3neuye pobacmmue pe2yno8anHs NOMOKO3UeneHts i pobacmmy cmaoi-
QY0 OUHAMIKU MOMEHMHOI CKIA0080I Cmpymy, Wo npu3800ums 00 NOKPAWEHHS eHepeemuyHOl epekmueHocmi
npoyecy eiekmpoMexanivHo20 nepemeopeHHs. 3anponoHOSaHuil pezyisimop Modce 3ACmOCO8Y8amucs Oisl CUCeEM
2eHepysants enepeii 3i 3minHolo weuokicmio. biomn. 18, puc. 8.

Knrouosi cnosa: aCHHXpOHHUU TEHEpATOp, MpsAME MOJICOPIEHTYBAHHS, CIIOCTEpirad MOTOKO3YCIUICHHS, CTadimizalis
HAIPYTH JAHKH ITOCTIHHOTO CTPYMY, 3MiHHA IIBUAKICTH, TeHEepaIlis eHeprii.
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MATHITOEJEKTPUUHUI NEPETBOPIOBAY EHEPTTI MOPCHKHX XBWIb
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3aona nepemeopenns eHepeii MOPCOLKUX X6UNb 6 eNeKMPOeHep2ilo PO32TAHYMO GUKOPUCAHHA YUTTHOPUYHUX (3
PAOIANbHUM  MASHIMHUM  NOMOKOM) MPUQDAHUX MASHIMOENeKMPUYUHUX 2eHepamopie 3 pPomopom HA NOCMIUHUX
MA2HImax 3 3acmMocy8aHHAM MeXaHiyH020 peOyKmopa 07 Ni08UIeHHS Yacmomu 0bepmants pomopad. 3 ypaxy8aHHaM
PeanbHO20 XapaxKmepy pyxy pomopa po3pooieHo MamemMamuiry mMooens 0Jid pO3PAXYHKY po3nooiny MAeHIMHUX NOJE 8
3a30pi 2enepamopa i 8CMAHOBIEHO DYHKYIOHANbHI 3AN1eHCHOCMI NOMOKO3YeNnieHHs 0OMOMKU i eleKmpoMAcHIMHO20
MOMeHmMY 6i0 KOHCMPYKMUBHO20 GUKOHAHHS 2eHepamopa i napamempié NOCMIUHUX mazuimis. [[nsa npuiHamozo
KOHCMPYKMUBHO20 BUKOHAHHS BU3HAYEHO eleKMPOMASHIMHULL MOMEHM, PO3NO0Oin (a3Hux cmpymie 6 0OMomyi,
nomyaicnicmo i Hanpyzy eenepamopa. IIpogedeno nopieHanHs eHepeemudHUX NOKA3HUKIG 2eHepAmopie 3 NONIAGKOBUM
npueoooM 3i 360pOMHO-00EPMOBUM PYXOM pOMOpa I 2eHepamopa 3 3aCMOCYBAHHAM XPAN0BO20 MEXAHIZMY O/is
3a0e3neuentss 0OHOCMOPOHHLO2O obepmanna pomopa. Pozenanymo Ooyinvricme 3acmocysanns eenepamopa 3
XPanoeum Mexauizmom 0715 nepemeopeHHst eHepaii Mopcvkux xeuiv. bubm. 6, puc. 7.

Kntouosi cnoea: mepeTBOpPEHHS €HEpPrii XBWIb, PEAyKTOp, INUIIHAPUYHUN MAarHITOCNEKTPUYHUA TeHEepaTop,
€HEepreTUYHI OKa3HUKH.

B Maii0yTHhOMYy HAWTOJIOBHIIIMM MUTAHHSIM CHEPreTHKH OyJe BUKOPUCTAHHS e()EKTUBHHX
€KOJIOT1YHO YHCTHX CMOCO0iB BUPOOHMLTBA €NEKTPUYHOI eHeprii. TakuM eHepreTHYHHM pecypcoM MOXKe
OyTH eHepris MOpPCHKHAX XBWJIb. 3a BHKOHaHUMH B lHcTHTyTi rigpomexaHiku HAH VYkpainu orinkamu
CHEPreTHYHHX IapaMeTpPiB XBUIBOBHUX EJIEKTPOCTAHIH pecypc XBHIbOBOI eHeprii YKpaiHH MOXKe CKIACTH
200 mapa. kBT*T Ha pik 3a cepeqHii LIITBHOCTI MOTYKHOCTI HAa METp WHUPUHK XBW 5...7,5 kB1/M [1]. Ilpn
IOMY PEKOMEHIYEThCS BUKOPUCTOBYBaTH XBwii amrntitynoro 0,5...1,75 m i mepiogom T = 4...7 c. Taki
XBWII 1 y30epexoks YopHOro Mops MaroTh TOMIpHY HOBXHHY A=16...60 M 1 3a0e3medeHicTh —
7000...2500 roguH Ha pik.

Kpim BimHOCHO BUCOKOT KOHIIEHTpALlii €HEePrii XBUIbOBA CHEPIeTHKA Ma€ MOPIBHAHO HU3bKI BUTPATH
Ha KamiTanbHe OYAIBHUIITBO Cepell iHIIMX BHIB BiTHOBIIOBaHOI eHeprii: xBuiboBi EC — 1000 $/xBr,
coustani EC — 1400 $/xBr, Bitposi EC — 1600 $/kBt [1]. Cepen XBUIBOBHX CTaHIIIN IUIABYYi IMOTLIABKOBI
CTaHLil MalOTh HAWHMKYI KalliTaJdbHI BUTPATH 1 BApTICTh OOCIYTOBYBaHHS.

OCHOBHI TpPOGIEMH TIEPETBOPEHHS €HEpPrii MOPCHKMX XBHJIb OOYMOBJICHI iXHBOIO MPUPOJIOK. IM
BJIACTHBI: HEPETYJLIPHICTh aMIUNTYynd, ¢a3u Ta HaANpIMKy pyXy; Majia IIBHAKICTh BEPTHUKAILHOTO
nepeMileHHs moBepxHi XxBuii (1 mM/c); 3Ha4HI BIUIMBU Ha €HEPTil0 MOPCHKUX XBWIIb, IO TIEPEBUIIYIOThH IXHE
cepeHe 3HAYSHHS B KiJIbKa JIECSITKIB pa3iB ITiJ 9ac MITOPMIB 1 yparaHis.

Jlo TemepimmHROTO dYacy B CBITI PO3POOJIGHO 1 TPAKTUYHO PEai30BaHO BEIUKY KUIBKICTh
TEXHOJIOTTYHUX CXEM 1 CITOCOOIB 331 MePETBOPCHHS KIHETHYHOI €HEPrii XBUJIb B €JICKTPUUYHY CHEPTio [3].
AJle BUKOPUCTAaHHSI €HEprii MOpPCHKMX XBHJIb NOKH IO 3HAXOAWUTHCS HA CTajii CTBOPEHHS IOCHITHHX
YCTaHOBOK Pi3HUX KOHCTPYKIiH. BUMBIIICTh TAKMX TEXHOJIOTIYHHX CXEM MalOTh Y CBOEMY CKJaJi TypOiHH,
TiZpaBIIivHI HACOCH 1 MEXaHIYHI PeAYKTOPH IJIA Tepeaadi 3BOPOTHO-TIOCTYHAIBHOTO PyXy BOAH a00 MOBITPs
JO TpamuliiHOTO eNeKTpu4HOro reHeparopa. [lomiOHi mpucTpoi MaloTh AyKe CKIaAHYy 1 JOpOry
KOHCTPYKIIilO, IO 3MEHIIy€e HAaIilHICTh POOOTH MEpeTBOpPIOBayYa, YCKIAIHIOE HOTO OOCITYyrOBYBaHHS i
eKCILTyaTarliro.

AJBTEpPHATHBOIO 3a3HAYEHUM TPHCTPOSIM € TIEPETBOPIOBAY 3 BUKOPUCTAHHSIM MAarHiTOCICKTPHYHOTO
Ha MMOCTIHHUX MarHiTax JiHIHHOTO 6e3pelyKTOpHOro reHepaTopa [2], 3'ennaHoro 3 maBy4yum Oyem [3]. Taka
KOMITOHOBKA Ja€ 3MOTY CIPOCTHTH KOHCTPYKIIifO, 30UTEIUTH e(GEKTUBHICTh 1 HAmIHHICT pPOOOTH
neperBoptoBaya. Came TOMy B 0ararbOX NPOMHCIOBO-PO3BHHEHHMX KpaiHaX CBIiTY BEAyThCS IHTEHCHBHI
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poOOTH 31 CTBOpEHHS IOIUIABKOBUX IIEPETBOPIOBAYIB €HEPTii XBWIb 3 JIHIHHAMH EIeKTPUYHUMU
reHeparopaMu. Aje i ocTaHHIM TPUTaMaHHI TIeBHI HeOMIKU. J[1s1 0OMexXeHHs pyXy poTOpa B IITOPMOBHX
yMOBax 3i 3HaYHUM IMEPEBHUILEHHSAM BUCOTH XBHJi B HOPIBHAHHI 3 NPUHHSATOIO CEPEIHBOIO aMILIITYAOIO
BUKOPHUCTOBYIOTBCSI IIPYKUHHI CTOTIOPH, SIKI HE IO3BOJISIIOTH BUBECTH POTOP 3a MEXi CTaTopa, 110, B CBOIO
4yepry, He I03BOJIIE BHUKOPUCTOBYBAaTH EHEPIil0 XBWJIb 33 MEXaMM IPUMHATOI CepelHbOi aMILTITYyIH.
JoBxuHYy cTaTopa MpH IOMY CJiJl MpUAMAaTH PIBHOIO MOJBIHHIN aMIIITYai XBUWI, a JOBXHHY pOTOpa —
NOJBIMHIA JOBXHHI CTaTopa, o MoTpedye MiABUIIEHOTO0 BUKOPUCTAHHS KOLITOBHHMX MOCTIHHUX MAarHiTiB.
Tomy 3a71s1 3HI)KEHHSI KalliTAIbHUX BUTPAT MOXE CTATH €KOHOMIYHO AOLIBHUM 3aCTOCYBAaHHS MEXaHIYHUX
PEOYKTOPiB 1 BUKOpPUCTAHHA NWIHIPUYHUX TeHEeparopiB (3 palialbHUM MarHiTHAM TIOTOKOM) 3
M IBUIIICHOO MBUIKICTIO O0OSPTaHHS pOTOPA.

[lpuHnumoBe  BUKOHaHHA  TaKOro  IOIJIABKOBOTO
IePEeTBOPIOBAaYa €HEPril MOPCHbKHUX XBUIIb HABEAEHO Ha puc. 1, 1e
1 — momnasok (Oyil) yTpUMY€THCS Ha XBIIISICTIH MOBEPXHI BOOH 6
yepe3 Tpoc 4, MOB'S3aHUA 3 MEXaHIYHUM PEAYKTOpOM 2, SKH
yepe3 Bajl IepeJa€ 3BOPOTHO-O00EPTOBUII pyX Ha pOTOp
MUIIHAPAYHOTO TeHepaTropa 3 MOCTiHHMMU MarHitTamu 3. J{is
3a0e3MeYeHHs] MOCTIHHOTO HATATY TpPOCca BHKOPUCTOBYETHCS
cripanbHa CTpiYKOBa MpyuHa 5. SIKip 7 3akpiluleHO Ha JHi
BojoliMu. Ha puCyHKY TpeacTaBieHO MOXKIMBUN BapiaHT
BUKOHAaHHS MPUCTPOIO MJIsl TEPEeTBOPEHHS eHeprii XBWIb 3
pO3MIIlIEHHSIM TeHepaTopa MiJ BOJAOIO, alle MOXJIMBA 1 iHIIA
KiHeMaTH4Ha cxeMa, [IpoTe MeToro I1i€i CTAaTTI HE € PO3POOICHHS
KiHEMaTHYHUX CXEM CHUCTEM JIJIsl IEPETBOPECHHS CHEPTil XBUIIb.

Ilim wac po3paxyHKy, TPOEKTYBaHHS 1 pPO3POOKH
TEeHEPaTOpiB 3 TMOCTIHHUMH MarHIiTaMH IS TIEPETBOPIOBAHHS
eHeprii MOPCBKHX XBWJIb HE pO3TIISAAIOTHCS, SIK MPaBUIIO,
MUTaHHs PalliOHAILHOTO BUOOPY iXHIX TEOMETPUYHUX PO3MIpiB,
HE BPaxOBYETbCS PEANbHUHM XapakTep pyxy poTtopa. Posmonin
MarHiTHOTO TOJsI 3a3BUYall BH3HAYAETHCS UYUCEITHHUMH METOJaMHU CKIHYEHHX €JEMEHTIB B CTaTUYHUX
peXUMax Ui KO)KHOT'O KOHKPETHOTO KOHCTPYKTHBHOTO BUKOHAHHS FeHEepaTopa.

MeTto10 po0doTH € po3poOKa aHATITUYHOTO METOMy PO3PaXYHKY EJINeKTPOMATHITHHX MpOIECiB i
SHEPTreTUYHUX I[TOKA3HHUKIB MHJIIHAPHIHAX MATHITOSICKTPUYHUX TEHEPaTopiB JOBUIBHUX PpPO3MIpIiB 3
BpaxyBaHHIM PEajbHOTO XapaKkTepy pyXy pOTOpa IJisi IEPEeTBOPEHHS €HEPTrii MOPCHKUX XBUJIb B EJIEKTPUIHY
EHeprito.

Bynemo BBaxkaTH, 10 MOpCBHKa XBHJIS 3MIHIOETHCS 32 3aKOHOM TPOXOIIH w:asin(a)wt), ne

o,=27/T,, a 1 T,— ammuiTyaa 1 mepioJl KOJIMBaHb XBUJI, SKI 3a3BHYail MOKIAJAOTHCS 3aaHHMHU.

Po3paxyHkoBy Mojens reHepaTopa HaBEICHO Ha pHC. 2, B AKil MPUHMAETHLCS, IO MarHiTHA MPOHUKHICTH
MAarHiTOIPOBOJIB poTOpa i cratopa aopiBHIOE 4 =oo. Ha puc. 2: I — crartop, 2 — oOMoTKa craTtopa, 3 —
MIOCTilHI MarHiTH, 4 — ApMO pOTOpA.
AHaji3 eJIeKTPOMArHITHHUX TPOIECIiB B IMITIHAPUI-
HOMY MAarHiTOGJIIEKTPUYHOMY T'€HepaTopi 3BOAMTHCS O BHPI-
LICHHS PIBHSAHD €IEKTPOANHAMIKH
rotB=0, divB=0, rotE=-0B/ot, )
sKi 3 BpaxyBaHHsIM B =rofA, E=—0A /0t 3BomaTbCs B 3a30pi
MiX CTaTOPOM i POTOPOM (pHUC. 2) 0 PIBHSHHS IS Z-CKJIQJI0BOI
BEKTOPHOT'O MarHiTHOTO MOTEHLiany
0?4, | 0%4, o4,
— +——==0. (2)
o> p* op* PP
Bynemo BBakatu, 110 TOJIE B HEMATHITHOMY MPOMIXKY
€ CYNepIO3ML{€I0 MOoJs MOCTIHHMX MarHiTiB A, 1 moms, Lo

30yIXKy€eThCs CTpyMaMu 00MOTKH cTatopa A,. Tomy pe3yibTy-
[0Ye Mar”iTHE IoJie B HEMAarHiTHOMY NPOMIXKY T'eHepaTopa €
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AZ =A1 +A2. CknamoBi BEKTOPHOTO MAarHiTHOTO TMOTEHLialy Ha TOBEPXHi sipMa pPoTopa p=n i Ha
HOBEpXHi cTaropa p = ) (puc. 2) 3a10BOJBHSAIOTh HACTYITHUM IPAaHUYHUM yMOBaM:

o4y 04, o o % B % B
=0, p= r2 : = =
op op

Ae [, — IiHIiHE CTPYMOBE HABaHTaKEHHS, L0 YTBOPIOETHCS IMOCTIHHMMHU MarHiTamu, [, — JIiHIilHe

J

a8 p=n- /Uoiﬂoa (3)

b

— =i, —=
op Holy,,. op

CTPYMOBE HaBaHTAXXEHHS OOMOTKH CTaTopa.

[Mpunyctumo, 1O CTPYMOBE HAaBaHTAKEHHS OOMOTKH CTaTOpa iﬂO BIIOMO Ta BH3HAYAETHCS
BeIMYMHAMK (a3HUX CTPYMIB i, ip, i € IMPOCTOPOBUM PO3MILIEHHAM KOTYILIOK B Ia3ax ocepis cTaTopa
IIUPUHOO b, Ta Moxe OyTH HPEACTABIEHO i[€albHO TOHKUMM CTPYMOBHUMHM IIACTHHAMHU LIMPHUHOIO b, ,

30CepePKeHUMH Ha TJIaJIKii MoBepXHi craropa. s KOMIIeHCOBaHOI 2p-TOMOCHOI m-(pa3Hoi 0OMOTKH 3
OZIHAKOBMM YHCJIOM (S, ) BUTKIB B KOTYIINI I ¢ KOTyNIKAMH Ha HOMIOC i ()asy BEIMYHMHY CTPYMOBOIO

HaBaHTAKEHHS CTaTOpa MOKHA OINKCATH CYMOIO TPOCTOPOBUX B3IOBX KOOPAWHATH (P CKIAIOBHX (ha3HHUX

. i =i +i n+i
cTpyMiB cratopa 10 1A “aB  "aC. 3a momylieHHs, mo ¢a3Ha 30Ha Ga3u A MOYMHAETHCS 3a 3HAUCHHS
P=—T+Q 1 KpOK KOTymIOK (a3 mNpuiiMaeTbCs OJHAKOBUM V, = )V, = V. IJiHIiHE CTpyMOBE

HaBaHTAXXEHHS OOMOTKHM MOKHA MNpeaACTAaBUTHU Y HACTYITHOMY BHT. J'Ii[)li:

i —Mfi(e(r( ‘g, ~T(k s)+”b"))—e(r( ‘-, ~T(k s)—”b”))—

74 b, 2L A4 Py 5 2t (@ Py , 2pr
b T b T

00y (9 + 7~y —T(kys) + 2~ TXAY) 4 0y (94— — T (k) + 2o - Z2Ay)),
2pt  pr 2pt  pr

N PR R S b, 7h,

[, =——% Or,(p+7w—@p —T(k,s)+—2) O (p+7—@y —T(k,s)— -

7B b, ;SZ:;,( (r, (@ Pp (k,s) ZpT)) (ry (@ Pp (k,s) 2pT))

4)
Oy (94 70—y~ Thss) 4 2 TIBY) 00 (ot 70— o — T(hos) + 20 - TV
2pt  pr 2pt  pr

7b, 7b,

P . 4P
i,vc=ZCI)—%ZZ(9(7’2((/’+7T—(/’C—T(]@S)+ ) O (p+7—pc —T(k,s)— ) —

o k=1s=1 2pt 2pt

b, 1w b, r«
—0(ry (@ + 7 — e =Tk, ) + === XCY) L 0y (p + = = Tk, 5) + = X))
2pr  pr 2pr  pt

— b, (5(p + 1)~ 5(p — 7)),
T(k,s)=m(2k-1)/(2pmq)+2(s-1)z/p,

ne O(z) — onMHMYHA y3aradbHeHa (YHKIs, sika TOpiBHIOE Hymo 3a z <0 i omuammi —3a z>0; () —

nenbra Gynkiis [ipaka, mpocroposuii 3cyB a3 Pp =P 4+ 27/ pm, P =P+ / pm, k -ii 4ieH psnxy 3a

YHUCJIOM Na3iB Ha moitoc i a3y, §-il wieH psay 3a YUCIOM Map MHOMIOCIB, 7 =277, — HOJIOCHUH KPOK

CTaTOPHOT OOMOTKH.

3riHo 3 YSABJIEHHSIMH PO MarHeTH3M [4], 30BHIIIHE M0J€ TOCTIHHOTO MAarHiTy €KBiBaJICHTHE MO0
CTPYMOBOTO COJICHOI/Ia, 30CEpeKEHOro Ha Oi4HId TOBEepXHi MarHiTy 1 piBHOro Horo BucoTi. Jlms
BHCOKOKOSPITUTHBHUX MAarHiTiB 3 iHTepMeTaniuaoro kommo3uty NdFeB 1ixHsS BigHOCHa MarHiTHa
INPOHHUKHICTh JIEKHTh B Mexkax .= 1,04-1,06, 1 mpsmMa nNOBEpHEHHS IPAKTUYHO 30iraerbcsa 3

XapaKTEepUCTUKOI pO3MarHiuyBaHHs. Tak sk g, > 1, eKBIBaJleHTHY BUCOTY CTPyMOBOIO COJIEHOIna y pasi
PO3MIIlIEHHS. HOTO B MOBITPSHOMY CEpEelOBHINI BapTo Oyno O 3MEHIIMTH [0 BEIMYMHU &/ u, . Ane 3a

BpaxyBaHHs HACHYCHHS spMa POTOpa HeoOXinHO Oysio O 301IBIINTH HOr0 BUCOTY MPUOJIU3HO B CTUIBKU XK
pasiB. ToMy B pO3paxyHKOBi MOZENi 3 JOCTaTHBOIO Il TEXHIYHUX PO3PaXxyHKIB TOYHICTIO Oyaemo
BBaXKaTH, SIK OyIJIO0 paHille MPUHHATO, MaTHITHY IMPOHUKHICTh pMa POTOpa PiBHOIO HECKIHUEHHOCTI, BUCOTY

ISSN 1607-7970. Texnu. enexmpoounamira. 2021. Ne 4 27



CTPYMOBOTO COJICHOi/la — BHCOTI MarHiTy i MarHiTHY NPOHHKHICTh CEpeOBHUIIA PO3MIIEHHS CTPyMOBOTO
coseHoizna piBHOWO 4, . OTxke, r'yCTHHA CTpyMy I, B OOMOTILI COJIEHOiJa, 110 3aMIHIOE NOCTIHHUNA MArHiT 3

BEJIMYMHOIO HaMarHidyBaHHs [, Oyne

L, ZIOhZ(Br h)/(ﬂ,,ﬂo) ,
ne Br — 3aJMIIKOBA IHAYKIA MMOCTIHHOTO MarHiTy, A— BHCOTa MarHiTy. A JiHiIifHAa TYCTHHa CTPyMy 3

ypaxyBaHHSAM IIPOCTOPOBOTO DPO3MOAUIEHHS HAa TOBEPXHI pOTOpa 3alHIINTBCS 3 BHKOPHCTaHHSIM
y3arajibHEeHUX QYHKIiH

L 2(s-1)x 2(s-1)x
i, =lyh), 5{ﬁ[¢+ﬂ—¢r —%—uﬂ%{ﬁ[q)m—@—%—%—%ﬂ—
s=1

p
; )

2(s-1 2(s-1
=4 ”i((p""ﬂ-—(ﬁ _%—%—M] +0 rl[(o+7z—(pr _3_(/)1_2(02 _MJ
p 2 p

J€ @, — KyTOBUH po3Mip MDK MOJIOCAaMM IO a3UMYTY, ¢, — KyTOBHUIl pO3Mip IOJIOCA, ¢, — KOOpAUHATA
MOYATKOBOTO TOJIOKEHHST poropa. Jlyis MarHiTHOI CUCTEMH 3 JOBUILHUM YHCJIOM Iap MOJIOCIB MOBUHHI
3aJJ0BOJIBHATUCA YMOBH ¢1+¢2:7z/ D, gazzk1 7r/ D, (012(1—/(1)72'/ p, e k— Oyab-sike HO3UTHUBHE
YUCJIO MEHIIIE OJUHUIT, IKe BU3HAYAE CTYMIHb IEPEKPUTTS MOJFOCHOTO TTOALTY MarHiTOM.

3 ormamy Ha JUCKPETHHH XapaKTep pO3MOALTY CTPYMOBOTO HaBaHTaKEHHS, Ui aHaJi3y
€JIEKTPOMArHITHUX TPOLECIB B TEHEPaTOpi NPEACTaBISETbCA OOIPYHTOBAHMM 3aCTOCYBaHHS YHCEIbHO-

AHATITUIHUX METO/IIB 3 BUKOPUCTAHHSM 1HTETPAIBHUX TIEPETBOPEHD 1 METOY y3aralbHEHUX (DYHKITIH.
3acToCOBYIOUH /10 PiBHSIHHSA (2) 1 rpaHUYHUX YMOB (3) muckpeTHe niepeTBopeHHst Pyp’e [5]

1§ -
d,=—— [ 4. "dg, (6)
27
-
3HaﬁHeMO, 110 NCPETBOPCHE 3HAUYCHH BEKTOPHOT'O MaI‘HiTHOl" (0] HOTCHLIia.]'Iy OIMUCYETHCA piBHﬂHHﬂM

2 2
MJFL%_”_A _ (7)

1 BIMTOBITHO, TIPOBOJSTYN IHTETpaNbHE IEpEeTBOPEHHs BUpa3iB (4) 1 (5), oTpuMyeMo iXHIH TepeTBOpeHU
BUTISIT

1 = ) I e/ ) k ;
by == | i dp=—"C— k., k, =sin("-LC sin(nz) (8)
27 2 TH 2p “cos(nm/2p)
1 5. i,wk izwk iwk,
Lim)+ g+ Ie(m) == [1i,,e/"%dp, 1,(m)==—2L, I(m=L"L, [.(n)=-S—=C, 9)
27 7 2rry 2rr 2rr,
Jie KIIBKICTh BUTKIB B (a3l CTATOPHOI OOMOTKH W = S; pg , @ OOMOTKOBI KO€(illI€HTH
P e—jn(%—w—zz;p) (- e/ nrzyA sin(nr) sin(nz/2pm) sin(n b,/21r,)
4 psin(nz/p)gsin(nz/2 pmq) nb,/2r,
i - i
by Yy (-e ” s.1n(n7r) s.m(n z/2pm) sin(n b,/2 1) ’ (10)
psin(nz/p) gsin(nz/2pmgq) n b,/2r
. G ) o e’ O sin(nr)  sin(nz/2pm) sin(n by/2r,) 2jsin(nx) '

psin(nz/p) gsin(nz/2 pmgq) n b,/2r p
Hasguicts B (10) MHOXHUKA sin(n7z)/ psin(nz/ p), 3aBKOU PIBHOTO HYJIO 32 71 < p, BKa3ye Ha

BIJICYTHICTh MPOCTOPOBUX CyOrapMOHIK B MarHiTHOMY IIOJIi T€HepaTopa, SKe Ma€ JIMIIe OCHOBHY n=p 1
KpaTHi p BHII TApMOHIKH.
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Po3B’s130k piBHAHHS (7) BiZOMUH 1 Ma€ BUTIISL
4,=Csp"+Csp". (1D
3aI0BOJBHSIIOYH HOTO TPaHUYHUM YMOBaM (3), 3HalaeMo
A=A, +A4,= _ HMolohk, o9 (1) p(1+n™/ p*") ﬂoW(lAkA +igky +icke) p"(1+ 1"/ p*)

nr rl (1 r22i’l/r2n) 2”7[ 1’2 (1 riZn/VZn) ?
AKe 32 p =7, JIOPIBHIOE
n nir rzn(l_rl2n/r22n) 2”7[ (1—7’12n/V22n)
3BOPOTHE MEPETBOPEHHA JAETHCS PAIOM
= 4. (13)

B dopmyni (12) HeBH3HaueHOIO 3aJIMIIMIACS BEJIUYUHA (0, (z), Ky HEOOXiIHO BU3HAYUTH 3

pPO3B’s3Ky pIBHSHB JUHAMIYHOI PIBHOBAard €JICKTPOMEXAHIYHOI CHCTEMHU IEepPETBOpIOBaYA CHEPrili XBWIb 3
ypaxyBaHHSIM 33JJaHOTO 3aKOHY KOJIMBAHHS BOJHOI MMOBEpXHi. PIBHSAHHS pyXy pOTOpa MarHiTOEIeKTPHYHOTO
MIEPEeTBOPIOBaYa CHEpPrii XBWJIb BH3HAUYUMO 3 BUKOpUCTaHHAM (yHKINT Jlarpamka B y3arajJbHEHHUX

KOOpJIMHATaX ¢, q', f,p [6]. Ipumyctumo, 10 MexaHidHa CHCTEMa CKIAJAEThCA 3 MaTepiallbHUX T i
npyxuH. Toai y3aralbHeHUMH 3MIHHHUMH MEXaHIYHOI CHCTEMH: y3araJbHCHa MEXaHIYHAa KOOpIWHATA ¢ €
MEXaHIYHOI0 KOOPJHMHATOI0 OOepTaHHSA ¢, y3arajbHeHa MEXaHiYHa MIBUIKICT q' € MEXaHIYHOIO
WIBUIKICTIO ¢ , y3araibHeHa MeXaHiuHa f CHJIa € MEXaHIYHOI CHIIOK, KA 3aNCKHTh TiMbKH Bil
MOJIOKEHHS —k¢ , y3araIbHEHOMY MEXaHIYHOMY IMITYJIbCY p BIATIOBiTa€ MEXaHIYHUHN IMITYJIbC, SIKHA MOXE
6yTH (yHKIII€I0 KOOPAMHATH i IBHAKOCTI J¢ .

VY mnpumymieHHi, o SK KiHETHYHY €Heprito 0oOpaHO MAarHiTHy eHeprito [6], y3araJibHEeHUM
CIICKTPUYHAM KOOPAMHATAM ¢, ¢, f, P BiANOBINAIOTh ENEKTPUMHMH 3apsii ¢, CICKTPHUHHI CTPYM i,
€JIEKTPUYHA HANpyTa ¢ , MATHITHE TIOTOKO3YETUICHHS |/ .

[oTeHuiliHa eHepris i1 KOHCEPBATUBHOI YACTUHU CHCTEMU

¢
1
V=[~flp.ndp=~kp®
0 2
Kinernyna koeHepris CUCTEMH TOPiBHIOE
g ‘ Ch 1o,
T'=[ p(g.q.0)dq = [Jpde + [y (i, p)di 4 + [wii.p)di.
0 0 0 0
JlarpankiaH MarHiTOEJIEKTPUYHOTO TIEPETBOPIOBaYa eHepri'l' XBHWJIb
[ 1 '2
L=T —V=5J(p +— kqa +J.!//(l Q)di . (14)

PuneeBa ¢yHKIIis po3citoBaHHS
1 2 1 2
F==Ri"+=ap", 15
5 4 (15)

ne R — emextpuuHmii omip (a3 OOMOTKH cTaTropa NEepeTBOpIoBada, « — OMHIp BSI3KOTO TEPTsS poTopa
MarHiTOEJIEKTPUIHOTO ITePETBOPIOBaYA CHEPTi.

[MincraBuBmu Jlarpamxian (14) B piBHsHHS Eitnepa-Jlarpanxka i KOHCEpBAaTHBHOI YacTHHU
CHCTEMH 1 TPUPIBHIOIOYH HOMY BCi NMpHKJIaAeHI HEKOHCEPBAaTHBHI CHIIM, OTPUMAEMO AWHAMIUHE PiBHSHHS
CHCTEMH

d dL. dL dF
— () ——+—==0, (16)
dt 'dq° dq dq
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Je (O — HEKOHCEpBaTHBHI CHMIM 3B'SI3KiB, sKi AT MEXaHIYHOI cucTeMHu piBHI f(¢)r, —Mgn, 1 ans
€JICKTPUYHOT JOPIBHIOIOTH HAMPy3i HABAHTAXXCHHS ITEPETBOPIOBaYa u(t) , 1,— paziyc 6apabaHa peayKTopa.

BpaxoByroun HaBeneHi 3anexHoCTi, 3 piBHsSHHS Eiinepa-Jlarpamka oTpuMyeMo piBHSHHS JIHHA-
Mi4HO{ pIBHOBaru MEXaHiqYHOT CHCTEMHU

p 0o o (1
J—+a—+kop—— Lo)di |=f(t)n —Mgn 17
o o e 8¢(-([W( ?) J f(t)r, — Mg, (17)
1 17151 €JIeKTPUYHOTO KoJIa PiBHAHHA (Apyroro 3akony Kipxroga)
oy (i) 8l+8l//(<0,1)8_¢+iR:_u(t)' (18)

ol ot op ot
Ockinbkn  (i,¢) U TOCTIHEX MarHiTIB 30yKCHHS HE 3aI€XKNTh BiZl [,a @ i [ € He3aNeKHIMH

3MiHHUMH, TO piBHsHHSA (17) npuiiMae BUTIST

39  dp 0 /. .
J5¥+a5+k¢—a—¢y/(l,(o)l=f(t)rb—Mgrb, (19)

ne J —MoMeHT iHepuii poropa, M —maca Oys, f(¢) — cuna ApxiMmena, o o0yMoOBiI€Ha BUTICHEHHIM Oys B
MOPCBKill BOJi, J,— CyMapHHUii MOMEHT iHeplLii poTopa i Macu Oys, k — eKBiBaJIeHTHA KOPCTKICTh MIPYKHUHHU;

J=ap Uyt el r 2T =M 40 k=5] 0 2 a=amunl (4 20,),  (20)

Hy — nuHaMivHa B’SI3KICTh MOPCHKOI BOAH, [, — MOBXKHHA OapabaHa peayKTopa.

TakuMm dYWHOM, i3 BHpa3y BEKTOPHOTO MarHIiTHOro moTeHmiany (12) HeoOXimTHO BH3HAYHTH
MOTOKO3YEIICHHST (a3 1 TeHepoBaHY B HUX PYXOMHMH MarHitTamMu portopa Hampyry. s oOGuuciieHHs
notokozderieHHs B (18), (19) i Bu3HAUEHHS €JIEKTPOMArHITHOIO MOMEHTY 1 30yAKyBaHOi MarHiTamMy B
00MOTKax (a3 eIeKTPOPYIIIHOI CHIIM CKOPHCTAEMOCS OCTaHHIM piBHSHHAM cucremu (1). Jms mporo
npoBesieMO 3BOpPOTHE mepeTBopeHHs (13) marniTHOro morteHmiany (12) i mpoiHTerpyemMo #oro mo BeixX
BUTKax KOXHOI 3 a3, (YHKUIOHANEHUI OMUC MPOCTOPOBOTO PO3MOAULY SIKHMX IPEACTaBISIETHCS
MHOXHUKaMH 3a BiJNOBIAHUX (DasHUX CTpyMax i S igric B (4) (mizcymMoBYBaHHsSI BHKOHYETBCS IO BCiX

nz0.

a [ee} * a 0 * a 00 *
e, :_El Z Aw kalr, ez :—51 z A wgkp/r, ec :_El Z A weke/r, (21)

n=—00 n=—00 n=—0w
e [— moBkuHA ocepis craropa. 3HaUYKoM (*) MO3HAYEHO KOMIUIEKCHO CIIPsDKCHE 3HA4YeHHS OOMOTKOBHX
KoedilieHTiB. Y Ipyromy JoAaHKy MarHiTHoro mnortenumiamny (12) Bim wacy 3anexarb (asHi CTpymH, a B
HepIoMy J0JaHKy 3TiHO (5), (8) 1 puc. 2 TUIBKK KOOPIUHATA @, , AKa IO CyTi B (22) - (25) € y3arajibHEeHO0
MEXaHIYHOI KOOPIUHATOK HepeMilleHHA. ToMy B MOJAlIbIIOMY IHIEKC B ¢, OyaeMmo omyckaTd. Toni

30ymkyBani noctiiianmu Marnitamu EPC. B ¢pazHux 0OMOTKax JOPIBHIOIOTH

_ Oy u(@,i) _ Oy, (p.0) 0p _2uplohl j i Fw . kg el R 99, (1)
ot op ot e B (=R ) ot
__Oyg(ei) _ Oyp(ei)0p _2uplohl) i P A0 R 99, (1)
5 ot 8;0 ot T o rB rzn (1 _’/,1211 /}”22”) ot ?
:_al//C((0>i) :_al//C(q)’i)a_Q: 2:uOIOhl] i kw ]’;C ejngo,.(t) }"ln a(ﬂr(t) . (22)
ot dp ot r = B (-1 /") ot

3Bizacu 3rigHo (22) okpemi MoXifHi O ¢ MmoToko34eryieHHs ga3 4, B, C NOpiBHIOIOTH

g 2V eD 2olghls e o () i ,
4 op 7 n=—w | 4 rzn(l—rlzn/rzzn)

30 ISSN 1607-7970. Texn. enexmpoounamira. 2021. Ne 4



owg(p.d) 2uglghlj @ g (1) i
B~ 5 - 2 kwgkpe n 2n,, 2ny’
® 7 n=-—o ry (=" 1)
oy (o) 2uplghlj = jng (1) 7 -
qC = = z k WC kC e n n n . ( )
Op 4 n=—0 o (l—r1 /r2 )

3 ormsiny Ha Te, o dy(@,i)/di € IHIYKTUBHICTH KOHTYpPY, TO BHKOHYIOUH TU(EpPECHIIIOBaHHS 32

ctpymoM B (18) npyroro momaHka MarHiTHoro moteHmiany (12), Tak sk BiJ yacy 3alieKaTh TUIBKH CTPYMH,
3Hal1eMO BJIACHI 1 B3a€EMHI IHAYKTUBHOCTI (Da3HUX OOMOTOK

1 tow 1 2 ; (1452111, tyw wp! 2 ; (14721 /)2
A4 27 =0 474 (— ny, 2n) 4B 27 p=—w B An(l_rl2n/r22n)
2n ,  2n 2n , , 2n
Haw wAl o * A+ /) Haw wpl 0 * (1+17" 15y
IAC: O2AC Z kaA l2n 22}1’ BA~ O2AB 2 kykp 12}1 22n’
T p=- n(l=n""/ry™") T p=— n(l=r""/r,"")
,qule 0 * (l+r12n/ r22n) ,quCwBl 0 * (1+r12n/ r22n)
=75, X kpkg——— =5~ Ipc= 2 kcky e OV
27 p=—o n(l-n n/r2 &) 2% = n(l-7n n/r2 )
2n,  2n 2n,  2n
How w0 * (45" ) Hoywpw [ © * (1455
27 = n(l—r1 /r2 ) 27 = n(l—r1 /r2 )
,uowczl 00 * (1+r2n/r2n)
lecc=—5,— X k 2n, 2
27 p=—w n(l- 1 n/r n)

[HayKTHBHOCTI OOMOTOK cTaTopa, OOYMOBIIEHI IMOTOKAaMH MAa30BOTO 1 JIOOOBOTO pPO3CIIOBAHHS,
BU3HAYAIOTHCS 32 BIIOMHUMH B T€OPii €IEKTPUYHUX MalIMH GopMynamu [7]

2 h
lo= 2y0 (z gy, A =%+b—2 A, =0,471,-03,
n

Ae h— rimbuHa nasy, h, — BHCOTa KIIMHY, b, — IIUpUHA a3y, A, — IMTOMa MPOBIAHICTh Na3y, 4, — MUTOMA
HPOBIJHICTh JIOOOBUX YaCTMH OOMOTKH, [, — JHOBXuHa J1000BOi 4YacTMHH 0OMOTKH. IlozHauumo
IHIYKTHBHICTh HABAaHTAXKECHHS Yepe3 /; Ta aKTUBHHIA omip yepe3 R;, TOAI Ad BU3HAUEHHs (ha3HUX CTPYMIB i

BEJINYMHU 00epTaHHs POTOpa HEOOXiJHO BUPIHUTH cucTeMy piBHSAHB Kipxroda (18) chinbHO 3 piBHSAHHIM
JUHaMi4HOi piBHOBarm mexanidHoi cuctemu (19). B pospaxyHkax iHIyKTHBHICTh HaBaHTaXEHHS OyaemMo
HpUiMaTy PiBHOIO HyJHo Cucrema piBH;{HL BUIIISAIAE TaK:

Ligia*agip +lacic + if(R+R )+ (lo+1;)iy+e, =0
IBAiA+IBBiB+ZBCiC+iB(R+Rl.)+(lo+ll.)iB+eB=O
! ! ! lo+1.)i - ’ (2)
caia tlepin Flecic * c( +R)+(0+i)lC+eC_0

2

a ) . . .
JS;éo+aa—(f+k(qo—(pp)—Re(qA1A+quB+qC1C)=f(t)rb—Mgrb

3 IOYAaTKOBUMHM 3a ¢ =0 yMOBaMU: p=0, i, =iz =i- =0 1 dep/dt=0. Tny(t)ngg(w—(prb)sb,z[e s, —

IUIOIIA TMEepeTHHY nomiaBka (Oys), p, — ILUIBHICTh MOPCBHKOI BOAU, g — NPHCKOPEHHS BIIBHOIO MAafiHHS.
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Cuit MOYaTKOBOTO HATATY NPYXKUHU i Bark Oysl BBaXKalOThCS BPIBHOBOKCHUMH B ITOYaTKOBOMY 3aHYPEHHI
Oys kgop = Mgr, , i mpu oMy To4YaToK (ha3HOI 30HU (pa3u A cTaropa CHiBHagae 3 Mo4aTkoM (pa3Hoi 30HH

MOCTIHHUX MATHITIB poTopa. PimeHHs cuctemu (25) 3MiHCHIOETHCS YHCETPHUME METOJAMH, B PE3yJbTaTi

YOT0 BU3HAYAIOTHCS YacOBi 3aNIEXKHOCT ¢(1), (pv (1),i y (®),i B (1), i ().

W, X, M
04
X
02 w
: : - t,c
17 1 19
-02
-04

Puc. 3

Po3riisiHeMo, SIK IPUKIIa, TEHEPATOP 3 TAKUMH KOHCTPYKTHBHUMH TTapaMeTPaMH:
a=0,51u;p=3;q=2;l=1m;sk =50;h1 =0,025m;bn =O,01M;h2 =0.m; M =200 xe;

g=9,8M/02;p6=1020K2/M3;Sb=2M2; TW=4c;R=2.5 OM;RZ.ZSOOM;

h=0,004 xm; d =0,005 m; 14 =4ﬂ'10_7FH/M; 1,=9-10" A/ m; A, 27800K2/M3;
L =177 ;5 =0,5a/27;1, =0,00 m;l =1m; g1, =0001uc/ m>; r. =4r,; k=J, wb*5rb*
Ha puc. 3 HaBemeHO XapakTep KOJWBAaHHSI XBWII W 1 KpHUBY X=@.n,  Pyxy poropa

MAarHiTOSJIEKTPUYHOTO TeHepaTopa EHEeprii 3a IHMX NapamMerpax, a Ha puc. 4 — 3aleKHICTh Bif 4Yacy
CYKYIHOCTI pealbHMX 4YacTHH (Da3HUX CTPyMiB CTaTOPHOI OOMOTKM IeHepaTopa. YcepelHEeHa 3a Iepiof
HOTY>KHICTh IeHepaTopa Ui 3aaHOT0 KOHCTPYKTUBHOTO BUKOHAHHS CTAHOBUTH
t+T W *
[ (G i +igip+icic))dt=671 Br, (26)
t
a CepefHE 3HAYeHHS HANpyr, MNPONOPIiHE BEJWYHMHI CTpyMiB (pHC. 4), OCKUIBKH pEaKTHBHICTbH
HaBaHTa)KEHHsI BBaXkKajlacs PiBHOIO HYJIIO, CKIIAJIa€

7.
p=_1
T

w

. t+Tw
U=—L | Abs(i 4)dt=61 B. (27)
w ot

Sxmo OapabaH peayKTOpa BHUKOHATH 3 JBOX IIOJIOBHH, OJHA 3 SKHX Oe3MocepeaHhO 3’€IHaHa 3
pOTOpOM TeHepaTtopa a Jpyra — 3 IPYXXHHOI 1 TpocoM Oys, a 3B'S30K MK HMMU BHKOHATH y BHUIJISLIL
XparoBOro MEXaHi3My, SK IIe poOHMThCA B JjeOigkax ab0 B MEXaHIYHMX TOJUHHHMKAX ITiJ 4ac 3aBOJIY
MIPYKHUHU, TO y pa3i MEepeBHILEHHS MBUIKOCTI PyXy Oys HaJ JIIHIHHOIO MBUAKICTIO OapabaHa, TIOB’S3aHOTO 3
POTOPOM I'eHepaTopa, MOXIIMBO 3a0€3MEYUTH OJHOCTOPOHHE OOCPTAHHS POTOPA, 1 TAKUM YHHOM TIEPEBECTH
poboTy TeHeparopa A0 TPaAMIIHHOTO pexkuMmy. Yac 3deruieHHs Mik HamiBOapabaHamMu BH3HAYAETHCS
3aJIeKHICTIO

sl=6(ow(t)/ot—0p(t)/ ot rb)1000,

a mirounit Ha 6apabaH MeXaHIYHIN MOMEHT JOPIBHIOE
M1=f() , G(ow(t)/ ot —0p(t)/ ot rb) (28)

ne 0(z) — onuHWYHA y3araJlbHeHa (DYHKIIIS, siKa JOpiBHIOE HyIF0 3a z <0 1 oguHuIi —3a z>0.
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Ockinbkn ApxiMeZoBa cuia BHUIITOBXYBaHHS Oys mpomopuiiiHa f (t)E(w(t)—(p(t)rb), yac
3UeIUICHHsT HamiBOapabaHiB — TOXIiTHIN a(w(t)—(p(t)rb)/ﬁt, a MBHIKICTh Pyxy Oys TpuOIM3HO Ha

miBOepiofy BHUIEpemKae Jir0 ApxiMenoBoi CWiIM, TO Ha MOMEHT 34YEIJICHHS HamiBOapabaHiB, KOJH

MBUIKICTE  pyxXy  Oyd  IepeBHWIlye  IIBUJAKICTB obepraHHs  poTOpa  TeHeparopa, Ha
M1 Hm, slc
1000 [ WX, i
S XM
50 0.75
0.5
[ t.c 025
14 6 18
- 500 -025
05
—0.75
M1
Puc. 6
Puc. 5

Oapaban 1i€ Bix €MHUE MOMEHT, Hampukian, 3 15 go 16 cekyHnu ab6o 3 19 mo 20 cexynau (puc. 5). IIpu
IbOMY IIBUAKICTH 00EPTaHHS POTOpa 3HIKYEThCS 1 HABITH CATae BiJ’€MHHMX 3HA4€Hb, Ta jume 3 16 1o 17 ¢
(puc. 5) Ha poTop i€ TO3WUTHUBHUH MOMEHT, i IIBUIKICTH OOEPTAHHS POTOpa 3POCTA€E JO TO3UTUBHUX
3Ha4eHb (puc. 6). 3a yac BiCyTHOCTI 34erieHHs HamiBOapabaHiB 3 17 1o 19 ¢ reHepyBaHHS eleKTpOeHepril
BiZOyBa€eThCs 32 paxyHOK HaOyTO1 pOTOPOM KiHETUYHOI eHeprii, 1 MBUIKICTh 00epTaHHs poTOpa reHeparopa
HOCTYIIOBO 3HMXKYETHCS.
Re(1g 15, 1.), A YacoBy 3aJIeXkKHICTh CYKYITHOCTI pEalbHUX BEJIIMYMH (Pa3HUX
AN CTPYMIB CTATOPHOI OOMOTKHM T'€HEpaTopa HaBEAECHO Ha pHC.
. ( 'iJJ | 7. Hocrynose 3HmkeHHs (asHux cTpymiB 3 17 mo 19 ¢
/ \ | 00yMOBIIEHO 3HIDKEHHSM IIBUIKOCTI OOEpTaHHS poTopa
S / Fﬁ f rereparopa (puc. 6), a He3HayHa BEJIMYWHA CTPYMIB —
e/ /\ {'| | MaJIOI0 BEJIMYMHOI0 IMIBHIKOCTI oOepraHHA poropa. llpu
IIbOMY 3MEHIIYEThCS TaKoXK MOTYXHICTh (P =105 Brt) i
O Hanpyra (V=22 B) reneparopa. TakuMm dHHOM,
\ /( BUKOPUCTAHHS ~XpaloBOTO MeEXaHi3My JUId peajizamii
¥ II"‘J' \ | \ OJIHOCTOPOHHBOTO PYXy POTOpa FeHEpPaTOpa MOXHA BBAXKATU
ol Puc. 7 Ve HEIOLILHUM.
BucHoBku. Po3poOiieHO  aHANITHYHHHA  METOX
PO3paxyHKy €JIEKTPOMATHITHHUX MPOIIECIB 1 €eHEPTeTHYHUX MMOKA3HUKIB IMMIIHAPUIHIX MarHITOCTEKTPUIHIX
TeHEepaTopiB NOBUTFHUX PO3MIpIB 3 BpaxyBaHHSM pPEAbHOTO XapakTepy pyXy poTopa Ul MepeTBOPEHHS
€Heprii MOPCHKUX XBUJIb B €JIEKTPUYHY €HEprilo. 3aCTOCYBaHHS LMIIHAPUYHUX T€HEPATOPIB 3 PELyKTOPOM
Jla€ 3MOTy PO3IIMPUTH [ialla30H BUKOPUCTAHHS pOOOYMX aMIUTITYyZ XBWJIb. EHEPreTHYHI ITOKa3HUKH
WITHAPAYHAX MAarHITOCIEKTPHYHUX T'CHEpaTopiB Uil TIEPETBOPEHHS €HEprii MOPCHKUX XBHJb 3
BpaxyBaHHJIM pPEaJIbHOTO XapaKTepy pyXy pOTOpa 3HAYHO HMXKYi CHEPreTHUYHUX MOKAa3HUKIB XBHJIIBOBOI
eHeprii. B 3B’S3Ky 3 HU3BKUMH €HEPreTMYHMMHU ITOKA3HUKAMHM BHUKOPHCTAHHS XPAaroOBOIO MEXaHI3My IS
peaizaliii 0THOCTOPOHHROTO PYyXY POTOpa Te€HEpaTOpa BBAKAETHCS HEAOIUIEHUM.

Pobomy eukonano 3a Oepacorodocemnoro memoro «Pospobumu 3acodbu niosuujenHs eghekmusHocmi cucmem
€NIeKMPOMEXAHIUHO20 NEePEMBOPEHHS eHepeii MPaAOUYIUHUMU MAa BIOHOBTIEATLHUMU Odxcepenamuy («Aepecam-2»), wo
suxonyemocs 3a gioomyoio memamurxoro HAH Yipainu. Jlepacasnuii peccmpayitinuil nomep 01190001214 (KIIK BK
6541030).
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MAGNETO-ELECTRIC ENERGY CONVERTER OF SEA WAVES

A.P. Raschepkin, I.P. Kondratenko, A.N. Karlov, R.S. Kryshchuk

Institute of Electrodynamics,

National Academy of Sciences of Ukraine,

Peremohy av., 56, Kyiv, 03057, Ukraine,

e-mail: anatoly raschepkin@ukr.net ; dep7ied@ukr.net ; lexa.k.ua@gmail.com ; kr@nas.gov.ua

To convert the energy of sea waves, the use of cylindrical (with a radial magnetic flux) three-phase magnetoelectric
generators with a permanent magnet rotor using a mechanical gearbox to increase the rotor speed is considered. Given
the real rotor motion, a mathematical model has been developed to calculate the distribution of magnetic fields in the
gap of the generator, and functional dependences of the flux linkage of the winding and the electromagnetic moment of
the generator on its design and the parameters of permanent magnets have been obtained. For the adopted design, the
electromagnetic moment, the distribution of phase currents in the windings, the power and voltage of the generator are
determined. A comparison is made of the energy performance of generators with a traditional float drive and using a
ratchet to ensure one-sided rotation of the rotor. The expediency of using a ratchet generator to convert the energy of
sea waves is considered. References 6, figures 7.

Key words: wave energy conversion, cylindrical magnetoelectric generator, energy indicators, use of gear.
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MOZAEJIIOBAHHS ITPOLECIB EHEPI'OIIEPETBOPEHHS B CUCTEMI
PEKYINEPAIIIl EHEPI'Ti KOJIMBAHB IIACI TPAHCIIOPTHHUX 3ACOBIB

10.M. BaCBROBCKm”l*, JOKT. TeXH. HayK, M..B. Mona™

HTY Ykpainun «KuiBcbkuii nogitexuiunuii incturyt im. Irops Cikopcskoroy,
np. [lepemornu, 37, Kuis, 03056, Ykpaina.

E-mail: vunl57@gmail.com, poda.mv@gmail.com

IIpedcmagneno KOMRIEKCHY MAmeMamudny Mooeib CUCMeMU PeKynepayii enepeii MexauiyHux Koaueans mpaHcnopm-
HUX 3ac00i6, WO PyXaiomuvcs 8 CKIAOHUX OOPOANCHIX yMoeax. 3asnauena cucmema € 000amK0o8010 CUCHEMOIO eNeKm-
POXHCUBNIEHHSA, AKA POSUUPIOE DYHKYIOHATTbHI MONCTUBOCIT CYUACHUX MPAHCROPMHUX 3aco6ie. Mamemamuyna modens
8PAX0BYE YCIO CYKYIHICHb NPOYECié NOemanto20 nepemeopeHHs eHepeii MexaniuHux KOIUGAHb 8 HACMYNHIl NOCII006-
HOCMI: MeXaniuna enepeis 360pOMHO-NOCMYNANbHO20 KOIUBAILHOZO PYXY WIACT MPAHCIOPMHO20 3AC00y — MeXaniuna
enepeis 00epmanbHO20 pyxXy 64y eleKmpoeHepamopa — eleKmpuyHa eHepis 3MIHHO20 CIMPYMY el1eKmpoeHepamopa
— elleKMpPUYHA eHepaisi NOCMIUHO20 CIMPYMY aKymynamopHoi bamapei. Jlocniodxceno pescumu pobomu cucmemu, wo
3a0e3neuyioms eekmusHi npoyecu 3apsaoky aKymyasmopHoi bamapei. Ha konkpemnomy npuknadi cucmemu HagedeHo
O0aHi w000 Yacy 3apsaoNCaHHs aKymMyIamopHoi 6amapei eanmasicnoco asmomoobina. bibx. 9, puc. 7.

Kntouosi cnosa: cucrema pexyneparii eHeprii, maci TpaHCIOPTHOTO 3aco0y, CHHXPOHHHUI T€HepaTop 3 MOCTIHHUMHU
MarHiTaMH, aKkyMyJIITOpHa OaTapes.

IMocranoBka 3ana4i. Po3paxyHKOBI OIIIHKH Ta OCBiJ eKCILTyarallil Ba)KKHX TPaHCIIOPTHUX 3acO0iB
(T3) cBiguuTh, MO y pa3i pyxy T3 B CKIaHUX JOPOXKHIX YMOBAX 3a HAsIBHOCTI IOPOXKHIX MEPEIIKO BUTPATH
nanuBa Ha | KM JUCTaHUil pyXy, a 3HAUUTH 1 BTpPAaTH €HEpril MPUBOJHOTO ABUTYHA, 30UIBIIYIOTHCA Ha
50...70%, a mBunkicts pyxy T3 3menuryerscs Ha 35...40% [1]. Lli BrpaTi eHeprii 3a3Bu4aii MOTJTUHAKOTHCS
pecopamu i aMOpTU3aTOpaMU TIi/T Yac MEXaHIYHUX KOJMBaHb maci T3. 3a yMOBU CTBOPEHHS BiIIOBIIHUAX TEX-
HIYHMX CHCTEM YacTHHA LUX BTPAT MOKE OYTH MEpeTBOPEHA B KOPHUCHI 3a1acy eNeKTPOCHEPTii aKkyMyIsATOPHOI
Oarapei (Ab) 3 11 mogaTBIIMM ITUTEOBUM BHKOPHCTAHHSAM. 3 OTJISIY Ha piBeHb 3a3HAYCHUX BTPAT CHEPTIi mep-
BHHHOTO CHEPTOHOCIS, 3HAYHY KUTBKICTh BXXKUX T3 cymMapHUI eHeprozoepirarounii eekT BiJ BIPOBAIIKESHHS
TaKMX CHCTEM MOXe OYTH CyTTEBUM, IO MiIKPECIIOE aKTyalbHICTh IXHBOTO CTBOPEHHS. AKTYalbHICTh iJICH-
JIFOETHCS TAKOK HEOOXIIHICTIO PO3MIMpPEeHHsT (DYHKIIOHAIbHUX MOYKIIMBOCTEH CyYacHUX criemiaibHuX T3 1uis-
XOM BUKOPHCTaHHS Ha IXHbOMY OOpPTY HOBUX NPHCTPOIB 1 CHCTEM, AJsl pPOOOTH SKMX HEOOXimHI JOAATKOBI
JoKepelia eNeKTPOKUBIICHHA. B mepcneKTuBl BUKOPUCTaHHSA TAKUX CUCTEM MOXKE OyTH aKTyalbHHM 1 B €JIEKT-
POMOOIIAX, SIKi OTPUMYIOTH JOAATKOBE DKEPEIIO 3apsaKaHHs TAroBoi Ab mig gac pyxy.

OnHi€I0 3 TaKUX € CHCTEMa e1eKMpPOMEXaHiuH020 Nepemeopents (peKynepayii) enepeii mexaniyunux
koaueans (CITEMK) maci T3 [2]. [Tpuamun nodyxosu CIIEMK rpyHTY€eThCS Ha OE€TAlTHOMY HEpEeTBOPEHHI
MEXaHIYHOI eHeprii KOJMBaHb maci pyxoMoro T3 B elIeKTPHYHY €HEPTiI0 MOCTIHHOTO CTPYMY 3apsKEeHOT
AB. IIpn 1bOMy BUKOPHUCTOBYIOTHCSI KOJMBAHHS y BEPTHKAJIbHIN TUIOIIUHI i 4ac pyxy T3 mo HepiBHiH 10-
po3i migpecopenoi macu (IIM) (ky30B, BanTax Ta iH.) T3 BigHOCHO Horo Hemiapecopenoi macu (HIIM) (ko-
Jieca, IIMHY, TaIbMIiBHI OapabaHu Ta iH.).

Ines crBopenns CIIEMK ynepiue Oyia peanizoBaHa B CHCTEMaX €JIEKTPOMArHiTHOT aKTUBHOI MiABICKH
T3 — Active Suspension (AS) [3-7]. Cucremu AS, moOymoBaHi Ha OCHOBI €JIEKTPOMEXaHIYHUX KOMIIOHEHT,
3aMiHSIOTh TPaIUIiiHI amopTu3aTopu maci T3 1 mpu3HaueHHi 11 3MeHIIeHHs KorBaHb 1maci T3 Ta 3a0e3me-
YeHHs] KOMGOPTHUX YMOB pyXy. Y HaHmid yac cucteMu AS murs jlerkoBux T3, y TOMY YHCHI 1 JJIST €TIEKTPOMO-
0iJTiB, PO3POOIISIFOTH 1 BIPOBAKYIOTH MMPOBiIHI aBTOMOO1IeOyniBHI Kommanii cBity — Audi, Ford, Toyota Tomio
[3, 4 1inmn]. CTIIEMK B ckiazi AS BHKOPUCTOBYEThCS SIK TMiJICUCTEMA PEKyIIepallii eHeprii, TOJIOBHUM IpU3Ha-
YEeHHSIM SIKOi € 3MEHILICHHS 3HAYHUX BUTPAT eJIeKTpoeHeprii Ha QyHKIioHyBaHHs moTykHOT AS. [Ipu npomy 3a
pe3ynbTaTaMy JIOCHiPKeHb BiIMIUaeThes, IO JOCTYIHA s peKynepanii eHeprist minx yac podborn CIIEMK y
TIOPIBHSHHI 3 €HEPTi€l0 PeKyIepaTHBHOTO TabMyBaHHs 13 Ha HEPIBHOMY JOPOKHBOMY MOKPHUTTI csrae 70% i
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oimpire [9]. Bigomi i cnemianizoBani BinokpemiteHi Bapiantu CIIEMK. Hampuknan, kommnanis Audi po3poOuia
CIIEMK mix Ha3Boro eROT myist BUKOpHUCTaHHS B JISTKOBOMY aBTOMOOLT, MTOTYKHICTh SKO1, KOJTUBAETHCS Bix 3
BT Ha piBHOMY acdanbti 70 613 BT Ha moranomMy ToposkHROMY TTOKPHTTI [3]. HaykoBi mocmimkeHHS 1 po3po0-
KM TaKuX CUCTeM TpoBoaaThes B Kpainax EC, CILIA, Kurai, PO [5].

Hait6inem nonineHOO cdeporo Bukopuctanus Bigokpemuennx CIIEMK moxyTs OyTH BaxKi 1 crie-
mianeHi T3, AKi 32 cBOIM NMpPU3HAYEHHSIM YacTO PYXaroThCS B CKIAJHHUX AOPOKHIX yMoBax. B Takux Buman-
kax CITEMK ¢opmye Ha 60opty T3 nomaTkoBe JKepeso eNeKTPOKUBICHHS, ale NPy oMY Maiike He BUKO-
Hye (QyHKIIi aMOpTH3aTopa, OCKUIBKH 1i cTaOUTi3yIOUHNi eNeKTPOMArHiTHHH MOMEHT y TOpIBHSHHI 3 iHep-
itHuM MoMmeHTOM Traci T3 € manmuMm. Y Baxkkux T3 CIIEMK moBWHHA IMpamfoBaTy CIIJIBHO 31 IITATHUMHU
pecopamu i amoptu3atopamu. OueBnmaao, mo CIIEMK moke moBepHyTH B Ab nuine 9acTKy eHeprii, 1o
BTpavaeThes i yac konumBaHb maci T3. Y pasi Bukopuctanas CIIEMK HeoOXimHO mpuiiMaTH 10 yBaru ic-
HYIOUY CHUCTEMY eNeKTpoxuBIeHHsI Ha 6opty T3. fAxmo B ckmani T3 € enexTporeneparop, sIKHiA IMiJ 4ac py-
xy T3 zapsmkae mratny Ab, To ans CIIEMK notpiona nogarkoBa Ab MeHIIoi eMHOCTI, €Hepris SKO1 BUKO-
PUCTOBYETHCS ATl dKUBICHHS OOPTOBUX CUCTEM.

Crpyktypy CIIEMK 306paxeno Ha puc.l. BoHa ckiagaeTbcs 3 HACTYNHUX OCHOBHHX E€JIEMEHTIB:
MEXaHIYHUHA NPUCTPIH A1 HEPETBOPEHHS 3BOPOTHO-IOCTYNAIBHOTO PyXy LIaci B OJHO HampaBieHUi obep-
TOBHH pyX BUXIJHOTO BaJIy TAaKOTO MPUCTPOIO; MYJIBTUILTIKATOP, SIKUH 301IBIITY€E YACTOTY OOepTaHHS BUXIiJ-
HOTO Bary I 3a0e3nedeHHs e(heKTHBHUX PEKUMIB €JIEKTPOMEXaHITHOTO TIEPETBOPEHHS CHEPTil; E€IeKTPO-
TE€HEPaTOpP 3MIHHOTO CTPYMY, IO 3’ €MHYETHCS 3 MyJBTHILTIKaTOpoM; BUTIpsAMirstd;, LC-pinbetp 1 AB. Iloerar-
He niepetBopeHHs eHeprii B CIIEMK BinOyBaeTbesi B HACTYIHIM MOCIIIOBHOCTI: MEXaHIYHA €HEPTis 3BOPOT-
Ho-TiocTynansHoro pyxy [IM T3 — mexaHiyHa eHeprisi OJJHO HANpaBIEHOTO 00EPTOBOTO PYXYy MEXaHIYHOTO
NepeTBOPIOBaYa i poTOpa €IEeKTPOreHepaTopa — eNeKTPUYHA €HEeprist 3MiHHOTO CTpyMy OOMOTKH CTaropa
eJIEKTpOoreHepaTopa — eNeKTpUIHa eHepris mocriiiHoro crpymy Ab.

IlepeTBOpIOBAY PR
HTaci HOCTYNAJIbHOIO MyaeTH- Enekrpo- Bunpsam LC- Ig; ﬁa
13 pyxy B ILTiKaTOp reHepaTop -na4 GimpTp 6aTE o
o0eproBHii P

Puc. 1

3 ornsay Ha 3HauHy Macy [IM Baxkkux T3 1 moctynHi enepretuuni xapakrepuctuku CITEMK maci
st CIIEMK moxHa BBaXkaTH IKepelioM HeCKIHUeHHOI MeXaHivHOi MoTyxHOocTi. [Ipu ipoMy ocHOBHa 3a/1a-
ya npoektyBaHHs epexTuBHOI CIIEMK momnsrae y BuOopi onTUManbHUX TapaMeTpiB ii eJIeMeHTiB, sKi 3 ypa-
XyBaHHSAM yCiX 00MekeHb 3a0e3MedyoTh MaKCUMaIbHHH Bi10ip eHeprii 3 mporo mkepena. CIIEMK e cuc-
TEMOIO 3 BEJIMKOI0 KUTBKICTIO BapiiOBaHWX TapaMmeTpiB, BU3HAUCHHS ONTHMAILHOI CYKYIHOCTI SIKOT SIBIISE
CKJIaJIHy TIOIIYKOBY 3ajauy. byb-sika Hey3romkeHicTh mapamerpiB okpemux By3nie CIIEMK 3Boauthk HaHi-
Bellb i1 e)eKTUBHICTh y 1iIoMy. OUEBHIIHIM € TaKOXX CYTTEBUI BIUTUB JOPOXKHIX YMOB — MPO(LII0 JOpOTH,
1o sKii pyxaerbes T3. Tomy BaximBoro ymoBoro ctBopeHHs edexktuBHuX CIIEMK € po3poOka BinnoBigHo-
ro iHcTpyMeHTapito 11t MmogentoBanHs npouecis B CIITEMK. Takum unHOM po3poOka KOMITIEKCHOI MaTeMa-
TUYHOI MOJeNi, sika 0a3yeTbcsd Ha MDKAMCUWIUTIHAPHUX MPUHIMIAX B3a€EMOIl (QI3UMYHHUX TMPOLECIB Pi3HOI
MIPUPOJIHU € aKTyaIbHUM 3aBJaHHSM, BHPIIICHHS SIKOTO KOHYE HEOOXITHO /IS MOJANBIINX YCHIIIHAX PO3PO-
6ok CIIEMK.

Memorw cmammi € po3poOka komrurekcHoi MaTtematudnoi mogmeni CIIEMK, skxa mae 3mory
MpoaHali3yBaTH yCI0 CYKYIMHICTh (PI3UYHUX MPOIECIB MEPETBOPCHHS CHEPrii, Ta OIiHKa Ha ii OCHOBI
edpexTuBHOCTI PpyHKUioHyBaHHs CITEMK.

Martematnuna moaenas CIIEMK. Marematuuna monens (MM) cknamaeThes 3 CykKymHOCTI aude-
PEHLIHHUX PiBHSHB, MATEMaTUYHUX BUPA3iB 1 CIIiBBIAHOMICHb, SIKi OMUCYIOTH (i3UYHI IPOLIECH MEPETBOPEH-
HSl MEXaHIYHO1 eHepTii KoimBaHb 11aci T3 B elnekTpudHy eHeprito 3apsmkeHoi Ab.
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Bxigaoto ¢yHkmieto (pyHKuiero 30ypenHs) B MM
€ 3amaHa (QYHKIS TpodUTI0 JOPOTH, MO SKii 3 3a7aHOoI0
MIBUIKICTIO pyxaeThcss T3. 3a3BHuail mepenkogamMu Ha
JIOpPO3i € JIOKalbHI 3ariuOieHHs (siMku) abo migioMu
(ropOuku). BuXiITHOI0O BEIHYMHOIO, SKa XapaKTepU3ye
edpextuBHicTh QyHkuionyBanHs CIIEMK 3a 3aganux nmo-
POXHIX YMOB, € yac Oe3nepepBHOro pyxy T3 10 MOBHOTO
3apsany Ab 3amaHoi eMHOCTi. MM MICTUTH psJl BEJIHYHH,
AKi TIOB’s3aHI MK CO0OH0 B PIBHIHHIX CKIIAJOBUX
CIIEMK.

MaremaTnyHa MoJe/b koausanb waci T3. Ilin
Yyac TMOJOJIAaHHS TPAHCIOPTHUM 3ac000M JTOPOXKHBOT Tie-
pEIIKOAM BiOYBAaOTHCS 3aTyXarodi BEPTHKAJIbHI KOJIH-
BaHHA maci T3, mpuuoMy 3aTyXarouuil XapakTep KOJH-
BaHb 3a0e3MeuyeThCcsi aMOPTU3aTOpPaMHU 1 pecopamu Liaci
T3. B 3aranpHOMYy BHUTNIAJIKYy 3 ypaxyBaHHSIM NPY>KHUX BIIACTUBOCTEH MIMH Koiic T3 KOMWBANBHY CHUCTEMY
raci moTpiOHO pO3TIAAATH SK JBOMACOBY KOJMBAIBbHY CUCTEMY, IO TTOKa3aHa Ha pHC. 2.

CucreMa piBHAHD KOJIMBAJIHHOTO pyXy maci T3 3 ogHuM (BEpTUKATLHUM) CTYTICHEM BUTBHOCTI PYXY €

dy, dy, dy j d’y (dy, dy j (dy dy j 1
Xy | D\ gy —y g fe m ey [ D\ gy g [ ey g s (1)
"= s(dt = (Yo=y)+ [ m, e "\ (V,=y )+ [ +h P (Y =2.)

ne mg,m,— BIANOBIHO MacH MiAPECOPEHoi 1 Hemiapecopenoi yactun T3; y,,y,,y, — BEPTHKaIbHI KOOpIUHA-
™ (nepemimenns) [IM, HIIM i npodins noporu; k ,k, — xoedirientn xopcrkocti I[IM i HIIM (xomeca);
b ,b, — xoedinientu nemndipypanns konusanb [IM i HIIM (koneca); f, — 30BHIIIHS cuia, SiKa BIJIMBAE Ha
KonmBalIbHUIA nponec. [1ix yac po3risiny BiTbHUX KOJMBAHb 30BHIIIHS MPHUKJIAaJEHa 10 IIaci Cujia JOPiBHIOE
Hymo f, =0. HeBignomumu (urykanumu) GyHKIisAMU B cucTeMi piBHAHb (1) € dynkuii y (1), y, (1), axi onu-
CyI0Th BepTHKanbHi nepeminienns [IM 1 HIIM, a dyskis y, (¢), 10 XapakTepusye 3MiHy npoQiaro 10poru
y 4aci, 33/1a€ThCs 3 ypaxyBaHHsIM JOPOKHIX YMOB i HIBUAKOCTI pyxy T3.

B psini BaKTMBUX BUMAJAKIB KOJIECO MOXKHA BBa)KaTH a0COJIOTHO JKOPCTKUM TiJIOM. Y TaKUX BHUIIa[I-
Kax TPAaEeKTOpis PyXy Kolleca IOBTOPIOE NPOQiIb JOPOTU i TOMy MOXHA BBaxary, mo y, =, . [Ipu mpomy
HEOOXiTHO PO3IIIsIaTH KOJIMBAHHS JIMIIE MigpecopeHoi Macu T3, a KOIMBaJIbHY CUCTEMY MOYKHA PO3TIISAATH
SIK OJJTHOMAcoOBY. Y TaKMX BHIIQJIKaxX cucTeMa piBHSIHb (1) Mae oxHe piBHSHHS

d’ d d’ d dy,
m S Derky =p Lriky abo  S242pLraly, =2pLrraly, Q)
dt dt dt dt dt dt
ne o, =4k, /m_ — 4acrora BnacHux konusasb IIM, B =0 /2m_— koedilieHT 3aTyXaHHs KOMMBaHb. SKiio
TICTIS POXOKEHHS TOPOKHBOT TIEPEIIKOIH, IKa BUKJIMKaIa BiaxuineHHs [IM Bij mOT0KeHHS piBHOBArm Ha
BennunHy H, Hagani T3 pyxaeTbest 1o piBHiii joposi (y, =01 dy, /dt =0), To piBHSHHS BiIbHEX 3aTyXato-
YUX KOJHMBaHb HAOYBa€ BUIY
d’ d
g iy, =0, (3)
dt dt
Po3B’s30k piBHsHHA (3) anst koopauHatu [IM 1 Bupas ajsl MIBHAKOCTI BEPTUKAIBHUX KOJMMBAHB SIK (QyHKIIT
94acy MalOTh HACTYITHUI BUTJIIS:

y.(t)=He™ sin(wt+9,), 4)
v(t)=dy,/dt =He™ [030 cos(®t +@, )—Psin( ¢ +(p0)] , ®)

ne ¢, =arctg(®, /) — nouyarkosa (aza KONUBaHb, KA BU3HAUYAETHCA 3 MOUaTKOBOI yMOBH v, (0)=0.
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®ynkuis npogimo noporn. KommBanas mraci T3 BingOyBaroThCs BHACHIIJOK HEPIBHOTO TMPOQLIIO
Joporu. XapaKTepHUCTUKH TPO(dUTI0 BU3HAYAIOTh aMILTITYy IMITYJIbCIB KOJIMBAHb, MPUIOMY KOXKHA HEpPiB-
HICTh JIOPOTH MOXE CIPUYUHATH CEPII0 KOJWBaHb, SKi 30YKYIOTHCS TTOCIHIIOBHO Yepe3 KOKHE KOJIeco pPi3-
HUX KoJIicHUX map. Big mBuakocti pyxy T3 3a/1e)KHUTh 4acTOTa iMITYJIBCIB, I IMITYJIECH MOXYTh TOCHITIOBA-
TH a00 MoCcIabIoBaTH KONMUBaIbHUI Tiporniec. OUeBHIHO, IO KiJBKICTh BapiaHTIB MPOQII0 JOPOTH Ta yMOB
pyxy no Hiii T3 € Han3BuvaiiHO Benukumy, i MonemoBanHs CIIEMK 3a BumagxoBuM npodisiemM Oporu €
MaJIoiH(QOPMATUBHUM, BAXKKO IMiIA€THCS y3aralbHEHHIO 1 TOMY € HEJOLIIbHUM.
3a/uis TPOBEICHHS ETEPMIHOBAHOTO aHalli3y KonuBaHb maci T3 BBememo ysaeanvheny ¢hyuxyiio
poQiIro TOporu 3 0OMEKEHOI KibKicTIo mapaMeTpiB. [Ipodinas moporn Mae MeTpudHy Mipy, alie I Jac
MoaemoBaHHs quHaMigHUX TporieciB CIIEMK moTpiOHOo 3amati GyHKITiF0 30ypeHHS KOJMBaHb Mmaci K ¢y-
HKIif0 gacy. Taka (QyHKIS mMoKa3aHa Ha pHUC. 3 1 CKIAMAEThCs 3 CYKYIMHOCTI MEPIOAUYHUX IMITYJIBCIB, SKi
MaroTh OJHAKOBY aMILTITYyly H 1 MOBTOPIOIOTHCS 3 MEPiOIOM
—t— — ty— T. IMnynbeH iMITYIOTH (OpPMY TEPEHIKOA Ha A0PO3i i MaroTh
¢dopmy Tpaneuii 3 KpyTuM (pPOHTOM, PHUUOMY BEpXHS CTO-
‘[ poHa Tparneuii gopiBHIOE ¢, (c), a HmxHA T - £, (C), A€ ¢, — 4ac
H (may3a) Mixk TBOMa CyMIKHUMH IMITyJIbCaMH. 3TiHO 3 TAKOIO
l tdynkuiero T3 momae kpyTuit migiioM BUCOTO H, 1O siIKOMY

—

T ™ PYXa€ThCsl NPOTATOM 4acy t;, TIOTIM CIyCKA€ThCA BHH3 (B

sy — = SIMKY), TIO SKili pyXaeThCsS MPOTATOM dHacy f, 1 Hajgam Iei

T " T ' nporec MepionYHO MOBTOprOEThes. Ll Bigpisku dacy

Puc. 3 NOB’s13aH1 3 JOBXHHOIO MEPEHIKoA i mBuAKicTio V pyxy T3:

t;=L)/V, t;=L,/V, ne L;,L, — NOBKWUHYU TOPOMKA 1 IMKH.

[HmMM BapiaHTOM 3aBIaHHS NPOQITI0 JOPOTH € CHHYCOITHUI MPodisk 3 nepenanoM Bucotd H i no-

BXKMHOIO XBHJII HepiBHOCTI L. HaliGinbIn OMM3BKUA 10 CHHYCOiTHOTO TPOQLII0 MAIOTh HADKIKEHI IPYHTOBI

nmoporu. BrcoTta HepiBHOCTI Ha MUX TOpOTax KOJIUBAEThCs B Mexkax 20 ... 200 MM, a JOBKHWHA XBUJII HEPiBHO-

cti — 0,5 ... 13,0 M. KoopanHara y, Takoro mpodiao TOPOTH B 3AJIEKHOCTI BiJl TOPU30HTATHLHOI KOOPIUHATH
X OIIUCYETHCSI BHPA30M

y.(x)=05Hsin(2nx/ L). (6)

MaTteMaTHYHA MOJeJb MEXaHiYHOI0 NePeTBOPIOBaYa 3BOPOTHO-NMOCTYNAJBLHOI0 PyXy B OJHO-
HanpasJ/ieHUii 00epToBHii pyX. MexaHIUHMI [TepeTBOPIOBaY NOCTYNAIBLHOTrO pyxy maci T3 B 01HO Hampas-
NeHnid o0epTanbHUN pyX poTopa enekrporerneparopa (MIIIIO) e nanBaximeuMm enementom CIIEMK, ocki-
JBKU caMme BiH “BimOupae” mexaHiuHy eHepriro Bix maci T3 mns moganeioro ii meperBopenHs. Ha puc. 4
CXeMaTHYHO 300pakeHo KiHematnuny cxemy MIIIIO, moOymoBaHOTO Ha OCHOBI XpaIltoBOTO MEXaHI3My, aHa-
i3 AKOi Ja€ 3MOTY BH3HAYWTH HOTO ONTHUMAaIbHI reoMeTpuyHi mapamerpu. CuctemMa koopauHat XY po3Ta-
IoBaHa Tak, 1o ii Bick 0X cmiBnamae 3 Biccro KoJicHoi mapu T3 B
CTaHI CIIOKOIO (32 BiJICYTHOCTiI KOJMBaHb miaci), a Bicb 0Y mpoxo-
) . IUTh depe3 KiHenp mToka CM, sikuii Mae JOBkUWHY [ 1 3’€IHYE
= : MIIIIO 3 HIIM. MIIIIO kpinutbes go [IM, npuyomy Bick LeHTpa

" \ obepranHns pykosaTka MIITIO 3mimieHa 1mo BiIHOIIEHHIO A0 CUCTEMHU
KOOpJAWMHAT Ha BEJIMYWHH X, i V. [1ig qac konmuBanp maci T3 mrok /
' 3MimryeTsess pazoMm 3 HIIM BigHocHO Toukn K 1ieHTpa oOepTaHHS
” PYKOSITKM Ha BEJIMYMHY Vs, IOBEPTAIOYM IIPU LIBOMY 32 JOIIOMOIO0
__ mapHipHUX 3’emHaHb pykosITky MK, ska mae pamiyc R, i BinOyBsa-
x  €ThCS IEPETBOPEHHs MOCTynanbHoro pyxy IIM B obGeproBuii pyx

BuxigHOTO Basry MIIIIO.
3ams 3amo0iraHHs 3MiHM HampsiMy OOepTaHHS BaIy y pasi
Puc. 4 nepemimeHas [IM B 3B0poTHOMY HaNpsIMKY B PYKOSITKY BOYJIOBaHO
XparoBUil MEXaHi3M, SIKHi INepeaae o0epTOBUH MOMEHT TUILKU B
OJTHOMY HampsAMKY. KyT ¢ BUMIprO€TBCSI MK MOTOUYHUM IOJIOKEHHAM PYKOSITKH 1 BEPTUKAIBHUM BiIpi3KOM
KP. Ha puc. 4 nmo3nadeHo takox: L(y;) — BiACTaHb BiJ LEHTPY OOEpTaHHS PYKOATKU 1O MICHs 3’ €JHAHHS
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mroka 3 HIIM, sika 3aJieUTh BiJl TIOTOYHOTO 3MIIICHHS J; xX,— MiHIMaJIbHA BiJICTaHb BiJl KPAHbOI TOYKHU
KPYToBOi TpaekTOpii 00epTaHHs PyKOATKH 10 oci Y. O4eBHaHO, WO X, = X, + R, IPHIOMY X. BUOMPAEThCS,
BUXONSYM 3 KOHCTPYKTHBHMX YHHHHKIB. 3TiIHO 3 3a3HAYCHOI CXEMOI0 3HAaXOIWMO: CTOPOHY
L= \/( Vo=V S +(x, +R)*; HaITiBIIEPUMETP 1 BHCOTY TPUKYTHHKA KMC p=(L+R+1)/2;

h=2\/p(p—L)(p—R)(p—l)/L; karer KL tpukyrthuka KML 1 —+R*-p* . Jlani 3Haxomumo KyT Biixu-

JIEHHS PYKOSTKH BiJl BEpTHKAIBHOI JTiHiT KP
— L
oy, )= {arccos (%} +arccos (?”H . (7

KyroBa mBuakicts odepranus BuxigHoro Bamy MIIIO Bu3Ha4YaeThCs MOXiAHOIO MO Yacy KyTa To-
BopoTy pykoaTku MIIIO w, (1)=dAe(t)/dt, ne Ap(t)=o(y,(t))—o(0). Sk Buano 3 popmymu (7) kyT A

3QJICKUTH BiJ] TEOMETPUIHUX TapaMmeTpiB R, [, yy, X., IO BUMArae iXHbOro ONTHMAIEHOTO BHOOPY 3 ypaxy-
BaHHSM TIepen0adyBaHOi aMILTITYIH BEepTUKATLHUX KoiuBaHb maci T3. KyTroBa mBHIKICTh 00€pTaHHS BTy
poTopa rereparopa 3 ypaxyBaHHSM HasBHOCTI MyJIbTHILTIKATOpA

o, (t)=w,(t)z,/z, =[dAe(t)/dt] -z, /z,, 8)

ne o, (t)o,,(t) — BXIIHAa Ta BUXIJJHA MUTTEBl KyTOBI IIBHJIKOCTI MYJIbTHILIIKATOPA; Z, ,Z, — KUIBKICTh

3yOLiB BUX1THOTO i BX1THOT'O KOJIiC MyJbTUILTIKaTOpa. Jlis XpanoBoro MexaHizMy IMoJisirae y TOMy, 10 BUXi-
JIHAa KyTOBa MIBUJKICTh 0OEpTaHHS Baly 30UIBIIYETHCS JIMIIE Yy Pa3i 3pOCTAHHS KyTa MOBOPOTY PYKOSTKH,
aJie 33 YMOBH, III0 BOHA IEPEBUIYE MIBUAKICTH, siKa Oyila OTpMMaHa IiJ Yac MONEepPEeJHbOr0 KOJIMBaHHA. B
IHITUX BUMAAKaX POTOP 3IIHCHIOE 3aTyXaro4yuii 00EpTOBUN PYyX Iij] BIUTMBOM TaJbMiBHOTO €JIEKTPOMArHiT-
HOTO MOMEHTY reHeparopa. lle BimoOpakaeThCsi HACTYITHIMH BUPA3aMH:

popyyna(8), axwo dAg(t)/ dt >0 i @, ~([My,dt)/ J >0 ©
(Dout(t) = i
iHakwe o, —(IMEMdt) /J

J€ Opax — MAKCUMaJIbHA KyTOBA 4aCTOTa 00€pPTaHHs, OTPUMAaHa POTOPOM IIiJl 4ac MONEPEAHBOrO KOIUBAHHS;
J — cymapHuil MOMEHT 1HepLIi poTOpa reHepaTropa, MyJIbTUILIIKATOPa 1 MEXaHIYHOIO IepeTBoproBada; M,

— TaJIbMIBHUH €JIEKTPOMArHiTHUI MOMEHT T'eHepaTopa.
MexaHiuHa eHepris, sKa MepeaacThCs Ha Bajl FeHepaTopa 3a OJHe KOJIMBaHHs 1aci T3, TopiBHIOE
Wiex =M gy Q. = Flypy RAQ,,,. » (10)

— MaKCHUMAaJIbHUI KyT IOBOPOTY PYKOATKH. SIKIIO BBakaTu, 0 cuia F

iy » K& THCHE Ha IUTOK,

'He A(pmax

3aJISKUTh JIMILE BiJl MacOBO-TIPYKHHUX XapakTepucTuk maci T3 1 He 3anexutsb Big mapametpis MIIIIO, To
HalO1IbIa EHEPris NEPEJAEThCS 33 MAKCHMYMa T€OMETPUYHOI XapaKTEPUCTUKU (RAQ), . -

MartemaTnyHa Mojaenb ejgekTporeHeparopa. Baxnusum enementom CIIEMK e enextporenepa-
top. Haiibinbm ontuManpauM THIIOM enekTporeHeparopa B ckiaai CIIEMK e tpudazanii cHHXpOHHMIA Te-
Hepatop 31 30ymKeHHsM Bif moctiiHuX MarHiTiB (CI'TIM). BukopucTanHs NOCTIiHUX MarHITIiB K pKeperna
MarHiTHOTO TIOTOKY € ONTUMAJBHIM PIICHHSM 3 YpaXyBaHHIM ocoOnmBocted Gpynkiionysanas CITEMK, a
TaKOX PAAY IHIIUX TIEpeBar reHepaTopiB TaKoro THITY (BIICYTHICTh €JIEKTPHUYHUX BTpPAT B POTOPi, BIACYT-
HICTb PyXOMOTO E€JIEKTPUYHOIO KOHTAKTY i iH.). MexaHiuHuit MoMeHT, mo npuBoauTs CI'TIM B obepranHs,
Mae 3MIHHHMH XapakTep, 1 TeHepaTop He Mae yCTAICHOTO PEXXHMY POOOTH — 3aBXKAM MPAIIOE B TIEPEXiAHUX
pexuMax 31 3MiHHOIO 4acTOTOIO oOepTaHHS Balxy. B cucTeMi KOOpAMHAT cTaTopa piBHSHHA (a3 0OMOTKH
cTaTopa i piBHAHHS PyXY pOTOpa 3alUCYIOTHCS B 3arajlbHOMY BUIJIA1

w, =i, R +d¥,[dt, (k=ab,c); J-do,, [d=M, ~M,-M,,, (11)

out

ne W, =Li +M,i+M i +‘PM, Y, =M, i +Li+M,i +‘P“b, Y. =M_i +M,i +Li +‘I’}M — IIOBHI Ma-

ba“a

THITHI TOTOKO3YeIUIeHHs (a3 oOMOTKM cratopa, [ ,[,,[, — BJacHi IHIYKTMBHOCTI (a3 craropa;

Mah :Mba’Maz‘ :M

ca’

‘M, =M ,— B3a€MHI IHIYKTHBHOCTI MiX (hasamu, ¥, ¥, ¥, — MarHiTHi NOTOKO3Yen-

neHHs a3 craTopa 3 MarHiTHUM IOTOKOM ITOCTIHHUX MarHiTiB; Rs — aKTUBHUH ormip ¢asu cratopa; J — Cy-
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MapHuii MomeHT inepuii potopa CI'TIM; A/~ — 30BHIIIHIA MEXaHIYHUH MOMEHT, SIKUH CHPUYHHSAE PYX PO-
TOpa reHeparopa, M, — TaibMiBHHi CICKTPOMATHITHHI MOMCHT, M, = — TalbMiBHHH MOMCHT, 00yMOBIIC-

Huil TepTaMm. Ha Biaminy Bin tpagumiinux CI'TIM muns rereparopa, mio mnpamroe B ckinani CIIEMK, He Bucy-
Ba€ThCsl BUMOTA IIOJI0 CHHYCHOTO PO3MOALTY MarHiTHOI iHAYKii y moBiTpstHOMY npoMikky. Tomy EPC i
CTPYMH CTaTopa He 000B’S3KOBO MAalOTh 3MIHIOBATHCS y Yaci 3a CHHYCOITHHUM 3aKOHOM, OCKIJIbKHA HaBaHTa-
skeaassM CI'TIM B ckmami CITEMK e Bunpsivisra 1 Hamani Ab. Kpurtepiem BuOopy mapameTpiB MOCTIHHHIX
MmarHitiB CI'TIM ¢ maxcumanvha éenuuuna ditouoco snauenuss EPC o0Motku craropa. B po6ori [8] mokasa-
HO, 1110 ontuMaiibHa ¢opma EPC Habnmxkena no TparneneinanbHoi. J[s Takoro BUNAAKY 32 YMOBH, IO YCI
(hasu craropa MarOTh OJHAKOBY IHAYKTUBHICTh, SIKa HE 3aJICKUTHh BiJI MOJIOKEHHS pOTOpa, (a3u craropa
3’eIHaHI B 3ipKy, cucTeMa piBHsAHB Y Gopmi Komri 3anmcyeThes Tak

di, [dt =—i,R +| 2u,, +u,, +¥ po,,(k,+k -2k, )]/ L, (12)
di, [dt =i, R, +[ 2u, ~u,, +¥, po,,(k, +k 2k, )]/ L, (13)
di[dt =—(di |dt+di,[dt), (14)

J-dw,, [dt =M, ~M, ~M,, . 0=[0,d, (15)
My, =" p(ik, +ik, +ik ), (16)

ne Ly — IHIyKTUBHICTH (pa3u 0OMOTKHU CTaTopa; ¥ — MAarHiTHUH MOTIK IMOCTIHHUX MAarHiTiB Ha OJIUH IOJIIOC,
n

SKHH BU3HAYA€ThCS 4epe3 po3paxyHoK marHitHoro mosst CITIM 3a momomoror mojiboBOi MareMaTH4HOI
mozeni [9]; 0 — kyT noBopoTy potopa; k,, ks, k. — 6e3po3mipHi KoediltieHTH, SKi BioOpakarOTh 3aJIeKHOCTI

EPC (a3 craropa Big kyTa 0, 3MiHIOIOTECS B Jlia-

158 na3oni (-1...1) i moka3ani Ha puc. 5.

(; BXifHOIO BETMYMHOIO TiJi 4ac KOPHCHOTO
) pyxy [IM BHH3 € 3amaHa QyHKLiS 4acTOTH 00ep-

(1) kb. TaHHs poTOpa , (1), AKa POPMYyEThCSA HA BUXOJI
14 mexanigHoro MIIIIO. IIpu mpoMy po3B’s3yrOThCS

15 ; muie piBHSHHEA (pa3 oOMoTKu cratopa (12) — (14)

(I] c 3a 3a1anid Qymkuii o, (7). Ilix yac 380poTHOrO

pyxy IIM Beepx MIIIIO i Bam reHeparopa
pO3’€MHYIOTBCA, 1 TEHEpaTOp 3MIMCHIOE 3aTyxaro-
YUl pyX MiJ Ji€l0 BIACHOTO €JIEKTPOMArHiTHOTO
MOMEHTY.

D |

0 120 240 360 480 600

Puc. 5

UmcenbHuii po3s’s130k cuctemu (12) — (16) BUKOHaHO 3 BUKOPUCTAaHHSIM 010Ky “‘Permanent Magnet
Synchronous Machine” B nporpami Matlab-Simulink, sixuii peanizye monens TpruhazHoi CHHXPOHHOT Malli-
HU 3 TIOCTITHIMH MarHiTaMu i TpanenienonioHot hopmoro EPC 00MOTKH sTKOpAL.

Bunpamnau. Enexrpuaanm HaBanTaxeHHsM CI'TIM e BukoHanwmit o cxemi “3ipka JlapioHoBa” He-
KepoBaHMH (Ha Ai0/1aX) BHIIPSIMILY, SIKUH peari3dyeTbes B porpami Matlab-Simulink cranmaptauM 610K0M
“Universal Bridge”.

AKymynamopua 6amapesn. Po3risgaeTbess MOJEb 3apsay JTIH-I0HHOTO aKyMyJIsATOpa, sKa peai-
3yeTbes B mporpami Matlab-Simulink crangaptanM 6:10koM “Battery”.

[IpencraBieHa KOMIUIEKCHA MaTeMaTUYHA MOJIENb OMHUCYE YCIO CYKYMHICTh ()i3WYHUX MPOLECIB Te-
perBopenns eHeprii B CIIEMK i peanizoBana B mporpami Matlab-Simulink.

Pe3yabTaTtu nociimxkensn. [lokazaukoM edextuBHOCTI pyHkmionyBanus CIIEMK e gac, moTpiOHui
JUTsl TIOBHOTO 3apsiyikanHs AbB 3aganoi eMHocTi. Lleii yac 3a1exuTh BijJl BEJIMKOI KUIBKOCTI MapaMeTpiB BY3-
JIB, IO BXOJATH J0 CKIaay KoiuBaibHOI crctemu miaci T3 i qo ckiany CIIEMK (MIIIIO, CI'TIM Tomo), a
TaKOX BiJl HAIBHUX JIOPOXKHIX YMOB — MPOQiTI0 JOPOTH, 1O sAKiit pyxaerses T3, 1 mBuakocTi pyxy T3.

Ha puc. 6 mokazaHo po3paxyHKOBI OCI[HJIOTPaMH, 1110 BigoOpaxatoTh ¢iznyni npomecu B CITEMK
Ha TpUKIaAl BaHTaxHoro T3, sKa Mae HacTymHI OCHOBHI mnapamerpu. [lapamerpu maci:
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m, =16000k2; m, =500ke; k, =1,2-10° 1/ m; k, =4-10° 1w/ m; b, =15-10° w-c/ m; b, =2,02-10° u-c / .
[Mapamerpu MIIIIO: R = 15 cMm, [ =16 cM, yy =14 cMm x. =1 cm. [lapamerpu CI'TIM: po3paxyHKOBa MOTYX-
HicTh 400 BT; urcno map momociB p = 5; Ry = 0,469 Owm; L, =0,00136 I'n; ¥ = 0,08 BO6. [lapamerpu miTiii-

ionHoi Ab: HomiHanbHa Hanpyra 12,8 B; emHicTs 5 A Toa.

Ha nmiBux rpadikax 3BepXy BHHU3 IPEACTaBICHO HACTYITHI YaCOBI 3aJIeKHOCTI: QyHKIis npodinro mo-
poru (T3 3 mepioguuHicTio B 2,2 ¢ gonae sMku riubuHor H = 0,1 M, mpudomy TpuBaiticTs pyxy 13 mo rop-
OmKy 1 SIMITI OTHAKOBA 1 CKIadae 1 c); BeMMunHA BepTUKATLHUX KomuBaHbp HIIM mraci (3 ypaxyBaHHSM KOpC-
TKOCTI MIIBICKH aMILTITy/1a KOJIuBaHb nopiBHioe 0,05 M); KyTOBa MIBUAKICTh O0OEPTaHHS POTOpa IT'eHEPaTopa;
CTpyM OOMOTKH cTaTopa reHepaTtopa. Ha mpaBux rpadikax 3BepXy BHHU3 MPEACTABICHO: TAIbMiBHUH €IEKT-
POMarHITHUA MOMEHT TeHepaTopa; BifcoTok eHeprii Ab; cTpym 3apskanns i Hanpyra Ab. 3 mpencrasie-
HUX JaHUX BHIHO, 1110 3a nepii 10 ¢ 3a 3aganoro pexumy pyxy T3 Ab 3apsmxaerscs Ha 0,41% Big moBHOT
€MHOCTI OaTapei, sika JOpiBHIOE 5 ATO.

M
H’ M . . . . . Ey, HM

0,08
0,06

0!
¥V, Mg
1,04(

=

0,04

@ put, pagic f T T i T T T - T 3 I;’LE, A
3[.: H - r - . - — o
20:
10

t,c

MonenroBaHHS MPOIECY MOJANBIIOTO 3apsKaHHS MT0Ka3allo, 0 Yac n06Ho20 3apsaxkanHa Ab em-
HicTIO 5 ATON HopiBHIOE 41 XBHIIMHY Oe3nepepBHOTO pyxy T3 B 3agaHuX TOpOKHIX yMoBaX. Yac 3apsimKkaH-
Hs Oarapei, sika Oyna pospskena 10 50% ii MakCUMaIbHOTO 3apsdy, cknagae 22...25 xsunuH. MM 103Bo-
JIsi€ OTPUMATH aHAIOTiYHI faHi 1 s Oynb-sakux iHmmx Ab.

EdexruBHicTs 3apsmkants Ab € HalOLTbIIO0, KO KomuBaHHS HIIM HaOmIKYIOTHCS 10 pe30HAHC-
Hux. [lokaszaHi Ha puc. 6 KOJIMBaHHS HE € PE30HAHCHUMH, 1110 301JIbIIYE Yac 3apspkanHs. Ha puc. 7 moka3aHo
TPU BUMAKU MPOQIITIO JOPOTH, 32 SKUX KOJIMBaHHSA 11aci T3 HaOIMKYIOTHCS IO Pe30HAHCHUX.

i FEH

h,m
0.08

0,04

0 I
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8 0 2 4 6 8 toc
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Puc. 7
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Ha puc. 7, a mokazano yHnkuii mpodisto qoporu i BeprukansHux konuBanb HIIM, komu nepiof xo-
JIMBaHb TOPiBHIOE 2,2 ¢ (K 1 Ha puc. 6), aje yac pyXxy 1o ropouky ckmiamgae 1,5 ¢, a B smii — 0,5 ¢. Y takomy
BUTIAJIKy HAIpsIM Jii iMIyNbciB BiOpo30yIKy0UO0T CHIIM Tij Yac MixiHoMy Ha TOpOMK 1 CIYCKy CHiBHagaroTh 3
MUTTEBHM HAIPSIMKOM KOJHBAIBbHOTO pyXxy 1IM miaci, mo miacniroe konuBabHUH nporiec. 3a 10 ¢ pyxy T3
o Takomy mpodimto Ab 3apsmxaerses Ha 0,5% Bix moBHOI eMHOCTI 6aTtapei, To6TO B 1,2 pasu mBuAIIe, HIX
B IOMEpeIHbOMY BUMaAKy. Ha puc. 7, 6 mokazaHo aHajoriuHi GpyHKIIi 32 TpUBAJIOCTI pyxy 1o ropouky 0,4 ¢
i B smii — 1,8 ¢. Bigcortok 3apsny Ab 3a 10 ¢ cknagae 0,58% (B 1,4 pa3u mBu/iIe, HiX Y BapiaHTi Ha puc. 6).

Ha puc. 7, ¢ moka3anuii BuUmamok, koiu mepion komusanb HITH 30imemyerses mo 3 ¢ (B 1,5 pasu
3MEHIIYEThCS YaCTOTa KOJMMBAIBHHUX IMIYJbCiB). | X0Ua KUIBKICTh IMIYJIBCIB CHIIM 3MEHIIYEThCS, e(hEeKTHB-
HICTb 3apsAKaHHs 3aJIMIIAETHCS TAKOIO XK, SIK 1 Y BUMAIKy Ha pHc. 6.

Pesynpratn mocmimKeHb 3acCBiTYHMIN, 110 BUOpaHI B TEBHHMN CrOCiO “OnTHManbHI” TapaMeTpu
CIIEMK MoXyTb 3a0e31medyBaTi HalOUIbITy eHeproeeKTHBHICTh CHCTEMH JIUIIIE 3a MIEBHUX YMOB pyxy T3
1 TOPOXHIX yMOB 1 He OyIyTh NOCTaTHHO €(PEKTHBHUMHU 32 1HIIMX YMOB, OCKIJIbKM NPU LOMY 3MiHIOIOTBCS
HE TUTBKH aMIUTITYH, ajie i XapakTep KonuBaHb maci. Tomy ontumizamis mapamerpis CIIEMK moxmuBa
nutie “y cepeIHpOMY’ 3 YpaXyBaHHIM THITY T3, BIpOTiTHUX YMOB HOTO PyXy 1 iHIIMX YHHHUKIB HOTO (hyHK-
nionyBaHHs. O4eBUAHO, IO MPEJCTABIICHI BUILE PE3yJIbTaTH € OLIHOYHUMH, OCKUILKU OJJHAKOBI YMOBH PyXy
T3 Ha npoTa3i TpuBasoro yacy € Manosiporinaumu. [IpoBeneni po3paxynku nokasanu, mo CIIEMK ue mo-
TpeOye 3HAYHHUX rabapuTiB JUIS CBOTO PO3MIIIEHHS 1 JIETKO BOYIOBY€EThCS B KOHCTpYKIito maci T3. dinan-
COBi BUTpaTH Ha cTBopeHHs 1 excrutyaraniro CIIEMK MokHa OIIHUTH JHIIEe B paMKax KOHKPETHHX MPOEK-
TiB. AJe ii OWiKyBaHa OI[iIHOYHA BapTicTh € HeBenukow, ockuibku CIIEMK ckiamaerbest 3 OCTaTHBO He-
CKJIIHUX BY3JIiB 1 KOMITOHEHTIB i € IIPOCTOI0 B OOCITyTOBYBAHHI.

BucnoBku. Hatikpamum cermentom T3 mis 3acrocyBanas CITEMK 3 meroro pexymneparii eneprii
MeXaHIYHMX KOJHMBaHb IIaci € BEIMKOBAHTAXHI 1 crienianbHi T3, M0 TPUBAIUI Yac pPyXaroThCs B CKIAHUX
JOPOXKHIX yMOBaxX 1 BTpayaroTh Ha MOJOJIaHHS JOPOKHIX MEPELIKo/] 3HAYHY YaCTHHY MaJluBa.

VYruepmre po3pobieHa i peamizoBaHa koMimiekcHa mMatemarnana monenb CITEMK ommcye yci B3ae-
MOIIOB’s13aH1 TporiecH pi3HOi Pi3MYHOT MPUPOH, IO BiIOYBAIOTHCS ITijl YaC IMTOETATHOTO TIEPETBOPEHHS eHe-
prii MexaHiYHUX KoJHMBaHb maci T3 B eNeKTpUuHy eHeprito 3apskenoi Ab, i 3a06e3neuye BuOip onTHUMab-
Hux napaMerpiB CIIEMK st Oynb-SKoro KOHKPETHOTO MPOEKTHOTO 3aBJaHHS. Pe3ynmpTaTh MpoBeIeHHX
OararoBapiantHux nociimkens CIIEMK 3a pizHux iMoBipHHX yMOB pyXy T3 mokazanu eheKTUBHICTh CHC-
TEMH 3 TOUYKH 30py MPUHHSATHHUX BUTpPAT yacy Ha 3apsmkaHHs ADB, a 3Ha4MTh 1 JOUINBHICTH BUKOPUCTAHHS
CIIEMK sk tomaTKoBOi CHCTEMH eNeKTPOXKUBIIEHHS Ha OopTy T3, 1m0 Hajae MepCcrleKTUBHICTh IXHIM MMoaa-
JIBITTAM pO3pO0KaM 1 BIIPOBAHKCHHSM.
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MODELING OF ENERGY CONVERSION PROCESSES IN THE SYSTEM VIBRATION ENERGY
RECOVERY OF VEHICLE CHASSIS
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The article presents a complex mathematical model of the energy recovery system for mechanical vibrations of vehicles
moving in difficult road conditions. Such a system is an auxiliary power supply system that enhances the functionality of
modern vehicles. The mathematical model takes into account the entire set of processes for converting the energy of
mechanical vibrations in the following sequence: mechanical energy of the reciprocating oscillatory motion of the vehi-
cle chassis - mechanical energy of the rotational motion of the electric generator shaft - electrical energy of the alter-
nating current of the generator - direct current electrical energy of the battery. The modes of operation of the system
are investigated, which provide efficient processes of charging the battery. For a specific example, data on the charging
time of a truck battery is given. References 9, figures 7.

Keywords: energy recovery system, vehicle chassis, permanent magnet synchronous generator, storage battery.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

VK 621.314 DOI: https://doi.org/10.15407/techned2021.04.044

OLIHKA EGEKTUBHOCTI BUKOPUCTAHHS CUCTEM HAKOIIMYEHHS
EJEKTPOEHEPTII B EJIEKTPUYHUX MEPEXKAX

0.B. Kupnaenxo*, akanemik HAH Ykpainu, [.B. BainoB**, 1okT. TexH. HayK,
€.B. Ilapyc***, kanua. TexH. HayK, L.B. Tpau**** kaHm. TexH. HayK
Incturyt eaexrpoannamiku HAH Ykpainu,
np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail: iedl @ied.org.ua

Posenanymo eapianmu 3acmocysanus cucmem Hakonuuenus enekmpoenepeii (CHE) 6 enexmpuunux Mmepedicax.
Dopmanizosano 3a2anbHull nioxio 00 eupiwenus 3a0a4 egexmuenoco suxopucmanns CHE 6 enrexmpuunux mepesicax.
3anpononosano mamemamuyni mooeni OYiHKU IXHbOI eeKkmueHocmi BUKOPUCTNAHHA A BUSHAYEHHSA ONMUMATbLHOL
KOH@i2ypayii, 30Kpema 3 Memow pe2ynt08aHHs PedCUMI6 elleKmpuuHux mepedxc. Pozenanymo pobomy enekmpuyHoi
Mmepedici 3 npueonaroro epynoto 3 womupvbox CHE. 3a 6az06y moodens obpano cmandapmuy mecmogy IEEE 33-ey3nosy
mepedcy 12,6 kB. 3anpononosano yinbosy gynkyiro, wo sidobpasicae 6uzo0dy 6io écmanosienns CHE ma ckradaemocs
3 piunoi eapmocmi Kynieni/npodadcy erexkmpuunoi enepeii CHE, piunoi éapmocmi 6i0 3MeHULeHHs AKMUGHUX 6MpPam 6
enekmpuynitl mepedici 3a paxynox pooomu CHE ma eionogionux insecmuyiunux sumpam. Haeedeno pesynomamu
ONMUMI3AYTUHUX PO3PAXYHKIE 3 GUKOPUCMAHHIM 3aNpONOHOBAHOT Yinb080l (YyHKYII ma 6UKOHAHO NOPIGHANbHUL AHANI3
OMPUMAHUX Pe3YIbMami6 8 4acmuni ckiadosux Qyuxyii sueoou suxopucmanns CHE 3a ymosu ycynenHs 8i0XuieHs
DiBHI6 Hanpy2u 8 OKpeMUx 8y31ax eleKMpUYHOi Mepedci 8i0 HOpMOBaHUX 3Havenb. bioim. 33, puc. 2, Tabm. 2.

Kntouosi cnoea: cucrema 30epiraHHs eJIEKTPOCHEPril, PHHOK ENEKTPUYHOI EHeprii, OmTWMi3allis, BiIHOBIIOBaHI
JDKepelia eHepril, eJIeKTPHUIHI MEepexKi.

Beryn. CroroaHi B YKpaiHi COCTEpIraeThesi CTPIMKHA PO3BUTOK Ta BIIPOBA/KCHHS BITHOBIIOBAHIX
mokepen eneprii (BJIE), 30kpeMa COHSAYHMX Ta BITPOBUX CICKTPUYHMX CTaHLil [1-3]. Pa3om i3 mo3uTHBHUMU
prcamH, MEpII 3a BCE TAKMMH, SIK 3MEHIUICHHS IIKIUIMBUX BUKHUAIB y atMocdepy [4, 5] Ta 3amydeHHs
IHBECTUIIl y el CEeKTOp eHepreTuku, 3pocTaHHs wactku BJIE B 3aranpHOMy Oamanci 00’eqHaHOl
enexkrpoenepretnyHoi cucreMu (OEC) YkpaiHu CTBOpIOE PU3UKM TMOpYLICHHS OanaHCOBOi HaIilHOCTI
€HEProCUCTEMH, OCKIJIBKH eJEeKTPOCTaHLii, 1o mnpauooTs Ha BJIE, MaioTh HerapaHTOBaHUM, 3MiHHHH
rpadik reaepyBanHs enekTpudaHoi eneprii (EE) sk Bpoaosk mo0H, Tak i 3HAYHI CE30HHI KOJIMBAHHS 0OCSTIB
BupoOHunTBa [6]. Ilomanemie 3pocranus uyactku BJIE B Oamanci OEC VYkpaiuu [7] HemoxiuBe 0e3
301IbLICHHS] OOCSTiB NMEPBUHHOTO, BTOPUHHOTO PETYJIOBaHHS YAaCTOTH Ta MOTY>KHOCTI, 8 TaKOX pe3epBY
3aMIIeHHAS B eHeprocucTeMi [8].

3a]u1s peryiroBaHHS YaCTOTH 3a3BUYall BAKOPHCTOBYIOTH I'iIPOCIIEKTPOCTAHIIIT, 00CST pe3epBiB SKHX
B YKpaiHi € oOMexxeHnM, a Takox Temiosi enekTpoctanuii (TEC), ski 3a Takux yMOB MalOTh MpaLioBaTH 3
3a1macoM TMOTY>KHOCTI JiJIsl TIOKPHUTTS KoduBaHb noryxHocti BJIE. 36inemenns gactku BJIE Ta TenpeHtis
MaKCHUMaJIbHOTO BHUKOpHCTaHHS TOTy»xHocTi BJIE 3a paxyHok 30imbmeHHs 3amacy mortyxHocTi TEC
HETaTHBHO BIUIMBAE€ Ha €(QEKTHBHICTh BUKOPHCTAHHA OCTAaHHIX, a TaKOX 3MEHIIY€ MO3WTHBHI TEHACHII
nekapOoHi3allil eHepreTuky B 3B’s3Ky 31 30iunbimeHHsAM BUKUAIB CO,. InmmMm acnextom BBy BJIE € e,
IO JIJIS BiATATY>KEHb 31 CTA0OKUMH 3B’ sI3KaMH 3 JDKEPESIOM KUBJICHHS 3HaYHA iH’ €KITis MOTyXHOCTI Bix BJIE
B CepellvHI Ta B KiHIIl TaKUX JiHIHA MPU3BOIUTH A0 moTipimeHHs sikocti EE, 30kpema, 3HaueHHS Hanpyru y
By3JIaX MOXKE BIAXWISTHCS BiJ Jiana3oHy HOMIHAIBHUX 3HA4YeHb HANpyTd, a caMe MiHIMaJIbHUX Ta
MaKCHUMaJIbHUX, 30KpeMa B PEXKHUMI MAKCUMAJIbHUX HABAaHTaKEHb ENEKTPUIHUX Mepex (EM).

Kpim Toro HHM3bKa TOUHICTH mporHo3ysanHs Biamycky EE 3 B/IE [9] mpu3BoauThs 10 30iNbIIEHHS
o0csriB HeOanaHCiB Ha OaNaHCYIOUOMY PHUHKY, 301JIbIIy€E BapTICTh TAaKUX HeOaaHCIB, a 1€, B CBOIO Yepry, 110
30inbireHHs miH Ha EE B onToBiit yacTuHI puHKY Ta 3MeHIIEeHHs ekcriopTHOro noreHtiary OEC Ykpainu i
T IBUTIIEHHS I[IHN Y KiHIIEBOTO criokuBada [10].
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TakuM dYHHOM, CBOTONIHI aKTyallbHOK 33/1adei0 € 3alpOBa/DKCHHS HOBHUX MEXaHI3MiB, fKi
3a0e3nevyBaTUMYTh cTaOlIbHICTE pobotn OEC Ykpainu 3a yMoBH mojansiioro po3sutky BJIE.

OnHuM 3 HaOLIBII TEPCIIEKTUBHUX HANPSMKIB peryntoBaHHs pexkumiB EM Ta rpagiky Binmycky EE
3 BJIE, mo HabyBae MMpPOKOTro PO3MOBCIOKEHHS B CBiTi, € BIIpoBakeHHs cuctem HakonuieHHs EE (CHE)
[11-13]. Kpim Toro BmpoBamkenas CHE [14] mae 3mory BupinryBatw iHII 3amadi, OB s3aHi 13 HagaHHAM
JIOTIOMDKHUX TOCITYT 3 PEryJIIOBaHHs HampyrH [15], a TakoX peryitoBaHHS YaCTOTU B €JICKTPOCHEPTeTUYHIH
CHCTEMI, III0 CTal0Th BCe OUIBII HAralbHUMHM Y 3B’SI3KY 13 BIIpoBaXKeHHsM HoBoro puHKY EE B YkpaiHi [16,
17], mepcnekTHB HOTO MOAAIBIIOI IHTETpamii M0 €BPOMEUCHKMX pPHHKIB [18], CTBOpEHHS BipTyalbHUX
enektpoctaniiii [19] ra pyHkuionyBanHns po3apionoro punky EE [20].

BoueBuap, choromHi OcHOBHa mepemikoga a0 MacmrTabHoro BrnpoBamkeHHs CHE B enexrpo-
EHepreTUYHNX CHUCTeMax IOB’sf3aHa 3 BUCOKOK BapTICTIO TakuX cucteM. lIpore ocTtaHHe necaTupidus
CITOCTEPITAETHCS CTiMKa TEHICHINSA IO 3HMKEHHS iXHBOI BapTocTi. Tak 3 2010 mo 2018 pik mina va CHE
smentmnacs 3 2160 g0 176 $ CIIA 3a 1 kBt* roxa. [21], a 10 2025 poky NpOrHO3Y€EThCs MaMiHHI IIHU 10 94
$ CHIA nHa okpemi Bumu CHE. Bxe 3apa3 BBakaeThcsi KOMepIliiiHO BuriguuMm 3actocyBanns CHE 3amis
OaylaHCyBaHHS PEXKWUMIB Ha CHUCTEMHHX TIIJICTAaHINISIX Ta BHpiBHIOBaHHA TpadikiB Bimmycky EE 3 BJIE.
Monaneure 3menmennast Baprocti CHE mpusBoanTrMe 10 pO3MIMPEHHS Koja 3a/1adv, BUPILMICHHS SKUX 3a
noriomororo CHE cTae komepiiliHO BUT1IHUM.

CpOoroiHi TIPOTIOHYIOTHCS Pi3HI MaTeMaTHYHI MOJeNi 3aujis pO3B’SA3aHHS OKpEeMHUX 3alad
Bukopuctanus CHE [11, 12, 14]. [Ipore BiICYTHICTh €IMHOTO MiTXOAY IO PO3B’SA3aHHS 3a1ayi OI[IHKU
BBy CHE Ha pexuMu pob0TH elneKTpOeHEePreTHYHHX CHCTEM YHEMOXKJIMBIIIOE aJCKBaTHY IOPIBHSIIBHY
OI[IHKY IHBECTHIIHHOT MPUBAOIUBOCTI PI3HUX MPOEKTHUX PIllIEHb.

MeToo cTaTTi € popmaizaltis MOCTAaHOBKY 3a1adi omiHKH edekty Bin Bukopuctands CHE B EM sk
B y3araJlHEeHOMY BUIJIS[I, TaK 1 3a JeTraizaiii pilleHHS KOHKPETHUX 3a7ad KOHTpoio pexuMmiB EM, a
TaKOX OMKC PO3pOOJICHUX MaTeMaTHYHUX MOJENeil Ha OCHOBI BUKOHAHOI (hopMai3allii Ta miaTBepKeHHS
iXHBOI Mpane3TaTHOCTI 3 BUKOPUCTAHHAM PETPOCTIEKTUBHUX JaHUX.

Orasan icuyrouux MetoaiB. Posmmpenss BnpoBamkeHHs CHE moB’s3anHo 3 psgoM ocoOnmBOCTe
po3sutky EM [22]. Vinerscs npo 36insmenns yactku BJIE 3 piskumu konmuBaHHAMHU obcsriB Binmycky EE,
3pOCTaHHSIM BUMOT J0 PEKUMIB €IEKTPOCIIOKUBaHHS Ta cTpiMKuM 3MeHIeHHsM BapTocti CHE. IlepeBakna
OUTBILICTD 3aIIPOIIOHOBAHMX PIIIEHb OpPi€EHTOBaHA Ha onTuMizaulito pexxuMiB EM 3 Bukopuctannsm CHE sk
3ac00y YHUKHEHHS PEKOHCTPYKIii cUcTeMu nepeaadi abo posnoniny EE B KOMIUIEKCI 3 iHIIUMU TEXHIYHUMU
pilleHHsAMH, a TakoX 3abe3mneucHHs OamaHCyBaHHS 0OcsTiB BHpOOHWITBA 1 crokuBaHHA EE B ymoBax
00MeKeHOT IPOITyCKHOT cripoMoskHOCTI EM [23].

Hampuxian, B [24] 3anpomoHoBaHO B posnoautbHuX EM 31 3HauHoo yacTkor BJIE
BukopucroByBat CHE 3aans miaTpuMaHHS Hampyru B HOPMOBaHOMY JHiama3oHi. B mocmimkenHi [25] sk
MITEOBY (DYHKITIFO 3aIIPOITOHOBAHO BUKOPHUCTOBYBATH BTpPaTH aKTHBHOI MOTYKHOCTI B EM, a B [26] minnoBa
¢yHkuis Bu3Havyae TpuBaiicts pesepByBanHs EE CHE 3 ypaxyBaHHAM 0OMeXeHOT BEJIMUMHU HAKOTTUYCHHS
EE B CHE. IlinBuieHHss HamilHOCTI €IEKTPONOCTAYaHHS CII0KHBAYiB MOKJIAJCHO B OCHOBY METOIUKH,
3arporoHoBaHol B [27], Ae BUKOHY€ETbCs MiHiMizamis HenoBinnycky EE (moxazauk ENS). Bimomi Takox
nmocrmimkerds BBy CHE Ha munamiuny crifikicts eHeprocuctemu [13]. Ilpukiamx GaratoxputepiadbHOT
orntuMizanii QyHkuii 3aranpHoi BaprocTi EM HaBeaeno B [28], ne mokazano sk CHE BmiuBaioTh Ha
3MEHIIICHHsI TIKOBMX HaBaHTa)XeHb Ta MOKpaieHHs napametpiB sikocti EE. B [29] 3amponoHoBaHO MeTox
BU3HAYCHHS ONTHMANBHUX Micilb i emHOcTi CHE 3amms 3a0esreueHHS ONTUMAIBHOTO PO3IMOALTY
MOTYKHOCTEH y (ifiepax Ta 301IbIIEHHS POITyCKHOT clipoMokHOCTI EM.

Sk BHIOHO, 3ampONOHOBaHI METOAW CIPSIMOBAHO HAa BHUPIIICHHS OKPEMHX PEKUMHUX UM TEXHIKO-
€KOHOMIYHHMX IMPOoOJIeM Ta IPHB’SI3YIOThCA N0 iCHYIOYHX TexHojoriyaux moxxiauBoctedt CHE. Ilomampmne
sHmkeHHs Baprocti CHE Ta po3mmpeHHs iXHIX (YHKIIOHAILHHUX MOXXJIMBOCTEH MpH3BEne I0 MOTpedu y
CTBOPEHHI HOBHX METOIIB MOLIYKYy ONTHUMajbHUX pimeHs Bukopuctanus CHE. [lpu upomy HaBeneni
KpUTepii €KOHOMIYHOI e(eKTUBHOCTI BigHECEHO a0 (yHKmioHyBaHHA EM Ta He BimoOpaxkaroTh piBeHBb
IHBECTHIIIITHOT TPUBAOIMBOCTI 3aIPOTIOHOBAHUX PIIICHb.

ABTOpaMH 3aIllpoONIOHOBaHO pO3B’s3yBaTH 3amady BcTaHosieHHs CHE muisixom BBemeHHS LUILOBOT
(dhynkmii makcumizamii Buroau Bin BukopuctanHs CHE sk 3aco6iB perymoBanns pexumi EM. [Ipu npomy
HaJaHl TTOCITYTH 3 PETYIIOBAHHS BH3HAYAIOTHCS TPYITOI0 0OMEKEHb Y BUTJISAAI PIBHOCTEH Ta HEPIBHOCTEH ITifT
yac OMUCY MaTeMaTU4YHOI Mojem pexxuMy EM. Takwuii mifxin gae 3MOry CTBOPUTH ONTHUMI3AIidHI MOJEII,
SIK1 JIeTKO MOIUGIKYIOThCS y pa3i po3mupeHHs Gyakuid CHE nusixom BBeAEHHS HOBUX Py 0OMEKEHb.
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Mopens ouinkn exonomiuHoi edextuBHocti CHE. 3a minmboBy ¢yHKIIO B y3aralbHEHOMY
BUTIIAAI 00paHO MaKCHMi3allil0 BHTOIU BiJ HaJaHHS MOCIYr 3 peryiitoBaHHs pexumie EM 3a paxyHOk
sukopuctanus CHE B() — max [2].

Cucrema oOMexeHb PIBHOCTEH Ta HEPIBHOCTEW (QPOPMYETHCS 3 HACTYIHUX TPYIL: MOZACIH PEXKUMY
EM, piBenp iHBecTuIliitaux Butpatr y BrupoBamkerHs CHE, texmomoriuni oomexenns CHE. Posrmsaemo
ORI AeTaLHO MPUHIMIH (HOPMATEHOTO ONKMCY KOXKHOT 13 BKa3aHUX CKIIaJJOBUX.

Monens pexxumy EM TpaauiiiftHO MOAA€THCS Y BUTIISAI PiBHSIHD OallaHCY CTPYMIB Y By3JaxX, a TaK0XK
0o0OMeXeHb Ha PiBHI Hampyr y OHX By3jJaxX i 3HAYEeHb CTPYMIB Yy TiIKax 3acTymHOi cxemu EM. Ockibku
OCHOBHI TexHiuHI xapaktepuctuku CHE BusHauatoThest obcsiramu HakonuueHoi EE, monens pexxumy EM
OlpII JOLINBHO onKcyBaTu Yepe3 noToku EE, 3HaYeHHS SKUX BU3HAYAIOTHCS aKTHBHOIO MOTY KHicTIO. Tomi
Mozenb pexxumy EM 3 N By3mamu Ta J AUISHKaMU TIOJJaBAaTHMETHCS Y BUTIISAII

> B, =0VneN
len

umv <y® <U™vneN, (1)
Pj(P) < Pj(maX)\v/j cJ

ne Pi, — MOTYXHICTb, IO MEPEIAEThCS Yepe3 HpUIerii 10 Bys3ia n aimsHkd; U, ,imm), um™ u ,(lp )

n
i 3 - s P(p) p(maX)
BIAMNOBIAHO MIHIMAJIbHC, MAaKCUMAJIBHC Ta PO3PAXYHKOBC 3HAUCHHA HAIPYIru y BY3Jl 7] f) f

BIZIITOBITHO PO3pPaxyHKOBE Ta MAaKCHMaJIbHE 3HAUCHHS MTOTYKHOCTI Ha JUTSHIT /.

Hasenena nminiiina Moaens EM nae 3mory jerko ominuty BiinB CHE Ha pexum. 3a nmotpeOu Taka
MOJIeIb MOXE OYTH PO3IIUPEHAa 3aJIC)KHOCTSIMH TOTY>KHOCTI BiJi HAPYrH Ta PEaKTUBHUMHU CKIIAJOBUMHU
pexxumy EM, 1m0 03BOJHTE OB TOYHO PO3PaxOBYBATH PEXKHUMHI MapaMeTpH, ajie CYTTEBO 30UTBIINTH
o0csAru 00YNCIIeHb.

InBectumiiina cknagoa CHE BpaxoBye 3arpatm Ha 3akymiBmio Ta BctaHoBieHHs CHE B EM. ¥V
HANTIPOCTINIOMY BUNAIKy BCTAHOBIIEHHS OJJHOTO HAKOMMYyBada 3 BiJIOMO0 eMHicTIO W'y 3ananiit Touni EM
3HAYCHHS IHBECTHIIIIHOI CKJIaIOBOI Ha PO3PaxXyHKOBUI TIEPiOJ 9acy /1 BU3HAYAETHCS SIK

iHB CI
Ch :?4' Sh’ [8],

h
ne CI — kamitanoBknagenas B CHE; K;, — KimbKiCTh pO3paxyHKOBHX TEpiONiB MPOTATOM HOPMATHBHOTO
crpoky ekcmuryatarii CHE; S;, — mpuBenmeHi 10 po3paxyHKOBOTO mepioay BUTpaTH Ha oociyroByBanas CHE.
3a Takol MOCTAHOBKH 3a/1ayi iHBECTHIlIIiHA CKJIaJI0Ba MOJAETHCS y IIIBOBIA (YHKIT 3 BiJ’ €eMHUM
3HakoM (—C,) SIK KpuTepii, 301bIIeHHs] 3HAYCHHs SIKOTO 3MEHIIY€E 1HBECTUILIHHY MPHUBAOIUBICTD MPOEKTY.
HaBenena wHaifripocTinia MoAens iHBECTHINIIHOT CKIAOBOI 1a€ 3MOTY OIIIHUTH JOUIIbHICTH BUKOPUCTAHHS
pecypcie CHE st HamaHHs omepaTopy CHCTEMH Iiepeadi MOCIyr 3 PeryJiloBaHHS 4YacTOTH 1 aKTUBHOI
MOTY)KHOCTI 3 YypaxXyBaHHSIM TEXHOJOTiUHUX oOMexeHb EM. Ilpore mnepeBakHa OUIBIIICTH 3amay
BukopuctanHs CHE moB’si3yeTncs 3 onTuMizaliiero KiTbKOCTI Ta MiCI[b BCTAHOBJICHHSI HAKOTTMYYBAYiB 321715
perymoBaHHA pexxuMiB EM. Y nbomMy BUTIQAKY JUIS 71 TIEPCTIEKTUBHAX MICIIh BCTAHOBJICEHHS! HAKOTIMYYBAadiB,
10 € 3MIHHOI B 3aja4i ONTHMi3allil BU3HAYAEThCS EMHICTh HAaKONMYyBaya V,, a IHBECTHUIlIHA CKJIaJ0oBa
PO3paxOBYETHCS 5K
- (%)
G =2 ClKiwh(V ) |- 2

m h

m

ne CI(V,), Siy(V,) — 3aJIexKHOCTI BIAMOBIIHO CyMH KalliTAJIOBKJIAJCHb Ta BHTPAT HAa OOCIYTOBYBaHHS Bill
€MHOCT] HAKOTMIyBada y m-My MiCIli BCTAHOBJICHHS.

3ai1s OLIHOYHUX PO3PAaXYHKIB Taki 3aJIe)KHOCTI MOJAOThCS Y BHUIJISI allPOKCUMOBAHMX JIHIHHUX
xapakTepucTuK. Lle mae 3Mory BHKOPHUCTOBYBATH Uil ONTUMI3allil CHMIUIEKC-METON YH HOTO CydacHi
noxigui. [lim dYac mpoBemeHHS TPOEKTYBaHHA 3 KOHKPETHHUM TIEPENiKOM HAKONMUYyBadiB TaKi
XapaKTePUCTUKHU TOAAIOTHCS TUCKPETHUM PAIOM, a AJIS MPOBEICHHS ONTHMI3allii 3aCTOCOBYIOTHCS METOIU
JUCKPETHO-TIHIHHOTO IPOrpaMyBaHHS.

J10 TEXHOJIOTIYHUX XapaKTePUCTUK HaKOMUIyBadiB, sk ckiaanoBux CHE, BimHocaTecs: emHicth CHE

V (max) : Pmax : Pmax
(CHE) > MaKCHUMaJIbHa IMOTYXHICTE 3apsaKaHHA (ap) ? MaKCHUMaJIbHa IOTYXHICTE PO3PAIKAHHA (p03) ?
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TexHousoriudi BTpatd EE BianoBigHO B pexxumax 3apsykaHHsA AP(,p), po3psivkaHHsA AP, Ta 30epiraHHs
AP 5¢p) EE.

Cnin 3ayBaxutu, mo Oinpmicte BUpoOHHMKIB CHE Bkasyiores BTpatn EE uepe3 Bennumny
koe(ilieHTy KOpHCHOI fii K MOBHOTO LUKITY 3apsaa/pospsaa. Ilix yac mpoBeeHHs OLIHOYHUX PO3PaXyHKiB
Il XapaKTEPUCTHKHU 33aIal0ThCS alPOKCHMOBAHUMH JTIHIMHUMH 3aJICKHOCTSIMHE, a TIPH pO3po0Ili MPOSKTHUX
pilleHb — YHCIOBUMH psiiaMu. TEXHOJIOTIYHI XapaKTepPUCTHKH HAKOMUYyBayiB BHKOPHUCTOBYIOTBCS SIK
CKJIaJ0Bi 0aJaHCiB OTYKHOCTEH Ta 0OMEKEHHS B MOJIEJISIX MOCIYT 3 PEryIoBaHHs pexxumiB EM.

Tak B K0’k€H MOMEHT 4acy / OTYKHICTb 3apaay P(wp)t Ta po3psAny f}pw) , EE oOMexkeHi 3HaUEHHAMU
< max
Foapye < Foa)

P < Pmax .

(po3)t — = (po3)

HaBenena cucrema HepiBHOCTEH BUKOPHUCTOBYETHCS B MOJEISAX, IIO BU3HAYAIOTh HAJAHHSA MOCIYT 3
perymntoBanss yactotu B OEC Vkpainu. B OinbIIOCTI IHIIMX MOAENCH Mij 4ac OIIHI[ HaJaHHS MOCIYT 3
perymoBaHHA pexXuMiB EM momycTiMo BHKOPHCTOBYBAaTH NPUIYIICHHS MIOAO PIBHOMIPHOTO TMPOTSATOM
po3paxyHkoBoi romuHu A 3apsaay/po3psgy CHE. Ilim gac mMomenroBaHHSA ITMKIY 3apsiy/po3psll MPOTITOM
PO3paxyHKOBOI 100M TOTOYHHM 0oOcsar HakonmuueHoli EE BH3HAYaeThCs SK PI3HUISA MK MOTOJIUHHHUMH

obcsramu 3apany Vapys 1 PO3pAY Vposys BIZI HOUATKy PO3PAXyHKOBOI 10OH 10 TOJUHH /i
Vh(36) — Zh:(l/;(wp) _ V;(p03) ) )
1=0

[Ipu 1mbOMY, BHUXOIAYH 3 TPHUHITUITY PIBHOCTI OaJlaHCy MIDK 3apsIoM Ta pPO3PSIOM B MekKax
ontuMizamii 1000BOrO IHUKIY, BPAXOBYEThCS, IO 3apsij 3MIMCHIOETHCS Yy HIUHI TOAMHM Ha IOYATKY
PO3paxyHKOBOi OOM Ta B OCTaHHIO TOAWHY J00H. B po3paxyHKaxX MPHITyCKAETHCA, IO 3apsl OCTAaHHBOI
TOIWHU J00W OYB 3MIMCHEHHH Y TIOTIEpeaHIO 100y Imepes po3paxyHKOBOIO J000T0.

Koedimient kopucHoi aii HakonmayBaya CHE 3a po3paxyHKOBY rofIiHy BpaXxOBYEThCS OOMEKECHHSIM

TUITy PIBHOCT1: V(Pos)h = V(sap)h o A])(%lp)h - AP(P(B)h a A])(365P)h ’
Jnst cydacHHX JIITIEBUX HAKONMMWYyBadiB B Mexkax A000Boi onrumizamii pexxumie EM nomyctumo

HEXTyBaTH BTpaTamu mij dac 30epiranas EE i momaBatn 0OMeKeHHS y BUTIISII: V(

=Ky V.

Mogaeai mocayr CHE. PosrnsHemMo aeski OCHOBHI BUAM MOCIYT 3 peryjioBaHHs pexxumiB EM Tta
0coOnMMBOCTI PopMyBaHHS IUTBOBOI (YHKINI Aisi BU3HA4YeHHs ontuManbHoi koH(pirypamii CHE B mmx
Mepexax, ne miag koHgirypamiero CHE po3yMieTbest KUTBKICTB, €MHICTH Ta MICIISI BCTAHOBJICHHS OKPEMHUX
HakonuuyBauiB. B ocHoBi Bcix mocnyr CHE 3 perymoBanns pexxumie EM 3akmageHo posaiieHi y yaci
IpOoLIECH 3apsiay Ta po3psdy HakonudyyBadiB. OCKUIBKM B OpraHi3oBaHMX cerMeHTax puHKy EE VYkpainu
TaKuX SK PUHOK «Ha mo0y Hamepena» (P/IH) ta OGamancyrouwmit punok (bP) [2, 19, 20] 3miiicHIoeThCS
NOTOAMHHUIA 001K KyniBii/mponaxy EE Ta nmoroguHHe HapaxyBaHHS IUIATEXKIB 3a MOCTYTH OallaHCYBaHHS i
JonyuieHi Hebanancu Ha BP, To 6a30Bo10 (popMyInoro 111 OLIIHKK MOCTYT OallaHCYyBaHHS € CyMapHHI OaixaHc
BapTOCTI KyIIiBIi/ipoaaxy moronuHHuX oocsriB EE 3a mo0y

C'(DK/H) = z (I/(pos)h ’ C}(:HPOH) - Ksap)h ’ Ch(KyH) ) 2 [8]’

heD

po3)h 3ap)h *

ge C™P C™" _ yinm Binmosizso npomaxy i xymisii EE y cermenti P/{H um BapTicTh BimOBimHHX

nocayr OajgaHcyBaHHS y cerMeHTi BP Ha roauHy nocradanus /.

Axmo CHE B cermenti BP mpoTsrom po3paxyHKOBOI roJluHN Hajae ocayru 3 OamancyBanHs EE,
TO PO3paxyHKOBUM IIEpioZIOM y IIbOMY pIBHAHHI 3amaeTbcsa Bu3HadeHa llpaBunamu punky EE opununig
peanbHOTO 4Yacy 15 xBunuH. 3HaueHHS OanaHC BapTOCTEW KyMiBII/Mpoaaxy mnoroauHHux ooOcsriB EE,
3MIACHEHUX MiA 4Yac HaJaHHS TOCIyrH OajaHCyBaHHS y cerMeHTi BP, 3a 1moOy BHKOpHCTOBYE€TBbCA SK
KpUTepiit onruMizamii minkoBoi GyHKIii. Y mporeci pimeHHs 3agad BHOOpPY ONTHUMalbHOI KOHpIryparii
CHE (a came BHOOpY €MHOCTI HAKOTHMYyBadiB Ta MiCIhb iXHBOTO BCTAHOBJICHHS) OOCSTH 3apsDKaHHS 1
PO3pSIKaHHS 3aBXIOM € 3MIHHAMH y 3ajJadl ONTHMi3alii. Y CHpOILIEHMX OLIHOYHHX pO3paxyHKax Ta
PO3paxyHKax 3 BUKOPUCTAHHSIM PETPOCHEKTHBHUX JAaHMX MOXYTh BUKOPHCTOBYBAaTHCS BH3HAYEHI Mig 4ac
MTOCTAHOBKH 3aJ71a9i 0OCSTH 3apsIy/po3psry HAKOTTHMIyBadiB.

3anaua Bubopy ontuManbHoi koHQirypanii CHE Buxmouno ans xymieni/mponaxy EE y cermenTi
P/IH matuMe HacTynHY HUTLOBY (YHKIIIO:
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Cg‘/”) - CSB —> max, [2],

iHB

e C];HB — MpHBEJICHA 0 PO3paxyHKOBOT 100U iHBecTulliiHa cknanosa CHE, CgB =24.C,

BcranoBnenns ontumanbHoi koH(pirypauii CHE 3 meroro HamanHsa mocnyr 3 OanaHCyBaHHSA 0OCATIB
BupoOHunTBa/coxkuBanHs EE y cermenti BP mpoBoauThesi yepe3 BUKOPUCTAHHS aHAJOTIYHOI WibOBOI
dyHKIil. Y 1IbOMYy BUNAAKY BU3HAYEHHS OOCSTIB 3apsAmy/po3psmay SK 3MIHHAX ONTHMI3alii Jae 3MOTry
BU3HAUYUTH MaKCUMaJIbHO JOMycTUMI il KoHKpeTHOi EM emHocTi HakonmuyBadyis CHE

Vim = max (V,,,,¥h e D)

(3ap)h
Ta MOTEHIIHy BUTOAY Bil HaJaHHS TaKOl IIOCIYTH.
Onrtumizanist emHocti CHE nnst Hamanas mociyr y cermenti bP Mae mepenbauatu HasiBHICTB

pe3epBy «Ha 3apsim» V(gi)z). Tomy, sikmo nociryra 6anancyBaHHs y cermeHTi bP HamaeTbes momaTkoBo 10

IHIIUX BWAIB TOCIYT, TO B pO3paxyHKoBi cxemi EM y TepCleKTHBHUX MiICLSX BCTaHOBJICHHS
HaKOIMYyBayiB BU3HAUAIOTHCS OKPEMO €MHICTh A ydacTi Ha BP Ta eMHicTh Ans iHIIMX BUAIB MOCITYT

GanancyBaHHs PEXKUMIB Ta 10]aTKOBi oOMesxenns pibHocTi: Vin = Vqn) + V.

LinboBa QyHKLiA y HEOMY BUIIANIKY
C(PHH) + C(EP) _ CiHB N 2
D D D max, [&],

ne Cg’HH) — BapricTh Kymnisni/mponaxy EE y cermenti P/IH 3a po3spaxynkoBy nody D; ngp) — BUTOJa Bix

yuacTi y cermenTi bP 3a po3paxynkoBy no0y D.

Pimenns Takoi 3amavi qae 3MOry BHU3HAYMTH ONTHMaNbHHU posmonin pecypciB CHE mns pizHux
MOCITYT PETYIOBaHHA pekuMiB EM 3 ypaxyBaHHSM TEXHOJIOTIYHMX OOMEXEHb y Il Mepexi. SIkimro
nependaueHa 000B’s13koBa yuactb okpemoro CHE y cermenti BP i3 ¢ikcoBanumu oOcsiramu pe3epByBaHHS
eMHOCTI Kgp, TO 1O CHCTeMH OOMEXEHb [UIsI KOXKHOTO TEPCICKTUBHOIO MICISI BCTAHOBJICHHS

. . BP .
HAKONMYYBa4iB  JIOJATKOBO  BCTAHOBJIIOETHCS  BiJHOIICHHS: V((CH;:) :K(EP) V((C":g)) . AHanoriyHo

PO3B’sI3yrOThCA 3a1adi pesepByBaHHs emHOCTI CHE mnst mocnyr 3 perymroBanHs wactotu B OEC Ykpainu ta
y9acTi Ha pUHKY JOMTOMDKHHX TTOCITYT.

3auisl OLIHKYM TEPCIIEKTHB HAJaHHS MOCIYTH 3MEHIIECHHS BTPAT MOTYKHOCTI B MOJIENb YCTaJICHOTO
pexumy EM 101aTKOBO BBOJATBCA PO3PAaXyHKH BTPAT aKTHUBHOI MOTY:KHOCTI AP; 1y KOXKHOI AUISHKH j.
Buroga Bin HagaHHS 1i€l MOCTYTH OLIHIOETHCS BAPTICTIO 3MEHILCHUX BTPAT MOTYXXHOCTI 3a pO3PaxyHKOBUI
nepiox. s po3paxyHKoBoi 1o06u D

e - k1, Y[ X (a8 - am9)- 0 |, g

heD \_jeJ
ne KT,, — xoedillieHT, IKUM BpaxoBYeTbCs Tapudikamis MOCIyrd 3MeHIIeHHs BTpaT B EM; 3a BincyTHOCTI
HOPMATHBHOI 0a3W 3 HaJaHHS TOCITYT peryioBaHHS pekuMmiB EM mim dac MpoBeACHHS OIIHOYHUX
i i KT,,=1; AP i Ha AinmsHL h nns 6
PO3paxyHKiB IpUHAMAEMO ap=1; AF,” — BTpaTd NOTYXHOCTI Ha JUISHIL j y TOXMHY 7 1yist 6a30BOrO

pexumy 6e3 CHE; APh(S.HE) — BTpaTd MOTYXXHOCTI Ha JinsHLI j y roguny A mis EM 3 CHE; C,EMH)

Bapricth EE y cermenti P/IH s roguam mocradanas A.

3amns 3MEHIIEHHS OOCSTIB OOYMCICHh BTpATH TIOTYXKHOCTI y 0OasoBiii cxemi 0e3 CHE cmig
po3paxyBaTh OKpEMO, 1 B 3a/1a4i ONTHUMI3allii BAKOPHCTOBYBATH BXKE PO3pPaxOBaHi BEJIMYUHU. 32 BIICYTHOCTI
notpebu B pe3epByBanHi emMHocTi CHE st yuacti Ha BP 1 puHKY TOMOMIXHHMX MOCHYT LijiboBa QyHKIIsI B
ontumizamii koHpiryparii CHE 3 maganHs mociyrm 3MEHINIEHHS BTpPAT aKTHBHOI TMOTYXHOCTI MaTHME
BUTJISIT

_ ~(PIOH) (AP) e

B=C,""+Cy' -C)" > max, [2] (2)

VY3aranbHeHO 1IbOBY (GYHKI[I0 onTuMizallii koHgirypamii CHE mis HamaHHS BCIX ONMUCAHHMX BHIIE
TOCITYT

(

(max) __ 17 (PAH) (BP) (PAI)
V(CHE) =Vnr) T V(CHE) + V(CHE)

(PZIH) (PZIH) (AP) (bP) (bP) (PZIIT) (PUIT) ing (77 (max)
G (V(CHE) ) +Cp + G (V(CHE) ) +Cp (VCHE) )_ Cp (V(CHE) ) — max 2]
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Cg’IlH) (V(g){l;)) — cKJIazoBa BUTOAM Bin KymiBhi/mpoxaxy EE y cermenti P/IH 3a ymoBu onmrtumizarii

o0csriB pesepBy emHocti CHE (3MiHHOT onTHMi3alii) ((CIfE)) ISt 1i€i QyHKLIT; CI()AP) — CKJIaJI0Ba BUTOJU

; i 8 EM: C(ET’) V(EP) :
BL HaJaHHA MMOCIYTr'M 3MCHIICHHS BTPAT MOTY>KHOCT1 B > Cp (CHE) ) — CKJIaaOBa BUI'OJW Bl HaJaHHS

nociuyru OanaHcyBaHHs y cerMeHTi BP 3a ymoBu onrumizauii o6csriB pesepBy emHocti CHE (3minHOT

(BP) , C(PIIH) (V(P)m)

ONTUMI3alliT) «Ha 3aps» VCHE) ; (CHE) ) — CKJIaJ0Ba BUTOJIU BiJ HaJaHHS TOCTyTH OajaHCYBaHHS y

CErMEeHTI OTIOMIKHUX ITOCIYT 32 YMOBH onTuMi3zallii o0csriB pe3epBy emHocti CHE (3MinHOI onrTuMizartii)

«HA 3apAm» V((Cpﬁg), cyr (V(gr}'fgi) — IIpHBEIEHi M0 pO3PaxyHKOBOi HOOM BHTpATH Ha 3aKyMiBIIO 1

BcraHoBlieHHI CHE 3 moBHOIO €MHICTIO V(gfé;

IMpukgax po3paxyHkiB. Po3ristHeMO NMpHKIIA] OMIHKH €KOHOMIYHOTO e€(eKTy BiJl BUKOPHCTAHHS
CHE y 6anancyrouiit rpyni ais cnoxusauiB EE B Mexxax onniei posnoaineaoi EM. B mexax Ganancyrodoi
TPYIH PO3B’SI3YIOThCA HACTYITHI OCHOBHI 3a]1a4i:

— omrmMmizallis BUTpaT Ha 3akymiBmio EE y cermenti PIH 3amms mokputts moOoBux rpadikiB

. . PIH
HaBaHTAKEHHS CIIOXKHUBAYiB Ta 3apsany HakonuyyBadiB CHE Cz() A,

— BU3HAUCHHS ONTHMAJIBHHX TIOTOMWHHUX TpadikiB 3apsay/po3psmy CHE mnporsrom nobu 3
ypaxyBaHHSM cucTeMH oOMexeHb (1) B 4acTHHI BiIXWIEHHS PiBHIB Hampyr y By3JaxX BiJ HOMiHaJbHHX
3HAYCHb | MAKCUMAJIBHO JIOITyCTUMUX 3HAYCHb ITOTY>KHOCTI IO TUISTHKaM JIiHIT 3aJU1s1 3aTaJIbHOTO 3MEHIIICHHS

B . C(AP)
Tpar nmoTyxHocti Cp~ 7 ;

— oOrpyHTyBaHHs iHBeCTHLiMHUX BuTpar Ha HakonudyBaui EE y cknani CHE Cp™ ; ueil mokasHuk

3aJIe)KHUTh BiJl CYMapHOI EMHOCTI HAKOTIMYYBAUiB Ta 3MIHIOETHCS Y IPOIIECI ONTUMI3aIli.

B po3ristHyTOMy TpHKIIaAi BBKAETHCA, IO 33]a4y BUOOPY KLUTBKOCTI HAKOIMYYBadiB Ta ONTHMAIbHUX
MiCIlb IXHBOTO BCTaHOBJICHHSI BKE BHpilIeHO. ToMy omTumizanisi 3MiHCHIOETECS BHKIIOYHO B YacTHHI BHOOPY
OIITUMAJIFHOI EMHOCTI T2 ONTUMANTBHUX rpadikis 3apsay/po3psany CHE.

LimsoBa (YHKINAT B TONIYKYy ONTHMAJIBHOTO PINICHHS HaBEISHWX 3amad cmiBmamgae 3 (2) i3
NPUBEACHUMH JI0 PO3PaxXyHKOBOI T0OM D KpUTepisMH ONTHMIi3allii 32 YMOBU JOTPUMAHHS TEXHOJOTIYHUX
YMOB 32 PSKUMHUMH napamerpamu (1) Ha KOKHY TOUHY /i Li€l To0H

B=Cy" +Cp" - Cp* — max

By =0VneN
(miri)E ) () (max) ’ [2].
Vhe DU, SUn(h) <U,™VneN

® < pmax)\
PP SPj(h) VieJ

3MIHHUMHA MUTEOBOT (DYHKIII B i 9ac pilIeHHs IMOCTaBJICHOI 37a4i € TMOTYXHICTh HAKOMTUIyBadiB

%

(3ap)h,m >
OOMeXXEeHHS IJTS1 3MIHHUX TTOJA€THCA Y POPMi CHCTEMH HEPIBHOCTEH

BCTaHOBIEeHUX B M By3nax EM.

h
(max) — 1=
VO 23" (Vi = Vo ) V=124 |Vme M .
t=1
CymapHa emMHicTh HakonuayBauiB y ckiani CHE mis po3paxyHKiB iHBECTHIIHHOI CKIIaI0OBOT BUTPAT
BHU3HAYAETHCS OOMEXEHHSM THITY PiBHOCTI

(max) (max)
(CHE) z VEM) ’

meM
Po3paxyHkn BUKOHAaHO Ha TpuKkimani cranmaptHoi 33-BysnoBoi EM (puc. 1, a) [30], cymapHna
aKTHWBHA TOTY)XHICTh HaBaHTaxeHb ckiana 3,715 MBT, peaktuBHa motyxHicTh 2,3 MBAp, HOMiHambHA
uHarpyra EM 12,6 kB. CymapHe HaBaHTa)keHH EM 1151 TECTOBOI CXeMHU KOJTUBAETHCS y BigHOmeHHAX: 0,6 —
B PEXXHMMi MiHIMaJIbHUX HaBaHTaXeHb; 1,0 — B pexHMi HOMIHAJIbHUX HABAaHTAXKEHB; 1,4 — B PEKUMI MIKOBUX
HaBaHTKEHb BiJl HOMiHaNbHOTO 3HaueHHs. [loroamHHi 1iHM B cermenti PJ/IH, mo BukopucTaHi mij ydac
po3paxyHKiB, HaBeleHO Ha puc. 1, 6. Po3paxyHku ycraneHux pexuMiB EM BHKOHAHO y MakeTi mporpam
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Pandapower, 3aams makcumizamii 1inboBO1 (hyHKINT BUKOpHCTaHO MoaudikoBaHUi MeTton Xyra-/[xkwuBca 3
obomexxeHHsMH [31]. TIpakTuyHi po3paxyHKH MPOBEIEHO 3 BUKOPUCTAHHIM MareMaTHYHOro nakety Octave.
BPaxoOBYBAJIUCh 3T1IHO
cragnapty EN 50160-2014 [32]. IlepcriektuBHI By3mu BcraHoBieHHs OnokiB CHE Bu3HaueHO Ha OCHOBI
ekcrepTHoi omiHku: 6, 16, 23 Ta 30. Koedinient kopucnoi nii CHE npuiinaTo Ha piBHiI K.4=0.88. Llina 1
kB1'ron HakommuyBaua mpuiiasta Ha piBHi 1208 CIHIA [33] 3a kypcom rpH./$=27,0, a piuHa BapTicTh
excrtyatauii CHE S,=0. Ctpox okynHocti inBectuniii y BctanoineHHs CHE cranoButs 12 pokis. 3aransHa
BapTicTh iHBecTHUIIIN ckiana 18887,90 tuc. rpH., piuHa Ta m0060Ba BapTicTh BimmoBigHo 1574,00 tuc. TpH. Ta

OOMeKeHHS moao SIKOCTI Hampyru, a came HOMIHANBHUX 3HAYEHb Halpyru,

4,312 THc. TpH.

18 19 20 21

1800

1600
B 1400
.I... 1200
+ 1200
5 1000
- o
g, BoD

e TaTal

Puc. 1

R R R R R B

L]-

1ac. rogd

o

3a pe3ynbTaTaMy ONTHMI3allii BU3HAUYECHO IMOTYXKHICTh Ta OOCSTH HAaKONMWYIYBadiB y KOHTPOJBLHUX
By371ax Ui po6oTu Ha mpoTsasi 8 roauH: Vicuge= 158,4-8 = 1267,2 xBr-rox; Vicugae= 71,3*8 = 570,4
kBt rox; Vicnges= 332,7-8 = 2661,6 kBT rox; V(cug)3o= 166,38 = 9330,4 kB1°'roa; cymapHa MOTYXKHICTb
CHE cknana 728,7xBt; cymapHa Hakonu4eHa eHepris 3a 8 Tol. Vicug)sum= 728,7-8= 5829,6 kBT rox.

OTpumMaHy 3a pe3yibTaTaMy ONTUMI3aIii Hiarpamy aktuBHUX pexkuMmiB CHE mokasano Ha puc. 2.

/ \

Cymapue
HaeanTaxeHHa, MBT

Pexaman CHE —#— Mepewxa bes CHE

7 1R

Mepema z CHE

Puc. 2
[opisusuus BmmuBy CHE Ha okpemi xapakTepucTuky pesxkuMmy EM 3BeneHo y Taba. 1.
Taoauns 1
XapakTepucTuka lNogunn lNogunn TlNogunn CymapHo
sapsay CHE | 06e3 CHE | pospsnmy CHE | 3a mo0y
Brparu motyxHocti B EM, kBt 111,28 202,0 347,48
3 EJ Brpatu EE B EM, kBt roa. 890,2 1616.0 2779,8 5286,1
R O| Bigxunerns miniMansHoi HanpyrH, B.0. | Uy/Ugoy 0,939 0,885
Ne By3na 17 32
Brparu motyxHocti B EM, kBt 0,1518 202,0 276,6
E Brparu EE B EM, kBT ro. 12144 1616.0 22134 5043,8
g Binxunenns miniManbHoi Hanpyry, B.0. | Ugp/Uyoy 0,930 0,903
Ne By3ma 32 17

Haseneni y Tabn.1 nani mokasytots, mo sukopuctanas CHE npussoguts no 3mennienns Brpart EE B
EM 3a po3paxynkoBy mo0y Ha 242,88 kBT roz.
Pesynbraru po3paxyHky 3aranbHoi Burogu ukopuctanis CHE npencrasieno y Tadn.2
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Taoaunsa 2

Cxema Butparu Ha 3akymnismo EE, tuc. rpH. Bapricts inBectuuiii, | Cyma Bp,
Ha nokpurts Ha nokpurts CymapHo C;m , THC. TPH THC. TPH
HABaHTAKCHHS, Cg’JIH) BTpAT, CZAP) CI()PHH) + CI()AP)

bes CHE 109,63 9,18 118,81 0,00 118,81

3 CHE 106,30 7,50 113,80 4,312 118,11

Burona, AB 3,33 1,68 5,01 -4,31 0,70

3a pesyibratamMu po3paxyHKiB (Ta0n. 2) Burona Bix imBectuuii B CHE ckmana 16.3% Ha pik npu
TEepPMiHI OKyITHOCTI iHBecTHIlii 12 pokiB. [IpuBeneHa n0 po3paxyHKOBOI 0O BUTOMA Bp Bil BUKOPHUCTAHHS
CHE cxnagae 255,5 tuc. rpH. Ha pik exciutyaranii CHE 3a Baptocti inBecTuuiit 1574,245 tuc. rpH. Ha pik. Sk
BUJIHO 3 HaBEIICHUX pe3yJbTaTiB ontuMiszauii, Bukopuctands CHE mae 3Mory oTpuMaTH eKOHOMIUHY BHTOAY
Ta YCYHYTH HEAOIMYCTUMI BiIXHWJICHHS BiJ HOPMOBAaHUX 3HAu€Hb PiBHI HANPYT B OKpeMux By3nax EM. Kpim
TOTO, 3a0e3MmeuyeThes cyMapHe 3a 100y 3MeHmenHs BTpar EE, xoua BUroga B oMy BHIIAJIKy € HE3HAYHOIO 1
HEJIOCTaTHBOIO ISl MOKPHUTTS iHBeCcTHHiH 3a 1M KpuTepieM. Tomy ontumizauito Brpat EE B EM cnig
pO3TIIAIaTH K JoAaTKoBUil edekT Bix Bukopuctanus CHE, a He sk 0CHOBY €eKOHOMIYHOT TisTTHHOCTI.

BucHoBku. 3a pe3yabTaTaMu AOCHTIKSHb BU3HAUCHO MOTPeOy (opMaltizailii 3araibHUX MiX0dIB 10
BUpilIeHHS 3aaa4 edexktuBHOro BukopuctaHHs CHE B enexkTpuuyHux Mepexax YKpaiHH 3 OIJsAy Ha pi3Hi
MOXJIMBOCT] iXHBOI'O 3aCTOCYBaHHsS. 3allPpONIOHOBAHO PO3B’s3yBard 3agady ouiHku edexruBHocTi CHE Ha
OCHOBI (hyHKIII MakcuMizamii BUTOMW Bif ii BUKOpHCTaHHsS. P03po0ieHO MiTbOBY (PYHKIIIO Ta CHCTEMH
OOMEXeHb IUIsl pO3B’S3aHHS TMOCTABICHHUX 3a/1a4. 3alpolOHOBAHO YHI(IKOBaHWH MiIXill 0 PO3B’S3aHHS
pizHux 3amad BukopuctanHs CHE mumsxoM posmmpeHHs 1inboBOi (yHKIT BIAMOBIAHUMU KpuTepismu. B
MeXaX BHKOPHUCTAaHHS 3alPOTIOHOBAHOTO TIIAXOAY pO3pOOJEHO MaTeMaTW4dHI MOJeni omnTuMizaril
koH(pirypauii CHE 3 Meroro ouiHku Buromu Bin BcraHoBieHHS rpynu CHE Ta yTpumaHHS peXKUMHHX
napameTpiB y Jlianma3oHax AOMYyCTUMHUX 3HaueHb Hanpyrd EM. [panesaaTHicTs po3po0i1eHnX MaTeMaTUIHUX
MoJeNnel MiATBepIKeHa LUIAXOM BUKOHAaHHS PO3PaxyHKiB Ha TECTOBIM cxemi 3 BHUKOPUCTAHHIM
PETPOCIEKTHBHUX JaHUX (YHKIIOHYBaHHS pUHKY «Ha g00y Hamepem» Ykpainu. BukopucranHs
3aMponoOHOBaHUX (OpMalli30BaHUX MOJIeNIeH Ta iXHil MoJaNbIINi PO3BUTOK JO3BOJIUTH PO3B’A3yBaTH 3ajadi
MOPIBHSUIBHOT OLIIHKH e(heKTUBHOCTI pi3HUX crocobiB BukoprctanHs CHE B enexTpuyHmx Mepexax.

Pobomy eukxonano 3a paxynox rowmie 0100xcemnoi memu «Haykoeo-mexuiuyni 3acadu po3eumxy ma
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EVALUATION OF EFFICIENCY OF USE OF ENERGY STORAGE SYSTEM IN ELECTRIC NETWORKS
0.V. Kyrylenko, 1.V. Blinov, Ye.V. Parus, L.V. Trach

Institute of Electrodynamics of the NAS of Ukraine,

Peremohy av, 56, Kyiv, 03057, Ukraine, e-mail: iedl@ied.org.ua

Ways for the use of energy storage systems (ESS) in electrical networks are considered. The formalization of the
general approach to solving the problems of efficient use of ESS in electrical networks is performed. The article shows
the mathematical models for evaluating the effectiveness of using ESS and determination of the ESS optimal
configuration, including regulation modes of electric networks. The operation of the electrical network with an
connected group of four ESS is considered. The standard IEEE 33-node 12.6 kV network was used as a base model. A
new target function has been proposed. This function is based on the benefit of installing the ESS and consists of the
annual cost of buying / selling electricity by ESS, the annual cost of reducing active losses in the electricity grid due to
the operation of the ESS and the corresponding investment costs. The results of optimization calculations using the
proposed objective function are given. A comparative analysis of the obtained results was performed. The estimation of
the components of the function of the benefit of using ESS under the condition of elimination of deviations of voltage
levels in separate nodes of the electric network from the normalized values is performed. References 33, figures 2,
tables 2.

Keywords: energy storage system, electricity market, optimization, renewable energy sources, electricity networks.
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For electrical networks with voltage of 6-35 kV with a compensated, isolated or resistor-grounded neutral, a phase-to-
ground protection has been developed, in which, based on the results of the time-frequency wavelet transform of zero-
sequence currents, voltages and their derivatives, using the obtained analytical expression, the total reactive power
wavelet for different frequencies is determined. It is shown that at the initial moment of a phase-to-ground fault on the
damaged feeder the power is always positive, and on the undamaged feeder it is negative, regardless of the operating
mode of the neutral. Wavelet transform coefficients are found by convolution of discrete values of measured signals
with sine-cosine signals of the Morlet mother function. The time-reversed sequence of these signals is obtained using a
matrix for which the rules for its formation are stated. An excess of the zero phase sequence voltage amplitude of the set
value is used as a starting protection element. With the help of a mathematical model of the network, studies of the
behavior of protection in case of blind and arc phase-to-ground faults at various degrees of compensation of capacitive
currents, at various voltage values at the moment of the short circuit have been carried out. In all modes, a reliable
protection operation is obtained, the sensitivity of which is an order of magnitude higher than the protection based on
Fourier transforms. Positive results of testing a protection sample implemented on a microprocessor-based element
base at a laboratory stand are obtained. References 20, figures 7, tables 2.

Key words: electrical network, current, voltage, zero phase sequence, wavelet transform, reactive power, protection
against phase-to-ground faults.

The relevance of the problem and its connection with applied problems. Electric networks with
voltage of 6 — 35 kV, operating with a compensated or isolated neutral of the network, are taken as the basis
for power supply systems of industrial enterprises, cities, and the auxiliary needs of power plants. Taking
into account the large length and widespread prevalence of such networks, the problem of protecting
networks against the most common insulation damage — a single-phase-to-ground fault is urgent. A
significant part of ground faults are transient and short-term processes accompanied by an electric arc. In
such cases, steady-state current and mains voltage ground-fault protection devices are not able to operate
correctly. We also note that the use of a Petersen coil to compensate the capacitive ground fault current
complicates the operation of protection devices, since it significantly reduces the single-phase ground fault
current in the steady state. In addition, the phase of the current in relation to the voltage depends on the
degree of compensation of the capacitive current by the reactor, which makes it difficult implementation of
selective protection.

Review of publications and disadvantages of known solutions. The problem of analyzing
transients in networks with ungrounded neutral in order to create an effective algorithm for protection against
unstable ground faults is being actively studied in Europe and around the world [1-3]. In particular, in [3],
the aperiodic component of the transient of a single-phase-to-ground fault is investigated and its influence on
the operation of known methods of protection against such faults is analyzed; the EMTP code is used to
simulate the network. Much attention is paid to the features of mathematical modeling of an electric arc at
the site of damage and methods of detecting and classifying damage, here the MATLAB-SIMULINK code is
used to model the network [4]. The PSCAD code is also widely used. The work [5] explores the possibility
of using voltages and currents not only of zero, but also of negative sequence to identify single-phase-to-
ground faults. In [6], an attempt was made to obtain additional information on the ground fault due to a
significant (up to 1 Msample per second) increase in the signal sampling frequency. Mathematical models of
electrical networks including models of relay protection devices are investigated [7]. The search for optimal
parameters of mathematical methods for processing signals from primary current and voltage sensors is
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underway [7, 8, 9]. Methods for identifying single-phase-to-ground faults are being developed and the
sensitivity of such methods is analyzed in conditions of high resistances at the fault point [9]. It is also
known about the use of a logical algorithm for making decisions based on the results of comparing the
coefficients obtained as a result of wavelet transforms (WT) [10]. The WT is used to analyze transient
processes in distribution networks with a resonantly grounded neutral [11], as well as in electric power
systems [12-14]. As a rule, the scale of electric power systems does not allow to draw a clear boundary
between the transient and steady-state mode [15, 16], which results in the application of the WT in cases
where there is no complete certainty that there is no transient process at the moment. However, the WT
mechanism by itself does not guarantee the desired result. For this reason, active research on transient
processes and the development of protection methods using WT algorithms are still ongoing, and the search
for the optimal base (kernel, mother) WT function is underway [17, 18]. The selection of frequency
components can be carried out using both WT and classical digital filters [19, 20]. Numerous attempts have
been made to use various methods based on artificial neural networks (ANNSs) to protect against single-
phase-to-ground faults, however, in our opinion, the possibilities of simpler approaches have not been
exhausted, among which the most attractive is the analysis and use of components of different frequencies in
currents 310 and voltages 3u0 of zero phase sequence.

Problem definition and the goal of the work. To develop protection against single-phase-to-ground
faults (SGF) of directional action for electrical networks with isolated or compensated neutral. The protection
should be based on the WT of zero phase sequence voltages and currents arising from phase-to-ground faults
during the discharge and recharge of the network capacities. To do this, it is necessary to obtain: analytical
expressions for identifying higher harmonic components in currents, voltages and their derivatives with the help
of WT; expressions for using this information in protection of directional action; to develop and investigate a
microprocessor-based version of the implementation of the obtained analytical expressions.

Main material and the results obtained. The study of transients at single-phase-to-ground faults
and their analysis for the development of principles for constructing protection is carried out using a
mathematical model of the electrical network, a description of which is given in [7]. Consider a typical
transformer substation for a 6 kV power supply system (Fig. 1), which consists of 110/6 kV step-down
power transformer T1, busbars of the first sections BB-1, from which three cable lines F1-F3 are powered,
each of which has zero phase sequence current transformers TAO. Measuring voltage transformers VTO, are
connected to the busbars. Phase-to-ground faults protection relay (R1-R3) are connected to the secondary
circuits of TAO and VTO. The neutral of the network is grounded through a reactor (Petersen coil) (PC) with
a resonant inductance (L.s) of 0.16 H, and the capacitances of the phases to the ground of the feeders
connected to this section are 1, 9 and 12 pF, respectively. The total capacitive current of the section at the
SGF is 72 A. The mathematical model of the network is based on the differential equations of the network
elements, the solution of which, in order to increase the numerical stability, is carried out by implicit

BB-1 |
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F, F2 F VO "
) \4 T
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Fig. 1
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methods with a calculation step of 0.5 ms. The calculation results are presented in relative units with the
basic ones: for voltage Ub= \/5 -6000/ \/gz 4900V, for current Ib= \/5 g = \/5 -72=101,8 A, for
power Qb=Ub-1b=0,5 MVA .

The proposed in this work protection method is based on the use of time-frequency dependencies of
harmonic components in currents i=3i, and voltages u=3u, of zero phase sequence and in their orthogonal
components, which are derivatives pi, pu, (p=d/dt). Determination of the latter is carried out by numerical
differentiation of the initial currents and voltages arising in the transient process during SGF. For this, for
example, when using three instantaneous values of current (voltage), formula (1) is used, in which 4 is the
calculation step, and w=314 s (hereinafter, the calculation step is the same as the integration step of the
differential equations of the mathematical model, we will denote it as 4, the sampling period of the ADC of
the protection device is also assumed to be equal 4):

d 1
px =E(x) = EGX” —4x,_, +x,,). (1)

The nature of the transient in the case of the SGF, as can be seen from Fig. 1, is non-stationary and
largely depends on the instantaneous value of the voltage at the damaged phase at the moment of the
occurrence of the SGF. In this case, the free components have the highest intensity of change at u=u,,x, and
the lowest one at u=u,,;;,=0. It follows from Fig. 2 that in the case of the SGF, the derivatives also have an
intense character of change.

o P As is known [8], for the frequency transform of transient
p.u. time signals, instead of the Fourier transform, it is more correct
to use an integral WT specially developed for such processes,
which has the form:

W(a,b) = % [EG) G(%) dr. )

Expression (2) is a convolution of the time signal x(?) and
the mother wavelet (basis function) G((z-b)/a), depending on time
¢t and on the scale factors — a as well as on the shift in time — .
ik On the other hand, Wx(a,b) can be considered as the output of a
ts bandpass digital filter in which a is inversely proportional to the
352 0356 035 allocated center frequency and determines the time duration of

the wavelet, and b — the time shift that determines the locations
of the frequency localization.

As the parent (basic) wavelet, we take the Morlet wavelet, which is a complex function oscillating
with given frequency and modulated by a damped Gaussian function. This choice is due to the complex
nature of the function, which further facilitates the determination of the phase of the frequency components:

2
Ty exp(j2r1). 3)

If instead of ¢ substituting (z-b)/a in (3) and considering it in relation to a discrete input signal having
N samples (n = 1,2,..N) during the period of the network fundamental frequency f, at the sampling
frequency f;, then the mother wavelet (3) takes the form:

Fig. 2

G(t) =exp(—

G(n _b) =J(n,a,b)- exp{jZﬂ (n _b)} =gC(n,a,b)+ j-gS(n,a,b), 4)
a a
where the amplitude J(n,a,b), cosine gC(n,a,b) and gS(n,a,b) sine components respectively equal to
1 _ 2
J(n,a,b)=—=exp| - ( Zb) ; (5)
Ja a

gC(n,a,b)=J(n,a,b)-cos( );  gS(n,a,b)=J(n,a,b)-sin( ). (6)

The nature of the change in the amplitudes and oscillations of functions (5), (6) for two different
frequencies is shown as an example in Fig. 3.

Fig. 3. Mother sine-cosine Morlet wavelet functions for N=40, £=0.5 ms, frequencies 350 Hz (a) and
150 Hz (b).

27(n—>b) 27(n—>b)
a a
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Now, having written (2) in discrete form, we can determine some k-th (k = 1,2,... N..) wavelet
coefficients of transforms WC(k,a,b) for cosine and WS(k,a,b) for sine components of the mother function G:

WC(k,a,b)zix(k—n) -2C(n,a,b), WS(k,a,b)zﬁx(k—n) -gS(n,a,b). (7N, (8)

n=l1

. Expressions (7),
= ®) represent the
convolution of the input

o discrete signal and the
0.08 mother wavelet. It can
be defined as the cross-

-0.08 correlation of one of the
sequences  with  the

~0.24 second one which is
inverse in time. This

-04 operation can be

0 10 20 30 40 performed using the

a b square size NxN matrix
Fig. 3 of the convolution

kernel M(g), which is a
function of vectors gC or gS. The matrix M(g) is formed as follows: all elements of its main diagonal are
equal to g, elements on the diagonal below the main one are equal to g,, even lower — to g3, etc. On the
diagonal, located above the main one, all elements are equal to gy, then on the next one — to gy.;, etc. The
general form of the matrix M(g), as well as the example for N=5, are given below:

& &v 8Bya - & g & 84 & gz_

& & v - & g & 8 & &
M@=g & & - &) M@=\g g & & & )

g & & & &

18y &nva &no2 - &1 18 & & & &

We find the WT coefficients by multiplying the matrix M(g) by the vector of the input signal. So, for
input signals of protection against SGF of currents i, voltages u and their derivatives pi, pu, the WT
coefficients cosine WCI, WCU, WCpl, WCpU and sine WSI, WSU, WSpl, WSpU are respectively found from
the expressions:

WCpl(n) = M(gC)- pi(n); WSI(n) = M(gS)-i(n); (10)
WSpU(n) = M(gS)- pu(n); ~ WCU(n)=M(gC)-u(n); (11)
WCI(n) = M(gC)-i(n); WSpl(n) = M(gS)- pi(n); (12)
WSU(n) = M(gS)- u(n); WCpU(n) =M (gC)- pu(n). (13)

With the help of the WT coefficients obtained as a result of the decomposition of the initial signals
into the basic ones, it seems possible to analyze the dynamics of the appearance and disappearance of
individual harmonics during the SGF. For this, as a criterion for the protection operation, we take the
% positive direction of the wavelet-transformed reactive power
WQ, defined as the sum of the products of the corresponding
wavelet coefficients of currents and voltages with the same serial
numbers. It is characteristic that these coefficients correspond to
the same frequencies and coincide or opposite in phase. For
example, the wavelets coefficients WSpU, WCU and also WCpl,
WSI are in phase, WCI, WSpl as well WSU, WCpU are opposite
in phase. This is due to the fact that differentiation, and then a
sine or cosine WTof the signal changes the phase of the signal
by 180° or 360°.

Es The nature of the change of obtained using (10) - (13)
035¢ 035 0358 03 wavelet coefficients is shown in Fig. 4 (example is given for
wavelet coefficients with serial number 16).
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Taking into account the above phase relationships between wavelets, two analytical expressions for
determining the power WQ are obtained in this work. We find it at each calculation step as the average value
of the dot product of the corresponding combined WC vectors for currents W/ and for voltages WU:

WQ, = N '(WCpIl —WSI)-(WSpU + WCU) ; (14)
WQ,=N"'(WCI+WSpl)-(WSU —WCpU). (15)

The simulation results established that WQ,=W(Q, and this connection, we use below only one of

them, which requires calculating only a part of expressions (10)-(13). Note that expressions (14), (15) are
obtained for the scale a and shift b factors corresponding to the selection of only one central frequency by the
filter. To increase the protection sensitivity, we will use several filters with different frequencies, which

correspond to the sets a,, b, (r =1,.., R). Then for each of them it is necessary to determine vectors of mother
functions gC,, gS,, matrices of convolution kernels M(g),, WT coefficients (10), (11), powers WQ1, and their

R
sum WQIl, = ZWer . However, with this approach, the total computational costs and the duration of the
r=l1

protection action increase, since it is required at each computation step to perform R calculations of matrices
M (g), and find their total sum and use it in (10), (11) to determine the WT, i.e. it is necessary to determine:

MCs =M (gC(n,a,,b))+...+ M(gC(n,a,,by)) = iM(gC(n,ar,br)), (16)

r=1

R
MSs =M (gS(n,a,,b))+...+ M(gS(n,a,,by))= ZM(gS(n,a,,,br)). (17)
r=1
However, the simulation results found that there is a linear relationship between the matrix M and
the mother function G, which consists in the fact that the sum of matrices from several vectors of the mother
function of the same dimension is equal to the matrix of the sum of these vectors, i.e.:

R R
MCy =M (> gC(n,a,,b); MSy=M( gS(n,a,.b,). (18)

™M

At the same time, the sensitivity of the protection increases significantly.
for  converting  analog
| M(gC) |—‘ X X

F 9
) Y forming and calculating the
summation Y, product X as
value (Op, then the first
The protection also provides for a trigging element that allows the protection to operate if the

r=1 r=1
Application of (18) allows to eliminate the above-mentioned disadvantage, since it practically does
On the basis of the presented mathematical description (1)-(18), a microprocessor protection against
SGF is developed, the block diagram of the calculation part of which is shown in Fig. 5. It contains analog-
signals 3u0, 3i0 into discrete
ones, d/dt Dblocks for
input signals, blocks for
‘ 2gC | | )2 l I 285 | elements of the matrix M(g)
“ ﬂ ‘\ f f f f of the mother function
1 forward fault +{WQ>Q WQ<-Q: | 2 backward fault well as WQ comparators. If
‘—{ - |_. in the first of them the
Fig. 5 output element of protection
— "SGF in the zone" is
amplitude value U, of the zero phase sequence voltage is at least 15% of the nominal one:
U, = Guy)* +(pBuy))* >0,15U,

not increase the computational costs when using several filters with different frequencies compared to one.
to-digital converters ADC
3uo —[ ADC |4 d/dt |
calculating derivatives of
gC1, gC2, gC3, gC4 g51, 852,853,854  kernel, as well as blocks for
Qs power exceeds the threshold
triggered, if the power is less — Op, then the second output element — "SGF outside the zone" is triggered.
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Below the results are presented of a study of protection, in which at each period of the network
fundamental frequency f, = 50 Hz, N = 40 discrete values with a sampling frequency f; = 2000 Hz were
allocated. The WT is carried out using four filters with frequencies of 350, 250, 150, 100 Hz, for which,
taking into account the fact that a=f,/f,, the values of the coefficients a, b were:

a,=5,7,b =20;a, =8,b, =20;a, =13,3 ,b, =20;a, =20 ,b, =20.
Results of calculations of the wavelet power WQ in relative units for the SGF on feeders with the
smallest (F1) and largest (F3) capacitances are given in Table 1.

Table 1
Feed R SGF on feeder F1 at fault phase SGF on feeder F3 at fault phase
ceder . eactor voltage voltage
power, WQ, inductance
p.u. u=Umax | ©=0.5Umax | u=0.1Umax | u=Umax| u#=0.5Umax | u=0.1Umax
F1 Lres 48.0 32.0 6.5 -3.09 -2.23 -0.89
(C=1 uF) 3*Lres 54.4 38.0 114 -3.1 -2.24 -0.76
0.33*Lres 38.0 25.0 4.5 -3.0 -2.20 -0.78
M Lres -23.0 -16.4 -5.4 -25 -17.8 -6.0
(C=9 uF) 3*Lres -23.8 -16.9 -5.5 -25 -17.8 -6.0
H 0.33*Lres -22.2 -16.1 -5.2 -25 -17.8 -6.0
M Lres -32.6 -23.2 -7.8 20 13.33 2.69
(C=12 uF) 3*Lres -33.9 -23.9 -7.9 24.4 17.8 4.58
0.33*Lres -32.2 -22.8 -7.5 20 13.7 2.7

As can be seen from the data presented, regardless of the degree of tuning of the reactor, the power
of the damaged feeder is always positive, and that of the undamaged one is negative. Its values are maximum
at the amplitude voltage on the phase at the moment of damage, and minimum at close to zero. However,

60

waQ

(Fourier -10)

when the threshold power value is equal to the basic one Qp
= Qb, the correct operation of the protection takes place in
all the considered cases of the SGF.

The nature of the power change in the case of the
SGF on the damaged F1 feeder and on the undamaged F2,
F3 ones is shown in Fig. 6. It also shows the power value
when the same harmonics are separated using the Fourier
transform, which is more than an order of magnitude lower

- F2 Ja— )
-2 a \ _J; than with the proposed WT.
3 - T/ The results of the analysis of the protection
-36 %'/ operation when an active resistance R = 500 Q is connected
F3 in parallel to the reactor showed that, as follows from the
- LS data given in Table 2, the power values practically do not
0.34 035 0.36 03 038 depend on the resistance value, and the protection algorithm
Fig. 6 also operates reliably.
Table 2
Figure 7 shows
Feeder . SGF on feeder F1 at phase voltage the operation of the output
Reactor inductance :
%(/)wer, u=Umax u=0.5Umax u=0.1Umax protection  element when
Q. pu. the zero-sequence
Lres 47.6 31.8 6.5 voltages and currents are
F1 3*Lres 54.5 37.8 11.3 applied to the input,
0,33*Lres 36.7 25.2 4.5 recorded by the
Lres -22.9 -16.45 -5.4 mathematical model.
F2 3*Lres -23.6 -16.7 -5.45 Also, positive results of a
0,33*Lres -22.3 -15.7 -4.6 microprocessor-based
Lres -32.5 -23.8 -7.84 protection sample on a
F3 3*Lres -33.3 -23.9 -7.9 1ab0rat0ry bench have
0,33*Lres -31.5 -22.3 -7.5 been obtained.
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Conclusions.

1. A method of protection against phase-to-
ground faults in medium voltage electrical networks
has been developed. The method determines the
direction of the reactive power wavelet from the
wavelet data of the converted zero phase sequence
currents and voltages and their derivatives using the
Morlet mother function.

2. Matrix-vector analytical expressions are
obtained for determining the reactive power wavelet
using the coefficients of the wavelet transforms of
the measured quantities and the matrix of the kernel
of the Morlet mother function, for which the rules of
its formation are stated. Fig. 7

3. For the matrix of the kernel of the mother
Morlet function, a linear relationship was established between the sum of matrices of several vectors with
different frequencies and the matrix of the sum of these vectors, which made it possible to increase the
protection sensitivity practically without increasing computational costs by increasing the number of
allocated harmonics, and, consequently, the total wavelet coefficient of reactive power.

4. With the help of a mathematical model, as well as during tests on a laboratory bench, results were
obtained that confirm the high reliability and sensitivity of the developed protection device prototype.

1. Vaibhav S. Yendole, Kiran A. Dongre. Power System Fault Analysis Using Signal Processing Technique — A
Review. International Journal of Innovative Research in Electrical, Electronics, Instrumentation and Control
Engineering. 2018. Vol. 6. Issue 5. Pp. 64-67. DOI: https://doi.org/10.17148/IJIREEICE.2018.6514

2. Jabr HM., Megahed A.I. A Wavelet-FIRANN Technique for High-Impedance Arcing Faults Detection in
Distribution Systems. International Conference on Power Systems Transients (IPST’05). Montreal, Canada, June 19-23,
2005. Paper No. IPST05 — 035.

3. Yong Guo, Kezunovic M., Deshu Chen. Simplified algorithms for removal of the effect of exponentially decaying
DC-offset on the Fourier algorithm. /EEE Transactions on Power Delivery. 2003. Vol. 18. No 3. Pp. 711-717. DOI:
https://doi.org/10.1109/TPWRD.2003.813894.

4. Debadatta Amaresh Gadanayak, Ranjan Kumar Mallick. Interharmonics based high impedance fault detection in
distribution systems using maximum overlap wavelet packet transform and a modified empirical mode decomposition.
International Journal of Electrical Power & Energy Systems. 2019. Vol. 112. Pp 282-293. DOI:
https://doi.org/10.1016/j.ijjepes.2019.04.050.

5. Farughian A., Kumpulainen L., Kauhaniemi K. Non-Directional Earth Fault Passage Indication in Isolated Neutral
Distribution Networks. Energies. 2020. Vol. 13 (18). Pp. 1-10. DOI: https://doi.org/10.3390/en13184732

6. Gomes D.P.S., Ozansoy C., Ulhaq A. Vegetation High-Impedance Faults’ High-Frequency Signatures via Sparse
Coding. [EEE Transactions on Instrumentation and Measurement. 2020. Vol. 69. No 7. Pp. 5233-5242. DOI:
https://doi.org/10.1109/TIM.2019.2950822.

7. Syvokobylenko V.F., Lysenko V.A. Earth fault protection for compensated electric networks based on frequency
filters. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu. 2020. No 1. Pp. 69-74. DOI:
https://doi.org/10.33271/nvngu/2020-1/069.

8. Das D., Singh N.K., Sinha A K. A comparison of Fourier transform and wavelet transform methods for detection and
classification of faults on transmission lines. [EEE Power India Conference. New Delhi, 2006. P. 7. DOI:
https://doi.org/10.1109/POWERI.2006.1632580.

9. Syvokobylenko V.F., Lysenko V.A. Earth Fault Protection Improvement on Distribution Networks. Tekhnichna
elektrodynamika. 2020. No 5. Pp. 54-61. DOI: https://doi.org/10.15407/techned2020.05.054. (Ukr).

10. Ahmed R. Adly, Ragab A. El Sehiemy, Almoataz Y. Abdelaziz, N. M. A. Ayad. An Automated Fault Identification
Scheme for Transmission Networks. Proc. Recent Trends in energy system Conference. Cairo, Egypt, 3 October, 2015.
Pp. 289-303.

11. Chaari O., Meunier M., Brouaye F. Wavelets: a new tool for the resonant grounded power distribution systems
relaying. [EEE Transactions on Power Delivery. 1996. Vol. 11. No 3. Pp. 1301-1308. DOI:
https://doi.org/10.1109/61.517484.

12. Wilkinson W.A., Cox M.D. Discrete wavelet analysis of power system transients. /[EEE Transactions on Power
Systems. 1996. Vol. 11. No 4. Pp. 2038-2044. DOI: https://doi.org/10.1109/59.544682.

13. Jurado F., Valverde M. Applications of Signal Processing Tools in a Power Systems Course. The International
Journal of Electrical Engineering & Education. 2004. Vol. 41(1). Pp. 28-42. DOI: https://doi.org/10.7227/IJEEE.41.1.3

ISSN 1607-7970. Texn. enexmpoounamixa. 2021. Ne 4 61



14. Galli A.W., Heydt G.T., Ribeiro P.F. Exploring the power of wavelet analysis. IEEE Computer Applications in
Power. 1996. Vol. 9. No 4. Pp. 37-41. DOL: https://doi.org/10.1109/67.539845.

15. Lysenko V.A. Model of zero sequence noise in small current grounding system. Tekhnichna Elektrodynamika.
2012. No 2. Pp. 44-45. (Ukr)

16. Driesen J., Van Craenenbroeck T., Reekmans R., Van Dommelen D. Analysing time-varying power system
harmonics using wavelet transform. Quality Measurement: The Indispensable Bridge between Theory and Reality (No
Measurements? No Science!) [EEE Instrumentation and Measurement Technology Conference and IMEKO Tec.
Brussels, Belgium, 1996. Vol. 1. Pp. 474-479. DOI: https://doi.org/10.1109/IMTC.1996.507428.

17. Ahmed R. Adly, Alaa M. Abdel-hamed, Said A. Kotb, Magdy M. Zaki. Fault Detection for Multi-terminal
Transmission Line with Nuclear Power Plant Based on Wavelet Transform. Arab Journal of Nuclear Sciences and
Applications. 2019. Vol. 52(3). Pp. 144-152. DOI: https://doi.org/10.21608/ajnsa.2019.6832.1162.

18. Borghetti A., Bosetti M., Di Silvestro M., Nucci C.A., Paolone M. Continuous-Wavelet Transform for Fault
Location in Distribution Power Networks: Definition of Mother Wavelets Inferred From Fault Originated Transients.
IEEE  Transactions on  Power  Systems. 2008. Vol. 23. No 2. Pp. 380-388. DOI:
https://doi.org/10.1109/TPWRS.2008.919249.

19. Syvokobylenko V.F., Lysenko V.A. Microprocessor selective protection from the phase to the earth fault in electric
networks with petersen coil in neutral. Tekhnichna Elektrodynamika. 2019. No 2. Pp. 54-62. DOI:
https://doi.org/10.15407/techned2019.02.054. (Rus)

20. Gilbert Strang, Truong Nguyen. Wavelets and filter banks. Wellesley-Cambridge Press, 1996. 541 p.

YK 621.316.925
3ACTOCYBAHHS BEMBJIET-IIEPETBOPEHHSI JIJ1S1 3AXHUCTY BIJI 3AMUKAHHS ®A3HU HA 3EMUIIO
B EJIEKTPUUYHUX MEPEXXAX CEPEJTHbOI HATIPYTH

B.®. CuBoxoOM1€eHKO, TOKT. TEXH. HayK, B.A. JIMCeHKO, KaH]. TEXH. HAYK
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E-mail: svf1934@gmail.com; viktor.lysenko@donntu.edu.ua

s enexmpuunux mepesc Hanpyzoro 6-35 KB 3 KOMNEHCO8aHOW, [301b08AHOI0 AOO pPe3UCMOPHO-3A3EMIEHOI0
Heumpannio po3pooreHo Memoo 3axXucmy 6i0 3amMUKauHs (asu Ha 3eMII0, 8 AKOMY 3d pe3yTbmamamy 4acmomHo-
YACO6020 GEUBNIEM-NEPEMBOPEHHsT CIMPYMIB, HANPYe HYIb0GOI NOCIIO06HOCHI ma IXHIX NOXIOHUX 304 O0O0NOMOZ2OH0
OMPUMAHO20 AHATIMUYHO2O GUPA3Y GUSHAYAIONb CYMAPHULL Geliglen PeakmuHol NOMYN’CHOCE Olisl PI3HUX 4aCTOM.
Hoxkazano, wo 6 noYamKoBUl MOMEHN 3AMUKAHHS ()a3U HA 3eMII0 HA HOWKOOICEHOMY NPUEOHAHHI NOMYICHICIMb
3a826c0U NOUMUBHA, A HA HENOUWKOONCEHOMY — He2AMUBHA He3ANeHCHO 8i0 pedxcumy pobomu Hetimpani. Koegiyicnmu
8elignem-nepemeopeHb 3HAX00SIMb  UISIXOM  320PMKU  OUCKDEMHUX 3HAYEHb GUMIDIOBAHUX CUSHANIE 3 CUHYCHO-
KOCUMYCHUMU CUSHAIAMu mMamepuncokoi ynxyii Mopae. 3eepueny 6 uaci nocaioogricmes yux CUSHALIE OMPUMYIOMb 34
00noMO2010 Mampuyi, 01 KoL uKIadeno npasuna it popmyeanns. Hk nyckoguil opean 3aXucmy BUKOPUCIOBYEMbCS
nepesuuentss aAMIIImyo0o Hanpyeu Hyib080i NOCIi008HOCMI 3A0aHO20 3HAYEHHs. 3a O00NOMO2010 MameMamuiHol
MOOeN Mepexci BUKOHAHO OOCHIONCEHHS NOGEOTHKU 3aXUCMY V pa3i 2IyXux [ 0Y206Ux 3aMUKAHHAX Qa3u HA 3eMl0, 3d
PI3H020 CmYNneHsi KOMIEeHCayii EMHICHUX CMPYMIB, 34 PI3HUX 3HAYEHb MUMMEBOI HANPY2U 8 MOMEHM 3aMUKaHHs. Y 6cix
pedcumMax ompuMano HAoIuHy pobomy 3aXucmy, Yymiusicme K020 HA NOPAOOK NEPeGUUYE YYMAUBICTNG 3AXUCMY,
3acnoeanozo Ha nepemgopeni @yp'e. Ompumano RNOZUMUBHI pe3yIbMAmMu  SUNPOOYBAHL peanizo8aH020 Ha
MIKpOnpoyecopHill enemeHmuil 06asi 3paska 3axucmy xa arabopamoptomy cmendi. biomn. 20, puc. 7, Tabm. 2.

Kniouogi cnoea: enekTpuuHa Mepeka, CTPyM, Halpyra, HyJbOBa TOCITIIOBHICTh, BEHBIIET-TIEPETBOPEHHS, PEAKTHBHA
MOTYXHICTb, 32XUCT BiJl 3aMUKaHb ()a3u Ha 3EMIIIO.
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Ocratounuii Bapiant 11.05.2021
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU

YK 629.113-83 DOI: https://doi.org/10.15407/techned2021.04.063

AHAJII3 EOEKTUBHOCTI IEPEJIAYI E.JIEKTFI/I‘IHOi ljZ.HEPFIi B CUCTEMI
BE3POTOBOI 3APAJKH AKYMYJIATOPHOI BATAPEI EJIEKTPOMOBLJISA

O.1. HOI[OJILIICBI*, JIOKT. TEXH. HayK, B.b. HaBJIOBl**, JIOKT. TEXH. HayK,

O.I1. 3anaguuuyk’, KaHa. HAyK 3 AepiK. YIp.

"IncruryT enexrponnnamixn HAH Yikpainn,

np. [lepemornu, 56, Kuis, 03057, Ykpaina, e-mail: podol@ied.org.ua
? Cexuist npukiaguux npoéiem HAH Ykpaiun,

ByJ1. Botoaumupceska, 54, Kuis, 01030, Ykpaina.

Ilposedeno meopemuuni 00CniOdNCeHHs egheKmusHOCmi nepedayi ereKmpuiHoi exepeii y 6e30pomoeomy 3apsioHOMY
npucmpoi’ iHOYKMu8Ho20 Muny i3 NOCIiO08HUM PE3OHAHCOM 8 KOIAX nepedasaibHoi ma npuimanvhoi komywox. Iloka-
3aHo, Wo egpekmugnicms 3anexcums 6i0 napamempy k,Q (000ymox xoeiyicnmy mMazHimuozo 36 3Ky ma 006pomHo-
cmi KOMyuwiox) i Chig8iOHOWEeHHA AKMUSHUX ONOPi6 akymyramopHoi bamapei ma komywxu. Iloxasano, wo icnye onmu-
ManbHe 3HAYEeHHAM CHiB8IOHOUIEHHS, 34 AKO20 eheKMUBHICIMb NPUCMPOIO € MAKCUMANbHOIO (3a ymosu k,,Q = const), i
il 3nauenna MoHomonHo spocmac i3 pocmom napamempa k,,Q . Ilpuuomy, 3a0na 0ocaenennsa egexmusnocmi 6inbuie
0.8, neodxiono mamu cucmemy Komywiox i3 3navennam k,Q > 10. Hasedeno epaghiuni 3anesicnocmi, wo Haoaroms
3Mo2u 8U3HAYEHHS Yici eghekmuerHocmi aKk yHKYIl Yyux 080X napamempie ma 6CMAHOSUMU OONYCMUMULL IHIMEPEAN 3Mi-
HeHHA CNIBBIOHOUIEHHS ONOPIB 3 MOUKU 30PY BUCOKOI eghekmusHoi enepeonepedadi. IIposedeno uucenvHuUll po3paxyHox
BUCOKOUACTIOMHO20 MA2HIMHO20 noas (i3 pobouoto yacmomoio 100 xly), ujo ymeoproemoca komywramu, y 080X 8una-
oKax — 3a 8i0CYMHOCMI eKPAHY8AHHA MA 34 HAAGHOCMI ANIOMIHIEBUX eNeKMmpPOMasHImHUX ekpawie. Ilokazano ucoky
eexmusHicms gUKOpUCMants maxux expauie. Ocobausicmio po3paxynxy € me, wjo 015 GUIHAYEHHS 3HAUEHb KOMNIEK-
CHUX CPYMi6 8 000X KOMYUWIKAX, AKI 3a1excams 8i0 pencumy pobomu 6Cb020 NPUCPOIO, BUKOPUCOBYEMBCA Nonepe-
OHIUl IXHIU pO3PaxyHoK Ha ocHo6i cmeopenol Simulink-modeni npucmporo. bion. 14, puc. 5, Tadi. 2.

Knrwowuoei cnoea: 6e3nporosa mepenada eHeprii, 0e31poToBa 3apsaaKa akyMyJIsITOpHOI OaTapei, moBiTpsiHUil TpaHcdop-
Marop, NOCHIZIOBHUH pe30HaHC, e)EeKTHBHICTh eHepromepeadi, elIeKTPOMarHiTHUI eKpaH.

Beryn. CTBOpeHHSI HOBUX MOZEJIEH €JIeKTPOTPAHCIIOPTY, 110 BUKOPUCTOBYIOTh aKyMYJISITOPHI Oarta-
pei sIK JKepelio KUBJICHHS, Ta Bce OLIbII IXHE IIMPOKE 3aCTOCYBAHHS € aKTyaJbHUM HalpsIMKOM PO3BHUTKY
IHPPACTPYKTYypH TPOMAJICEKOTO Ta OCOOMCTOTO TPaHCHOPTY. TpaHCHOPT 3 ENEKTPUIHNAM MPUBOJIOM Ma€ He-
3alepeyHi nepeBary 1o BiAHOUICHHIO A0 TPaHCHOPTHUX 3acO0iB Ha BYTJIEBOJHEBHX CHEPrOHOCISAX, a caMme:
€KOJIOTIIHICTh, OC3ITYMHICTh, IIPOCTOTA 1 JIETKICTh YIIPABIIHHSI, @ TAKOXX EKOHOMIUHICTH ITiJT Yac eKCIuTyaTa-
il 3 OISy Ha 3HAYHO MEHIII BUTPATH Ha MAIMBO Ta TEXHIYHE 00CcayroByBaHHs. OMHAK IJisl CIIOKHUBYA HO-
r'0 MPUBAOIUBICTh MTOKA OOMEXYETHCS BiJHOCHO BHCOKOKO BapTICTIO Ta BiJICYTHICTIO pO3BUHEHOI iH(pacTpy-
KTypH 3apsaaHux cTaHmid. CTBOpeHHs Takoi iHPpacTPyKTypH € OJHHUM i3 CTpaTeriyHUX 3aBJaHb B 00JACTi
PO3BUTKY €IEKTPUYHOI'O TPAHCIIOPTY y METamnojicax.

Haii0inp nepcrnekTUBHOIO TEXHOJIOTIEI0 3apsiKi aKyMyJIATOPHHUX OaTapeil eneKTpoMoOitiB 1 enek-
TpoOyciB, 110 CKJIAAAIOTh OCHOBY €JEKTPOTPAHCIOPTY Y BEJIIMKUX MICTaxX, € TEXHOJIOTis OE3KOHTAKTHOI 3apsi-
nku [1], TOTOBHUMHE IepeBaraMu SIKO1 € YHIBepCAIBHICTh MO0 Pi3HUX BHIIB 1 MAPOK €IEKTPOTPAHCIIOPTY,
oe3neka 1 koMmpopTHicTh. OgHAK aJIs peanizallii TEeXHOJOrIl MBUAKOT OE3KOHTAKTHOI 3apsaKH HEOOXITHO
CTBOPEHHS 3apsIHUX MPUCTPOIB MIUPOKOTO Aiama3oHy noTykHocTi (2 - 100 kBT) 3 BUCOKOIO €eKTUBHICTIO
riepeadi eMeKTPUIHOT eHeprii Bij 30BHIIIHL01 MEpexKi 0 aKyMyJISITOpHOI OaTapei.

BeskonTakTHi 3apsiani npuctpoi (B3I1) BUCOKOT MOTYKHOCTI MOKYTh OyTH CTBOPEHI HA OCHOBI BUKOPHC-
TaHHs JEKUIBKOX crocoOiB 0e31poTOBOI Mepeaadi eleKTpUYHOl eHeprii [2, 3]: iHAyKTUBHUIA, EMHICHUH Ta pajio-
XBHJIbOBHA. Hal0inbI eheKTHBHUM 3 TOYKH 30Dy IepeAaBaHHs Bi/IHOCHO BEIUKOI OTY>KHOCTI Ha Bincranb 100
— 400 MM € THIYKTHBHAHN CIOCIO, 10 3MIHCHIOE eHeproepeaady 3aBIsIKd MarHiTHOMY 3B’SI3Ky MK ITepeaBaiib-
HOIO Ta NPUHMAITBEHOI0 KOTYIIKAMH, 110 YTBOPIOIOTh MOBITPSIHUI TpaHchopmarop. BeraHosneHo [4], mo HeoO-
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X1JTHOIO YMOBOIO e(heKTHUBHOI Iiepeiadi eHeprii Mk TAKUMH KOTYIIIKAMH, sIKa 3[IIICHIOEThCS Ha POOOYMX YacTO-
tax 20 -100 k' Ta CynpoBOMKY€ETHCSI BAHUKHEHHSIM 3HAYHNX PEAKTUBHUX CTPYMIB, € HASIBHICTh EMHICHUX €lie-
MEHTIB B KOJIaX IIMX KOTYILOK, 10 YTBOPIOIOTH PE30HAHC B IMX KOJIax Ha po0OUiif 4acToTi.

B 3anmexxHOCTI BiJ XapakTepy MiAKIIOYeHHS EMHICHUX €IeMEHTIB JI0 KOTYIIOK MOXIIUBI YOTHPH OCHO-
BHI cTpykTypu B3II: «IOCIiIOBHO-TIOCITIIOBHOY, «IIOCHTIIOBHO-TIAPATICITBEHOY, «IapajelIbHO-TIapaie)IbHO» Ta
«TapaNeNFHO-TIOCTIZIOBHO». 3arajibHy TOPIBHAUIBHY XapaKTEPHCTHKY IIMX CTPYKTYp HaBeieHo y [5, 6], ne
BCTaHOBJICHO, 10 CTPYKTYpa i3 MOCIIiTOBHAM MiAKIIOUYEHHSIM €MHOCTI Y KoJlax 000X KOTYILIOK Ma€ TIeBHi mepe-
Baru Inepeq iHIIMMU, HAIPUKIAJA, BHACTIJOK TOTO, 1[0 YMOBA BUHUKHEHHS PE30HAHCY Y KOJax 000X KOTYIIOK
HE 3aJICKUTh BiJl BiIcTaHI Mi>k HUMH. Tomy mami Oyze po3risuaTucs came Taka crpykrypa B3I1.

Cnin 3a3Ha4MTH, 10 BaXKMUBUME Xapakrtepuctukamu B3I nmst 3apsmkaHHs akyMyJsTopHoi OaTapei
eeKTpoMoOins €: 1) Bucoka epeKTUBHICTh 0e3pOTOBOI Mepeadi eIeKTPUIHOI eHepril Bif JKepera jKuB-
JIEHHS IO aKyMYJIITOPHOI 6atapei y pasi BETUKOTO MOBITPSHOTO MPOMIKKY; 2) TOIMyCTHMHHN PiBEHb BUCOKO-
YaCTOTHOTO MarHiTHOTO TOJIS, IO YTBOPIOETHCS HABKOJIO KOTYIIOK 3a/Jsi 3MEHIICHHS BTpaT B METaleBUX
esnleMeHTax Kopmycy aBromo0ina. CteopenHs B3Il, mo 3a10BONBHIIOTH 3a3HAYEHUM TEXHIYHUM XapaKTepuC-
THKaM, TIOB'SI3aHO 3 IIIJTMM PSAAOM HAYKOBO-TEXHIYHUX MUTaHb, TCOPETUYHI OCHOBH ISl BUPIIIICHHS SKHUX IIIC
HEIOCTaTHBO JIOCTIJKEHO Ta BU3HAYEHO Ha JaHWi yac. Tak, Hanpukmaz, y [7] HaBeneHO 3arajibHi BUpa3u
IUIs BU3HaUeHHs edekTuBHOCTI nepenadi eHeprii B B3I, ane npu upomy He po3TisIHYTO, Bi AKHX 0e3p03Mi-
PHHX MapaMeTpiB 3aEXKUTh 15l €(PEKTUBHICT Ta SKMM YHMHOM BUOMpPATH ONTHMAaJbHE 3HAUEHHS OTIOpY HaBa-
HTaXXCHHS, SIKIIO BiH 3MIHIOETBCS B TIPOLIEC] 3aps/KaHHs aKyMyJIsITOpHOT OaTapei. XapaKTepHCTUKH JAESIKHX
crBopenux b3I1 HaBeneno y tabin. 1. 3 tTabnuui BUAHO, 110 e()EKTUBHICTH HUX MPUCTPOIB MOKE 3MIHIOBATHUCS
Big 60% mo 90,3% 1

Tabauns 1 3T BUPIIICHHS TTH-
Hazpa Yacrora | Iloryx- | Binmcrams mixxk | Edexru- | Ilocu- .

HICTP KOTYIIKaMH BHICTh JIaHHSA TaHHL  IMON0  MIBM-

KAIST 20kl | 22 kBt 200 MM 71% [8] WeHH  epeKTHBHOCTI

NYU 85kl | 25 «Br 210 mm 91% [9] HeoOXifHe  MpoBeIeH-

Tokohu University | 360 kI'uy | 15 kBt 0-200 MM 75% [10] Hil NMOMaJBIIMX A0OCI-

PATH 20 kI'n 60 kBt 75 MM 60% [11] JOKCHB. qHCGHLHIfH’I

University of Auck- 85 k' 1 kBt 100 MM 91,3% [12] PO3paxyHOK  MAarHiT-

land Horo moms B B3Il

HaBeaeHo y [13]. Bi-
JIOMO, IO PiBEHb L[OTO IOJIS 3AIEXKHUThH BiJl KOMIUIEKCHUX 3HA4€Hb CTPYMiB, IO HPOTIKAIOTh B KOTYIIKAX,
TOOTO BiJl PKUMY pOOOTH MPHUCTPOIO, Ta BiJ IXHIX TEOMETPHYHUX pO3MipiB. B poOOTI He MOSCHEHO, SIKUM
YMHOM BHU3HAYAIOTHCS L CTPYMH.

Memoro pobomu € aHami3 eNEKTPOMArHITHUX MPOLECIB B OE3KOHTAKTHOMY 3apsSOHOMY MPUCTPOI 3
IOC/IIJOBHUM PE30HAHCOM B KOJIaX MEpeAaBanbHOI Ta MPUHMaNbHOI KOTYIIOK, BU3HAYEHHs HOro ONTUMalb-
HUX IapaMeTpiB 3 TOYKH 30pYy MiIBUIIEHOI eQEeKTHBHOCTI Mepeladi eIeKTPHUYHOI eHeprii B aKTUBHE
HABaHTa)KEHHsI Ta OLIHKA PiBHS MarHiTHOTO MOJIS, IO CTBOPIOETHCS TAaKUM HPUCTPOEM B HABKOJIUIIHBOMY
MIPOCTOPI 32 BIICYTHOCTI Ta HASIBHOCTI €NIEKTPOMArHiTHOTO €KpaHa.

1. Amnaniz edexrtuBHocTi mnepegadi edHeprii B B3Il Ta BHU3HAYeHHS ONTHMAJbHUX
cuiBBinHomenb. ba3zoBy crpykrypy B3Il iHAyKTHBHOTO THIy Ta MOCTIIIOBHUM PE30HAHCOM MOKa3aHO Ha
puc. 1, a, a cipolieHy €KBiBaJEHTHY CXEMY, IO BiANOBigae wLi€l CTPyKTYpPH Ta Aa€ 3MOTY PO3PaxOBYBATH
e(heKTHBHICTh Tepenadi eHeprii B aKkyMyJIATOpHY Oarapero, — Ha puc. 1, 6. 3a3Haummo, 1o Ha puc. 1, a
NOKa3HUH JIOJAaTKOBHA TpaHchopMmarop, o 3abe3nedye HeoOXiHy HApyry Ha akyMyJIATOpHii OaTtapei i B
TOM 7K€ Yac Ja€ 3MOTy OJIep>KaTH ONTUMAalIbHE 3HaYeHHS €KBiBAJIECHTHOTO OMOpY HaBaHTaxxeHHs. Ha puc. 1, 6
nepefaBalbHa KOTYIIKA XapaKTepU3yeThes mapaMmerpamu R,,L, , a npuitmanbHa — R,,L,. Mix KoTylkamu

ICHye MarHiTHWH 3B’S30K, IO XapaKTEePU3YEThCs Koe(illieHTOM B3aeMoiHaykiii M abo koedilieHTOM
MarHiTHOTo 3B’s3Ky k,, =M / \/E . AKTHBHUH oOIip HaBaHTaXXeHHS R, Moxe OyTH pO3paxOBaHHH SK
R, =U} /P, ne U, Ta P, — BiINOBIIHO HaNpyTa Ta aKTUBHA MOTYXKHICTh Ha BXOJ1i BUNpsMisya (puc. 1, a).
bananc Hanpyr y Konax 000X KOTYIIOK, 3alIUCAHUH y YaCTOTHIH TUTOLIHMHI, Ma€ HACTYITHUH BUTIIS:
U=(R +(jwcl)7l+ja)L1)£1+jWM£2a (1)
0=(R, + R, +(joC,) " + joL,)I, + joMI,.
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Ilicagd migcTaHOBKM 3HAYEHHS

by M 2 ~ -
= l 5 N = = cTpyMy [, i3 Ipyroro piBHSHHS CUCTe-
E % ) U, g &2 mu (1) B mepie 3HAYCHHS CKBiBaJICHT-
E T = £ L 2 ‘El 28 HOro IMMENaHCy KoJia Ha 3aTHCKadax
=
2 = v| @ 5 JDKepena )KUBJICHHS PO3PaXOBYEThCS SIK
Z=U/I =R +j(oL -1/ oC)+
b
. (M)’ - @
+| Cucrema R, +R, + j(wL, -1/ oC,)
KepyBaHHS .
) 3 BHpa3zy BUAHO, IO 3arajbHUN
a

pEe30HAaHC B KOJIi Ha pHC. 1, SKWil BUHH-
kae 3a ymoBu Im(Z) =0, Oyne 3uiicHto-
BaTHUCS, SKIIO

ol =1/(oC)) Ta oL, =1/ (0C,), (3)
TOOTO HE 3aJeXKHUTh BiJ] B3AEMHOTO PO3-
TallyBaHHS KOTYIIOK, SIKC BIUIMBa€E Ha
BEJIIMYMHY M, a 3HAYEHHs €MHOCTEH 3a
3aJIaHOi YaCTOTH O BU3HAYAIOTHCS TiJIb-
KM iXHIMHU iHIyKTUBHOCTAMU. Taka Bia-
Puc. 1 ctuBicte B3I i3 mocnigoBHUM pe3oHaH-

COM € IXHBOIO BaYKIMBOIO TIEPEBAr0I0 Y MOPIBHAHHI 13 IHITUMH MOKJIMBUMH CTPYKTYpaMHU €ISKTPUIHUX KiJl.
EdexTuBHicTh nepenadi enekTpuuHOI eHeprii Bix pKepena Haupyru y HaBaHTAXKEHHS R, , AKa MOXKe

IS

xapakTepusyBatucs BennunHoro KK/, y pa3i BUKoprucTaHHS CIIpOIIEHOI cXeMH Ha pHc. 1, 6 BU3HAYA€ETHCS K
2 2 2 2
77:RL|£2| /(RL|£2| +R1|£1| +Rz|£2| )- 4)
BuxopucroByroun 3HadeHHS CTpyMiB i3 cucteMu (1) 3a yMOBH icHyBaHHs pe3oHaHcy (3), a Takox

MPUIYCKAIOYN ISl CIPOIICHHS, IO iHAYKTHBHOCTI Ta aKTHBHI OMOPH 000X KOTYIIOK € OJHAKOBHUMH
L =L,=L, R =R,=R, 35a4eHHa N 3a BUPa3OM

100 (4) po3paxoByeThCS K
n=01+RR'+(k, Q) (RR,' +2+R,R)™", (5)
ne O=wL /R — noOpOTHICTh KOTYIIOK (TIPHUITyCKa-

09 20

0.8
€TBCS, IO JIBI KOTYIIKK € OJHAKOBUMH). I3 1bOTO
BHpa3y BHUIHO, IO €(pEeKTHBHICTH Mepeaayl eaeKT-
PUYHOT eHeprii 3aJIeXHUTh Bifl TPhOX 0€3p03MipHHUX
rmapaMeTpiB: TOOPOTHOCTI KOTYymKH (), KoeiIieHTy
3B’SI3Ky MK KOTyIIKamu k,, Ta R, /R — chiBBin-

0.7
0.6
0.5
0.4
0.3
0.2 k;0=1

0.1

N

HOIICHHS OIIOPY aKyMyJsTopHOi Oarapei R, (HaBa-
HTQXXEHHS) Ta ONOpPY KOTYIIKH R.

I'padiyra 3ameXKHICTh 1), IO PO3PAXOBYETHCS
3a BHupa3oM (5), Moxke OyTu mpejacTaBicHa sk QyH-
Kuis I1BOX mapametpiB (puc. 2). I3 mporo pucyHky
0 100 R, /R 110 BHJTHO HACTYITHE.

Puc. 2 e IcHye onTUMaibHE 3HAYCHHS CIIIBBITHO-

menHsa (R, /R),,, 3a KOro BeIHMYMHA €(hEeKTUBHO-

/

7

)

—_
—_

opt ?
CTi mepejayi eHeprii Jocsrae MakCUMalbHOTO 3HaueHHs 1, (3a ymoBu k,,Q=const). Takoxk 3HaueHHs:
(R, /R)

HAaBaHTA)XXE€HHA R, 1 3MIHEHHS CHIBBITHOIICHHS R, /R MOXIIMBE 32 paXyHOK 3MiHEHHS OINOpY KOTYIIKU R.

opt 3aJICXKHUTD Bi,I[ nmapamMeTpa kle . 333Ha‘{I/IMO, 1o Ha HpaKTI/ILIi 3a3BUYail 3aaHO 3HAUCHHA OIIOPY

[Ipu upoMy, BUKOHaHHSI YMOBH k,,() =const MOJINBE IIJISIXOM 3MiHEHHSI YMCIIa BUTKIB KOTyIIKH w. Tak sk

BeNMYMHA R i L 3MiHIOIOTBCS TIPOTIOPILiiHO W’ , To 3HaueHHs O TIpH IOMY OyJe 3aIHIIATHCA HEe3MiHHHM,
IO i JaCTh 3MOTY TOTPUMATHCS IIi€1 YMOBH.
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* 3anexHiCTh M BiJ napamerpy k,Q € MOHOTOHHOIO, PUYIOMY, 32 yMoBH R, / R=(R, / R),, , i3 3poc-
TaHHAM k,,(0 3pocTae u 1. 3a1s OAEpP)KaHHSI BUCOKOI e()eKTUBHOCTI, Hanpukian, 1> 0,8, HeoOxinHO MaTu
KOTYIUKH, U1 KuX k,,0 >10.

e Tak sk edeKTUBHICTh Mepenavi eHeprii Bif [HKepena J0 aKyMyJIaTopHOi 6aTtapei 3pocTae i3 pocToM
came H00yTKy ABOX 0e3po3MipHHX HapamerpiB k,Q, TO BUpIIIEHHS Ha IPaKTUIl ONTUMIi3auiliHOI 3amadi
nomyky eekruBHOI cucteMu b3I1 3 ABOX KOTYIIIOK ONTUMAJIEHOI TeOMEeTPil JIOIIIEHO 3/I1ICHIOBATH caMe 3a
IHTerpajbHUM KpUTepieM k,J — max .

Po3paxyBaBiy 4acTKOBY HoXifgHy (yHKuil (5) nBox 3MiHHUX N(R, / R, k,,Q) 3a aprymentom R, / R

Ta MPUPIBHABINY 11 10 HYJS, OTPUMAEMO ONTHMAJIbHE 3HAYCHHS CITiBBITHOIIEHHS ONOPY HABaHTAKEHHS Ta
KOTYILKH, sIKE JJOPIBHIOE

(R, /R)apl =1+ (kle)2 . (6)
Y TaKOMY pa31 BCJIMYMHA M 6y,[[e A0CATaTU MAKCUMAJIBHOI'O 3HAYUCHHS, AKE PO3PAaXOBYETHCA SAK
Tnax = (kle)2 (I+4/1+ (kle)2 )2, (7)

Ha puc. 3 HaBeneno rpadiuni 3anexxnocTi (6) Ta (7), AKi 1al0Th 3MOTY BU3HAYUTH ONTHMaJbHE 3HA-
YEHHs CIiBBiHOIIEHHS OIOPIB Ta BiANOBIAHE 3HAYEHHS MAaKCUMAJIbHOI €()eKTHBHOCTI eHepromnepeaayi 1, ..

B 3aJeXKHOCTI BiJ mnapamerpy k,,0 3a BHKOHAHHSI

M max (R,/R),, ymoBu (6). lloxo BuOOpY Ha MPAKTHILI ONTHUMAILHOTO
60  3Ha4eHHs cmiBBiHOWICHHS R, /R, TO ciin 3a3Ha4UTH
0.9 HacTymHe. Bimomo, mo B mporeci 3apsmkaHHSI aKy-
0.8 MynATOpHOi Oarapei ii €KBiBaJ€HTHE 3HAYEHHSI R,
0.7 40 Oyne 3MIHIOBaTHCS BIPOAOBXK BChOTO Tporecy. OTxke,
0.6 e JOTpUMaHHS ~ ymoOBH, Komu R, /R=(R,/R),,
0.5 T (R/R),, BIPOJIOBX BCi€l 3apsakd, NOTpeOye BUKOPHCTAHHS
04 _ {p9  MOHATKOBHX CXEMOTEXHIYHUX PpillleHb, HAMPHUKIIA],
BCTaHOBNIeHHS JofatkoBoro DC/DC koHBekTOpa Ha
0.3 P BXOJi aKyMynsTopHOi Oartapei. MosxiuBuid iHIIWH
02(f . CIIPOLIEHUH MiXiJ, KOAM 3a JaHUMH PHC. 2 BH3Ha-
0.1 0 YAEThCS JOMYCTUMHMA Jiarna30H 3MIHCHHS BEJIUYHHU
10 20 30 40 k;,Q >0 R, , y pasi 40oro 3Ha4Y€HHS 1| HE CHJIBHO BIJPI3HAETHCS

Puc. 3

BiZ M,., 1 caMé B ILbOMY Jiamna3oHi 3IIHCHIOETHCS

npouec 3apsamkanHsa. Hanpuknan, 3a ganumu puc. 2 3a k,0=10 Bemmuuna 1>0,8 3a 6<R, /R<20.
Ortxe, M 4ac NPOEKTyBaHHsS CHCTEMU HEOOXiJHO HamaraTucs 3[1MCHIOBATH 3MIHEHHS R, caMme B TaKOMYy

Jliana3oHi, HAITPHUKIIA]], BUOMPAIOYH BiJTIOBiJHE 3HAYSHHS OIOPY KOTYIIOK R MIISTXOM BHOOPY BiAIIOBITHOTO
YHCIa IXHIX BUTKIB.

[Mix yac npoexryBanns B3Il HeoOXiqHO BU3HAYNTH YMOBH, 3a SIKMX LIeH pUCTpiil Oyae MaTH HEoO-
XiZHE 3HaYeHHS MOTY>KHOCTi. 32 YMOBH iCHYBaHHSI PE30HAHCY B KOJi 000X KOTYIIOK, €KBIBaJEHTHHH OIIip
MIPUCTPOIO 3TiaHO i3 (2) Oyae MOopiBHIOBATH

Z=R =R +(wM)(R,+R,))" =R+ (k,0’R(1+R, /R)",
Jie IpUHHATO, 0 R, = R, = R . BennunHa akTUBHOI IOTYKHOCTI JUKEpeIia JKUBIEHHs Oyze 10piBHIOBATU
P=U*/R =U"/[R+(k,0)R(+R,/R)"]. (8)

I3 nporo Bupasy MokHa 3a 3aJaHMX 3HAYE€Hb NOTYXKHOCTI P Ta mapamerpiB KOTYIIOK BHOpaTH HEOO-
xinHe 3Ha4ueHHs Hanpyrd U abo 3a 3a1aHOi HAalpyTryd BHOpaTH HEOOXiJHI IapaMeTpy KOTYIIOK, HAallpUKIIAal,
YHCIIO BUTKIB, 1110 BU3HAYAIOTH BiANOBiHE 3HAUYEHHS R.

2. llpukyax mpakTHYHOI peanizanii mepeIaBajJbHOI Ta NPUHMAJIBHOI KOTYIIKH Ta iXHi eJIeKT-
puUYHi XapaKTepPHUCTHKHU. 311 MPOBEICHHS EKCIEPUMEHTAIBFHUX JOCTIKeHb e(PEeKTUBHOCTI mepemadi
eneprii B B3I1 Oynu BUTOTOBIEH] NIepeaBaibHa Ta MPUMalIbHA KOTYIIKH, SIKI MAIOTh OJIHAKOBE YHCIIO BUT-
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KiB w=4, HAaMOTaHi MifJHOIO TpyOKor0 miamerpoMm 10 MM, Ta OJHAKOBI TeOMETpU4HI po3Mipu: a = 10 MM,
b=65 mm, d, =435 MM (IuB. BCTaBKy

Ta6auus 2 Ha puc. 5).
Yacrora f, xI'nx 0,05 20 50 100 I . ..
T — 5 10 052 1033 023 . HIYKTHBHICTb KOKHOT KOTYIIKH
OBmHHavCKIH 1apy o, 2 2 2 nopipaioe L =122 wmxlH. 3anexHicTh
AkTtuBHUI omip KOTymIKH R, MOM | 4,2 8 12 17 KOeDIl[ieHTa 3B’A3KY MiK KOTYIIKAMH
TloGpoTHicTs O 043 |94 157 | 215 ! y y ’
po3paxoBaHa 3a JaHuMu [14] B 3anexHO-

CTI BiJ] BIZICTaHI MiX CepeMHAMU WX KOTYIIIOK X, IOKa3aHo Ha puc. 4. 3a x = 100 MM 1ieli koedilienT ao-
ky, piBHIOE k, = 0,34, 1 came 3a Takoi BiCTaHI IPOBOAMUINCS OCHOB-

Hi JJOCITi/DKeHHs. Benmaiaa akTHBHOTO ONOPY KOTYIIKH 3aJI€XKUTh
BiJ] po00OYO0T YacTOTH BHACTIOK BIUIMBY CKiH-eeKTy. Po3paxyH-
KOBI 3Ha4YeHHS I[bOTO ONOpPY R 3a Pi3HUX YAaCTOT, a TaKOXK 3Ha-
YeHHS! TOOpOTHOCTI KOoTymKkd (O =wl /R, HaBeneHo y Tabmd. 2.

Jlaiti B eKCHiepUMEHTax BHOMPAJIUCS YacTOTa JPKEpeIia sKUBJICHHS
f =100 kI'1y Ta BigcTanb Mix koTymikamu x = 100 mm. IIpu 1p0-

0.1

My, 3HaueHHs mnapamerpy k,Q=0,34*215=73, a ontumanbHe
3HQUEHHS CIIBBIIHOLIEHHS OIOPY aKyMyJIITOpHOI O0aTapei R, 10
ormopy KOTymIku R, Buxomsuun 3 Bupasy (6), HTOpiBHIOE
0.01 (R, / R)

0 02 04 06 O'Sx/dﬁél

o =13 3HAUEHHS Benum4uHU 1. 32 nanumu (7) Oyne

nopisHioBatd 1, = 0,97.
Puc. 4 VY pasi BupilleHHsI 3BOPOTHOI 3ajaui, KOJW ISl 3aJaHol
aKyMyJIsITOpHOI OaTapei HEOOXiZHO BH3HAYMTH ONTHUMAJbHI Ma-
pamerpu B3I1, HaBeneHO OJMH i3 MOXKJIMBUX aITOPUTMIB BUOOPY TaKUX MapameTpiB, CIIMPAIOYUCh HA O/ep-
JKaHl pe3yJIbTaTH.

1. BuzHauaemMo cepellHe 3HA4YEHHS ONOPY aKyMyJSTOpHOi Oarapei. B mpoBeneHoMy ekcriepuMEHTI
3apsKaHHs Oarapei i3 TPhOX MOCTITOBHO 3’€JHAHUX CBHHIIEBO-KHCIOTHHUX aKyMYJISITOPIB 3IiHCHIOBAJIOCS
cTpymoM 3apsupkanasa 10 A, a Hanpyra Ha Oarapei 3mintoBanacs Big 30 B no 40 B. ExBiBanenTrwuii omip Oa-
Tapei npu oMy 3MiHtoBaBcs Big 3 OM 1o 4 Om. Ilpuitmaemo cepense 3HaueHHs R, = 3,5 Om.

2. 3amaeMocs reOMETPUYHUMH PO3MipaMy KOTYIIOK, BiICTAHHIO MK HUMH, 3HAYE€HHSIM KOe(illieHTY
3aIIOBHEHHS iXHBOTO MEPeTHHY MiIHMM IPOBIAHUKOM Kk Ta 4acTOTOIO JpKepena kuBieHHs. Lle mae 3mory

po3paxyBaTu 3HaueHHs mapamerpiB O Ta k;, . 3a3HaUUMO, 110 32 YMOB1 k_ =const iXHi 3HaYeHHs ci1abo 3a-

JIeKaTh BiJl YMciia BUTKIB KOTYIIOK. [l BpaXyBaHHS IIi€i 3aIeHOCTI HEOOXiTHO BUKOPUCTOBYBATH iTepa-
iU npornec. Ha mpomy ertarri Takox AOIIIBHO BHPIIIMTH JOJATKOBY 3a/1a4y ONTHMI3allil TeOMETPUIHHIX
PO3MipiB KOTYIIOK 32 yMOBU (O -k, — max .

3. 3a manumu puc. 2 abo i3 Bupasy (6) 3HAXOAMMO ONTHMAJbHE 3HAYCHHS CITiBBITHOIICHHS
(R, /R),,, ,3 sIKOTO BU3HAYAEMO HEOOXIJHY BEJIMUUHY OIOPY KOTYIIKH R.

4. I3 Bupasy AJis ONopy KOTYIIKH MPSIMOKYTHOTO TIepepizy

2
R=wl,, /(cabk,)

BHU3HAYAEMO HEOOXIHE YMCIIO BUTKIB W. 3a3HAYUMO, IO JIJIsI HAMOTKH KOTYIIKH JOIIIbBHO BUKOPUCTOBYBa-
TH MiJHHMI OPOBIJ THITY «IITHEHAPAT» 13 HAHOLIBIIMM 3HAYEHHAM k_, IO Jja€ 3MOrY OTPUMATU HalO1IbIIe

opt ?

3Ha4YeHHs ii oOpoTHOCTI Q.

5. Busnauaemo makcumanbHe 3HadeHHs KK/[ 3a pesympraTtamu puc. 2 abo i3 Bupasy (7), a Takox
BEJIMYMHY €MHOCTI KOHJICHCATOPIB B KOJIaX 000X KOTYIIIOK i3 YMOBHU PE30HAHCY.

PesynpraTi po3paxyHKiB 3a HABEJICHUM aJITOPUTMOM JUIS KOTYIIIOK, PO3MIPH SIKUX HAJIAHO BHIIE, HA

pobouiit wacroti 100 k' € macrynuumn: Q -k, =73, (R, /R),, =73, R=3,5/73 =0,048 Om, w =22 3a

k.=0,4, n,,. =0,97. 3i30inpmenasM 3apsaaHoro ctpymy 10 100 A BemmunHa R, 3MeHmmthes y 10 pasis, a

opt

YHCII0 BUTKIB —y +/10 pa3 u Oyne nopiBHIOBaTH W=7.
3. Po3paxyHOK MArHiTHOro moJjisi KOTymok. J[iis po3paxyHKy BUCOKOYACTOTHOTO MarHiTHOTO MO-
JIs1, IO YTBOPIOETHCS HaBKOJIO KOTYIIOK B3I1, HeoOXigHO OKpiM iXHIX T€OMETPHUYHHUX PO3MIpiB 3HATH KOM-
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TUTEKCHI 3HAYeHHS eJEKTPUYHUX CTPYMIB, IO MPOTIKAIOTH Y KOJi 000X KOTymoK. s mporo Oyio po3po0d-
JIeHO KoMIT oTepHy Simulink-Mo/ieib, 1110 MICTUTh MOJIENI BCIX OCHOBHHX €JIEMEHTIB CHCTEMH, ITI0Ka3aHOI Ha
puc. 1, a. PesynbpraT mociimkeHnpb Ha il Mogeni Oy1yTb HaBeeH! y OKpeMill CcTaTTi. 3a pe3ysbTaTaMu IHX
po3paxyHKiB Ha poOouiit wactorti 100 k[’ Oynu HalieHi 3HaYeHHS eNEKTPUYHUX CTPYMiB, IO IPOTIKAIOTh B
KOTYIIIKaX 3a €KBIBaJICHTHOTO OTOPY HaBaHTaxeHHS 6,25 OM (3a JaHUMH €KCIIEPUMEHTY ), SIKi TIOPIBHIOIOTH:
1,=12520°, I, =25290".

MarHiTHe noJje, M0 CTBOPIOETHCA LIUMH CTPyMaMH y KOTYIIKaX, ONHCYETHCS HACTYITHUM PiBHSHHSIM
BiJIHOCHO KOMIUIEKCHOTO 3HaY€HHs BEKTOPHOTO MarHiTHoro norenuiany A =(0,4,,0)

Vx(py 1,V xA) + joocA=T,,

”

Jie G — eNeKTPONPOBIAHICTE MaTepially eJIeKTPOMAarHiTHOrO eKpaHy; J, — KOMIUICKCHE 3HAYEHHS T'yCTHHH

CTpyMy y Tiepepi3i mepemaBanbHOI Ta MPUAMANBHOT KOTYIIOK, SIKE PO3PaxOBYIOTHCS JUIs BHUILCHABEICHUX
3Ha4YeHb CTpYMiB. [lapameTpy KOTYIIOK HaBEJECHO Y MONEPEAHBOMY PO3/Lii, a BiIcTaHb MK HUMHU CKJIazaja
100 mm. Sk rpaHUYHI 3a/1aBaIUCS YMOBa cuMeTpii Ha oci 7 =0 Ta yMOBH MarHiTHOI i30JIsI1[i1 Ha 1HIIMX 30B-
HIIIHIX TpaHusX. s BupinieHHs i€l moiboBOi 3a1a4i BUKOPUCTOBYBaBcs nakeT nporpam Comsol.
Pesynpratu po3paxyHKiB MarHiTHOTO TIOJISE HABEAEGHO Ha pUC. 5, Jie JIBOPYY MOKa3aHO IPOCTOPOBUIL
PO3ITOAUT MOITYJIS BEKTOPAa MarHiTHOI

Max: 6.261¢

i MarsiTHe TIone MarniTHe Ione 3 " IHIyKi |B| y nepepisi 0z . Bunso,
¢ Ge3 expany aMOMiHiEBIMH 110 I10JIE€ HABKOJIO KOTYIIOK Mae€ 3Ha-
ﬁ 7 cxpanamu ’  yHy BEIMYHMHY 1 y pa3si po3TanryBaH-

s 0.1 sTn Hs TaM METAJICBUX YaCTUH — KOPITYCY
’ // ] 201 vTx °  enexTpoMobins — Oyle CTBOPIOBATH

3HA4YHI BTPAaTU EJIEKTPUYHOI eHeprii
B iXHROMY 00’€Mi. a1 3MEHIIICHHS
LIBOTO TOJIS IOUIJIbHO BUKOPHCTOBY-
BaTH €JICKTPOMAarHiTHi ekpanu. Ha
1 puc. 5, mpaBopyY NOKa3aHO PO3IIOILI
IOJIsT 33 HAsABHOCTI ABOX KPYTOBHX
. / F IUIACTUH 13 AJIIOMIHIIO TOBIIMHOIO 2
\ p— MM Ta giamerpoM 550 mm. BumHo,
I \ ol 10 BHUKOPUCTAHHS TaKUX €KpaHiB
\ = 3HAYHO 3HWXKYE (Ha MOPSIIOK) piBEHb

: ! MOJIs 38 MEXXKaMH 000X KOTYIIOK.
Puc. 5 BucnoBku. 3a pesyibraTa-
MU TEOPETHYHHUX JOCIIHKCHb Oe3-
POTOBOTO 3apsAHOTO MPHUCTPOIO i3 TOCHIJOBHUM PE30HAHCOM MOKa3aHO, 110 e()eKTUBHICTh Iepeiadi eHeprii,
sKka xapakrepusyerbesi Benmunaoro KK/ 1, € HalOinbIIow 3a ONTHMAIBHOTO 3HAYEHHS CITiBBiTHOIICHHS
OIIOpIB aKyMyJIATOpPHOI Oarapei Ta KOTyIIKU (3a yMOBH k,,() =const), 1 1 3HaU€HHS MOHOTOHHO 3pPOCTa€ 3

- 0,2
-y
Ipuiimansha ’4:.

KOTYIIIKY

IepenaBansna) ——
KOTYIIKa

poctoM mapamerpy k;,Q . 3ais JOCSITHEHHs 3HayeHHS 1> 0,8 HeoOXiIHO MaTH KOTYIIKH, IO XapaKTepH-
3ytoTbest kO > 10. Buxoasuu 3 Toro, 1o eKBiBaJEHTHUIl ONip HaBaHTa)KEHHS aKyMyJISTOpHOI Oarapei R,

3MIHIOETBCS y TpoIIeci i1 3apsakaHHs, TO HaBeJeHi Ha pHc. 2 rpadiuHi 3aJIe)KHOCTI Aal0Th 3MOTy BHOpaTu
OINITHMAJIbHI TapaMeTPH KOTYIIOK Ta eeKTHBHUI pesxuM podotu B3I1 came i3 BpaxyBaHHIM IIbOTO (aKTopa.
Takox 3ams minsumenHs B3I nominsHO B Horo cTpykTypi 3ampoBaauty, Hanpukian, DC/DC koHBeKTop,

SKUH 103BOJIUTD 3A1HCHUTH BUKOHAHHSA yMOBU R, (f)/ R = (R, / R),, BOPOAOBK BCHOIO MPOLIECY 3apsiIKaHH.

opt

Po3pobiieno komm’rotepHy Simulink-mMosenb 0€34pOTOBOrO 3apsiIHOTO MPHUCTPOIO, 3a JOTIOMOTOH0
SIKOT BU3HAYEHO KOMIUICKCI 3HAUYCHHS CJICKTPUYHUX CTPYMiB B 000X KOTYIIKAX JJIsS PEali30BaHOr0 Ha MpaK-
THUI peXUMy Horo po6oTr. BukoprucToByroun 11 3HaYEHHS, POBEIEHO PO3PAXyYHOK BHCOKOYACTOTHOTO Ma-
raiTHOTO TOJs (4acToTta 100 K['IT), 1110 YyTBOPIOETHCS TAKMMHU KOTYIIKAMH, Y IBOX BHIIAJKaX — 32 BiJICYTHOCTI
€KpaHyBaHHS TaKOTO TMOJIS Ta 32 HASBHOCTI SIK €KPaHIB aJFOMiHIEBUX IIACTUH TOBIIMHOK 2 MM. [lokazano
BHCOKY e()eKTHBHICTh BUKOPUCTAHHS TAKUX EKPaHiB.

Pobomy euxonano 3a 6100xcemnoro memoro «Possumox meopemuunux 3acao i po3pobaeHHs pekomeHOayil no

CMBOPEHHIO BUCOKOEPEKMUBHUX CUCHEM 3aPSIOY HAKONUYYBAUI8 eHepail eNeKmpPOMOOIIbHO20 MPAHCROPMY 3 YDAXYBAH-
HAM GUMO2 3a0e3neuenHs eneKmpoMacHimuoi cymicHocmi 3 cucmemoro enekmpooicuenenusny, KIIKBK 6541030.
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ANALYSIS OF THE EFFICIENCY OF ELECTRIC POWER TRANSMISSION IN THE SYSTEM OF WIRELESS
CHARGING OF THE ELECTRIC VEHICLE'S BATTERY

0.D. Podoltsev', V.B. Pavlov', O.P. Zapadynchuk’,
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Theoretical researches of efficiency of electric energy transfer in the wireless charger of inductive type with serial resonance
in circles of transmitting and receiving coils are carried out. It is shown that this efficiency depends on the parameter k,,Q

(the product of the magnetic coupling coefficient and the Q- factor of the coils) and the ratio of the active resistances of the
battery and the coil. It is shown that there is an optimal value of this ratio, at which the efficiency of the device is maximum

(When k,,Q = const) and its value increases monotonically with increasing parameter k,Q . Moreover, to achieve an effi-
ciency greater than 0.8, it is necessary to have a system of coils with a value of k,Q > 10. The graphical dependences that

determine the value of this efficiency as a function of these two parameters and set the allowable interval for changing the
resistance ratio in terms of high energy efficiency. Numerical calculation of the high-frequency magnetic field (with an oper-
ating frequency of 100 kHz) generated by the coils was performed, in two cases - in the absence of shielding and in the pres-
ence of aluminum electromagnetic screens and showed high efficiency of such screens. The peculiarity of the calculation is
that to determine the values of complex currents in both coils, which depend on the mode of operation of the whole device, use
their preliminary calculation based on the created Simulink-model of the device. References 14, figures 5, table 2.

Key words: wireless power transmission, wireless battery charging, air transformer, series resonance, power transmission
efficiency, electromagnetic shield.
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METHOD OF REFERENCE SIGNALS CREATING IN NON-DESTRUCTIVE TESTING
BASED ON LOW-SPEED IMPACT
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The article describes the approach to the formation of a simulation model of information signals, which are typical for
objects with different types of defects. The dispersive analysis of the signal spectrum components in the bases of the
discrete Hartley transform and the discrete cosine transform is carried out. The analysis of the form of the
reconstructed information signal is carried out depending on the number of coefficients of the spectral alignment in
Hartley bases and cosine functions. The basis of orthogonal functions of a discrete argument is obtained, which can be
used for the spectral transformation of information signals of a flaw detector. A method of simulation of information
signals has been developed and experimentally investigated, which allows taking into account the deterministic and
random components of the characteristics of real information signals. References 24, figures 13, tables 3.

Keywords: diagnostic, non-destructive testing, information signal, composite material, Hartley transform, dispersion
analysis.

Introduction. The system for selecting optimal diagnostic features determines not only the ideology
of the recognition algorithm, but also the structure of the construction of the corresponding classifiers. Two
approaches are known to assess the diagnostic value of selected features. The first approach is to determine
the minimum number of parameters with great information content. It is related to the intuitiveness of the
choice and depends on the developer of the diagnostic system. With such an approach, it is impossible to
predict how optimal the vector of diagnostic signs will be chosen in comparison with others. The second
approach is the formation of a large number of informative parameters, from which, according to the selected
criterion, diagnostic signs are selected. Known criteria for evaluating the effectiveness of signs based on
methods of mathematical statistics and information theory. There is no general approach to the selection of
criteria and the compilation of systems of optimal signs based on them.

Products made of composite materials, in contrast to products made of metals, are formed from
primary raw materials simultaneously with the formation of the materials. Due to the complexity of their
manufacturing technology, it becomes impossible to build a priori models describing the definitions of
informative parameters of controlled objects, and ignorance of the laws of the probability distribution of
changes does not allow to form the corresponding decision rule [1, 2].

In tasks of referenceless diagnostics of composite materials, as well as in the case of using neural
networks as the core of the classifier, the presence of an adequate simulation model of information signals
characteristic of objects with different types of defects or damage’s degrees has a great importance, since it
allows solving several problems simultaneously [3].

First, the existence of such model allows you to build a library of information signals that
characterize possible defects in composites and therefore can be used to train and configure the information
and diagnostic system as a whole or in a particular case of a neural network classifier without physically
manufacturing such samples [4]. Secondly, a simulation model of the information signal can be used to
verify the accuracy of diagnosis and classification, justify the choice of the most successful architecture and
type of neural network classifier, select the threshold sensitivity of the system, validate the information and
diagnostic system and, if necessary, adjust its parameters, etc [5].

The developed methods and systems for diagnosing products made of composite materials most often
use the parameters of information signals as the main diagnostic features, the registration of which causes the
least complication, namely amplitude, pulse duration, signal phase, and the like [6, 7]. However, the shape of
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the information signal, i.e. the function of changing it over time provides much more information about the
technical state of the research sample and therefore provides more opportunities for its diagnosis [8].

Analysis of the information signal form allows to get a greater number of diagnostic signs, perform
object diagnostics under the condition of a limited amount of information, and provides high noise immunity
of the system, and modern computing systems, signal acquisition, and processing devices allow to implement
high complexity analysis algorithms, thereby increasing the accuracy of control [9-11].

Since at present there is no single universal physical method for diagnosing composite materials that
would identify all possible types of defects, the method of modeling reference signals was studied using a low-
speed impact method, which allows determining the largest number of types of possible defects in composites.

Selection of the basis for creating reference diagnostic functions. The information signal of the
sensor X(¢) will be considered as a function of the discrete argument, that is, a vector which elements are
obtained as a result of uniform sampling of the information signal of the sensor:

X(Z)=(X,, X5 s X)), (1)

where X ZX(Z].) , Z:{zo,zl,...,zj} are the zone of signal detection X (Z); j€0,N —1, N is a number of

discrete signal samples X (Z).

The task of synthesizing an information signal model with given parameters is most adequately
solved by the representation of a signal in the spectral region. And, if in the case of a continuous periodic
signal in many cases, the trigonometric Fourier transform takes precedence, then for pulsed signals the
problem of choosing the appropriate spectral basis arises, which provides the minimum number of
informative spectral components. In addition to ensuring the minimum number of spectral components
during choosing an orthogonal basis, an important aspect is also the choice of such a basis in which the
components of the spectrum of the information
signal are most dependent on changes in the
degree of damage of the test object.

In modern informational diagnostic
systems, the results of primary measurements are
discrete samples of pulsed analog information S,
according to which, during further processing,
informative parameters are determined, such as the
amplitude of pulses, their duration, and shape.

Since the pulse information signals
obtained during the diagnostics of products made of
composite materials using the low-speed impact
method have a complex shape, the application of
the most common orthogonal transformations
(Fourier, Hartley, Haar, cosine and sine
transformations, etc.) is made difficult by the large
number of spectral decomposition components,
which undergo significant changes when the degree
of damage to the controlled object changes [12].

Dispersion analysis showed that the
number of coefficients of spectral decomposition,
which are characterized by a significance
coefficient #, (describes the degree of dependence
of the change of the corresponding coefficient on
the damage to the object) with a value of more
than 0.7, is from 20 to 36 coefficients depending
on the chosen basis. Fig. 1, 2 illustrate the results
of analysis of variance in the case of using the
discrete Hartley transform (DHT) and discrete
cosine transform (DCT) [13, 14] respectively.

Fig. 3-5 illustrate the dependence of the
Fig. 3 form of the reconstructed information signal on the

selected number of spectral decomposition
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coefficients in Hartley bases and cosine functions. Similar results are characteristic in the case of the use of
discrete Fourier transforms, Haar and discrete sine transforms [15, 16]. The spectral alignment is performed
by a signal that is obtained by averaging 500 realizations for each of the sample zones studied.

As can be seen from Fig. 3 (information signal from the defect-free zones), Fig. 4 (reconstructed
signal from the defect-free zone with 15 spectral decomposition coefficients using DHT (a) and DCT (b)),
Fig. 5 (Reconstructed signal from the defect-free zone with 30 spectral decomposition coefficients using
DHT (a) and DCT (b)) for reliable restoration of signals in the specified bases of orthogonal functions, it is
necessary to have at least 30 spectral components, the presence of a smaller number of components leads to
significant distortions of the information signal and, as a consequence, the loss of some diagnostic
information about the object of study. The need to take into account a large number of components of the
spectrum when building an information signal model leads to a significant complication of the simulation
algorithm and an increase in computational and time costs.

b b
Fig. 4 Fig. 5

Since the set of possible information signals is limited for a specific composite and a physical diagnostic
method, the output in such a situation (reduction of the number of spectral components, and hence the dimension
of the feature space) is the use of the information signals themselves, obtained by diagnosing this physical
method, as the basis [17, 18]. With selecting the necessary set of basic signals, it is possible to build on their own
basis an orthogonal basis, which will be used for spectral transformation and restoration of information signals.

Obtaining a proper orthogonal basis, provided that the basis signals are linearly independent, is
possible using the Gram-Schmidt algorithm. The construction of its own basis of orthogonal functions of a
discrete argument, in this case, is performed by the following recurrence relations:

h, (Z) =X, (Z)’ h, (Z) =X, (Z) _<X2 (Z)’gl (Z)>g1 (Z)’
hy(Z)=X,(Z)—(X,(Z),8,(2)) 8,(Z)—(X(Z),8,(2)) g,(Z) . )

h(@)=X,@)- 3 (X,2).8,2) (@),
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where X,(2),X,(Z),...,X,(Z) are linearly independent vectors (signals) are constructed using the

discretization of information signals from the space U; n is the number of components of the desired basis
(the dimension of the subspace U~ of the basis signals enters the space U); 4 (Z),h(Z),....h (Z) is the

system of orthogonal vectors (functions of the discrete argument) of the new basis; g,(2),g,(Z2),...,g,(Z)is
a system of orthonormal vectors (functions of a discrete argument) of a new basis; <X (2),g, (Z)> is scalar
of vectors Xy(Z) and gu(Z); Z ={ZO,ZI,...,Zj} is a signal detection zone; jeO0,N —1, N is the number of

samples of a discrete signal.
The system of basic orthonormal vectors is defined as:

gi(z) = hi(z)/”hi(z) ’ (3)

2

@)= X[k, (2)] -

j=0

where |, ()| is the L,-norm of a vector in Euclidean space,

After performing the described algorithm, a new basis of orthogonal functions of a discrete argument
{ g (Z), g, (Z ),. g, (Z)} is obtained, which can be used for spectral transformation of information signals of

a flaw detector. The number of spectral components of this basis can be minimized, which greatly simplifies
the algorithm for processing information signals and building their simulation model.
The spectral conversion of the signal according to this basis is performed according to the equation:

a,=(X.(2).8,). i=1.L, j=1n, 4)
where a, ; is the j-th coefficient of the spectral decomposition of the i-th realization of the information signal;

L is the dimension of the sample information signals.
Signal recovery is performed as follows:

X/(2)=Ya,8,(2). i=1L. 5)

where X (Z) is the restored i-th implementation of the information signal of the flaw detector by spectral
components =1,_n.

Thus, from a space of dimension U (where U is the set of all possible signals characteristic of each
type of defect), a subspace of dimension U is selected (U is the set of signals chosen to build its own basis),
which makes it possible to approximate with a given accuracy any signal from the U-space. Analytically this
is described by the expression:
<a, (©6)

1

‘X (Z) X (z)

where X,(Z) is the output information signal from the U-space; X,(Z)is an approximated signal; « is the

permissible absolute error (discrepancy) between the signals.

Fig. 6 (output information signals from the defect-free zone (a) and the zone with a damaging impact
of 3.24 kJ (b)), Fig. 7 (spectral alignment of the information signal from the defect-free area (a) and the zone
with a damaging impact of 3.24 kJ (b)), Fig. 8 (recovered information signals from the defect-free area (@)
and the zone with a damaging impact of 3.24 kJ (b)) show the corresponding realization of spectral schedule
of the output information signals, their in the constructed orthogonal basis and the reconstructed signals by
the inverse transformation of their spectrum. The values of the coefficients of the spectral decomposition for
each type of zone (defect-free or defective) are presented in Table 1 (values of the coefficients of the spectral
decomposition of information signals).

Such an approach makes it possible to significantly reduce the number of spectral decomposition
coefficients for analyzing and modeling information signals of a flaw detector. In this problem, the
dimension of the subspace is reduced to U =5.
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Fig. 6

b
Fig. 8

b
Fig. 7

Construction and study of approximation
equations. To determine the values of the
corresponding  coefficients, the decomposition
characteristic of information signals describing the
various defects of the samples under study, it is
necessary to obtain a function that approximates the
distribution of the values of each of the spectral
decomposition coefficients depending on the degree of
damage (defectiveness) of the sample under study
[19]. Such a function can be determined by
interpolating known values of decomposition
coefficients, for example, by power polynomials or
splines [5]. Further, for each spectral component, it is
necessary to select the desired damage degree (defect
size) x of the controlled area, determine the value of
the spectral components by the established functional
dependencies and perform the inverse transformation.

Interpolation using splines is more efficient
than interpolation by polynomials [20], since it gives
reliable results even for low degrees of interpolation
equations, and the Runge phenomenon that occurs
when using high-order polynomial interpolation does
not occur. The main advantages of spline interpolation
are stability and complexity. Systems of linear
equations that need to be solved to construct splines

are well conditioned, which allows to obtain the coefficients of polynomials with high accuracy. As a result,
even for very large N, the computational scheme does not lose stability. Building a table of spline

coefficients requires O(N) operations, and calculating the spline value at a given point is O(log, N).

74
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There are many types of interpolation splines [15]. The paper proposes and studies a method for
constructing approximations of dependencies of scheduling coefficients on the degree of impact damage using

Table 1 Hermite cubic splines and quadratic splines [21, 22].
Zone type 5 f“efﬁc‘e“;““mber3 3 Hermite's cubic spline is defined by the following
- equation:
No defect 37.442 | -0.036 | 0.013 | -0.009 .
0.006 b/2 (_1)/ b .
2.3 kJ energy - H (x)= /. : P2 7
damaee 10318 | 14952 [ 0.007 | 0006 | o oo » () ]Z:(; Y -2 (7)
2.8 kJ energy - . . .
damage 0-687 | 12861 | 2311 1 0.005 | 504 | where b is degree of Hermite polynomial.

32kJenergy | 5059 | 9180 | 2581 | 5.496 Hermite polynomials form a complete orthogonal

damage 0.003

system on the interval (—00,00) with the weight function

S-Tkienergy | 140 | 2547 | -1.659 | 3820 | 4.023
damage

e [H (0, (x)e dr=bW2T6,.  ®)

where 0, is Kronecker symbol.

An important consequence of the orthogonality of Hermite polynomials is the possibility of
scheduling various functions in series according to Hermite polynomials. For any integral integer p, the
equation is true:

xp k<pl2 1 1
Z - — e H . (x). 9
pl =25 k) (p-2k)! e (%) ©)

Hermite splines have a continuous first derivative, but the second derivative has a discontinuity in
them. This interpolation method uses two control points and two direction vectors. According to this method,

the interpolation on the interval (xk,xk+]), where k=10 -1 (Q is the number of specified points on the

interpolation interval that divide the entire interval into a specified number of segments), is given by the
formula:

P(x) = hy, (t)p0 + hy, (t)hqo + hy, (t)p1 +hy, (Z)hql, h=x,, —x,t= (x—xk) / h, (10)
where p is initial point at ¢ = x;; p; is final point at # = x;+;; go and ¢, are respectively the initial (at ¢ = x;) and

final (at ¢t = x; + ;) vectors; hgy(t) — h;(¢) are base Hermite polynomials: hoo(t):(l—t)z(l+2t),

ho (1) =2 (3-20), hy(£)=t(1=2)", by (£)=£*(¢-1).
There are such symmetry properties of polynomials:
o iy (t)+hy, (t) =1 — symmetry about the y=1/2;
o iy (t)=hy (1-1) — symmetry about the x=1/2;
o N (t)=—h,(1—-t) — symmetry with respect to the point (0, 1/2).
The obtained interpolation functions based on cubic Hermite splines for the first two spectral
components, depending on the kinetic energy of the damaging impact, are presented in Fig. 9 (approximation

of Hermite’s splines for the first (a) and second (b) components of the spectral decomposition of the
information signal).

Interpolation of a set of points (xk, yk) for k=1,...,Q using quadratic splines is carried out for each

interval, and the parameters for one point in different intervals are chosen the same. The interpolation spline
will be obtained continuously differentiated by (x;, xp). There are several ways to define parameters. The
simplest of them is the following.

Interpolation of a set of points (xk, yk) for k=1,...,0 using quadratic splines is carried out for each

interval, and the parameters for one point in different intervals are chosen the same. The interpolation spline
will be obtained continuously differentiated by (x;, xp). There are several ways to define parameters. The
simplest of them is the following:

v‘}l“FI — M)l 2
——(x—-x,) .
2(x, —x;) ( ) an

il N

P.(x)=yi+wi(x—xi)+

1

The coefficients of this polynomial can be found by choosing the value of w, and using the
recurrence relation:
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W, =W, +2M (12)
Xt =X

The coefficients w; are determined to an approximate degree. Since only two points are used to

calculate the next point of the curve (function) (instead of three), this method is prone to serious oscillation

effects when the signal changes abruptly. Due to the presence of such effects, this method may not be used

for all tasks.

Fig. 9, a Fig. 9, b

The form of the obtained interpolation functions for the first two spectral components depending on

the kinetic energy of the damaging impact using quadratic splines is shown in Fig. 10 (approximation by

quadratic splines of the first () and second (b) component of the spectral decomposition of the information
signal of the flaw detector).

Fig. 10, a Fig. 10, b

To assess the effectiveness of the considered interpolation equations, the information signal received

from the site with a damaging impact of 2.81 kJ was compared with the simulated signal corresponds to the
same area. Fig. 11 shows the real signals from the damaged area with an energy of 2.81 kJ — curve S,, as
well as the simulated signal using Hermite cubic splines (Fig. 11, @) and quadratic splines (F ig. 11, b).

2 P\
/ S2 /1
P i o '/
/ S -
Fig. 11, a Fig. 11, b

The numerical estimate of the disagreement between the simulated and real signals was carried out
by calculating the RMSE (root mean square error), the value of which is 2.5-10~ for Hermite's cubic splines
and 4.0-107 for quadratic splines.
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Thus, using interpolation functions, it is possible to obtain the values of spectral components for a
given level of damage to the sample zone, and using the inverse transform to obtain a simulated information
signal [23, 24].

Creating a simulation model of the information signal. Information signals are characterized by a
deterministic and random component. The random component describes such factors as the presence of noise
in the measuring channels, random errors of the primary transducers, spatial heterogeneity of the composites,
the state of the surface of the product, and the like. So, to build an adequate simulation model of information
signals, it is necessary to take into account both components.

Existing physical models that describe the transformation of information signals depending on the
defectiveness of the product have a number of significant drawbacks that do not allow them to be used in the
calculations and the formation of the space of diagnostic signs. These disadvantages include the dependence
of the flexibility of the defective region and its mechanical impedance on the physical characteristics of the
edge sections of the defects and their shape, the inability to take into account the effect of the entire
nomenclature of defects of composite materials on their mechanical characteristics, and considerable
difficulties in calculating the frequency-dependent mechanical impedances of sections with real defects.
Therefore, it is advisable to construct stochastic simulation models of information signals, taking into
account their random changes in time.

A simulation model of the information signal of a flaw detector can be represented by the following
equation:

S(2)=Y[a,,+n; 2,2, i=0,L—1, (13)
j=1

where a;; is the deterministic component of the signal, is found according to the algorithm described
previously through the distribution function of the values of the coefficients of spectral decomposition,
depending on the degree of damage to the test object; #; is a random component based on the eigenvalues and
eigenvectors of the covariance matrix of the information signal; g; (Z) is the basis of the orthogonal functions
of the discrete argument; L is the volume of the generated sample of information signals; # is the number of
components in the signal spectrum.

The determined component of the signal is as follows. It is necessary to consider a vector
X(Z)=(X,,X,,...X;), whose elements are obtained as a result of uniform sampling of the information

signal of the sensor X(f). Then we can find the vector Y(Z)=(Y,,Y,..Y;) Y.=M[X,], i=0,N —1is the

mathematical expectation of the vector X (Z), NV is the dimension of this vector (the dimension of the space of
diagnostic signs). After which it is determined:

a,; =(¥(2).8(2)), i=1L, j=Ln, (14)

where a;; is the j-th coefficient of spectral decomposition of the i-th implementation of the information
signal; L is the dimension of the sample of information signals; » is the number of spectral components; g/(Z)
is the basis of the orthogonal functions of the discrete argument.

Based on the studies of information signals, the first set of diagnostic features of the model is formed of
five components of the schedule (7,=5) of the signal by the constructed basis of the orthogonal functions of the
discrete argument (the orthogonalization interval ¢,,, €[0,Z], the number of samples N=2500 of the discrete
signal X(Z)). Modeling a certain degree of damage to the sample occurs by changing the values of the necessary
components of the signal spectrum to values characteristic of the area with the corresponding degree of damage.

The second set of diagnostic features characterizing the random component of the model is
determined based on the Karunen-Loev transform. The Karunen-Loev transformation is of fundamental
importance, since it leads to the construction of uncorrelated features. Thus, there is an expression:

n = &b G i=0n1, (15)

n—1
where &, =Z77 9,(j) are the expansion coefficients, which are independent Gaussian random variables
=0

with variances D, = 0,3, k=0,n-1; {¢,(j), j=0,n—1} is the orthogonal basis whose elements ¢, () are

eigenvectors of the covariance matrix R of the real signal.
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Elements of the matrix R are found by the expression:

== Y Gy =) = m)), (16)
where v;; are the elements of the matrix V" of the coefficients of the spectral decomposition of information
signals X(Z); m; are the elements of the matrix M of the mathematical expectation of each coefficient of
spectral decomposition of the flaw detector signals.

Matrices V and M are formed as follows:

Yoo You o Von-l
\% V, eV
1,0 Vi 1,n—1
V= . . . . N M={m0,m1,...mn71}, (17)
VB-1,0 VB-11 =+ VB-1,n-1
where B is the number of implementations of information signals; # is the number of spectral decomposition

B-1
coefficients of one implementation, m, = Z Vii/B.
k=0
The total energy of the vector 1 ={n,.7,,...,17,_; } , is defined as:
n—1 n—1
ZRii :zﬂvk- (18)
i=0 k=0

The set of eigenvalues 4, and eigenvectors ¢(j) uniquely characterize the covariance matrix R (and hence
the vector 7), therefore, it would be advisable to choose as the second set of signs n,=n;=5 eigenvalues and the
corresponding eigenvectors of the covariance matrix of 7.

Thus, for the simulation of information signals in the framework of the considered types of defects
and the applied physical diagnostic method, it can be selected:

e 5 coefficients of orthogonal decomposition of the information signal in the constructed basis of
orthogonal functions of the discrete

Information signal i ;
sampling = argument gj (2);
X e 5 eigenvalues and  the
¥ corresponding eigenvectors of the
Formation of own covariance matrix R of the vector #,

orthogonal basis

g — characterizing the random component
g;(4). j=0.n—

of the simulated signal.
I The algorithm for modeling

a , 7 i . . . . .
Y| Spectral decomposition | the information signal is shown in
olp the information signal :
Fig. 12.
v > The  selection of the
Search Z:and (/) Approximation of the coefficients of orthogonal
I e e e l 1stnbution function decomposition k= 0—
i p A s K7 =0,
o:(j) i E(j) . .
v o penrams eigenvalues 4, and eigenvectors
m-1 ~o. 7 )
=Y o i Selection of required ; ;
7, ;*‘Q'UI ] coefficient values ¢k2 (), k=0,m,-1, j=0,n-1
j=0.m -1 ; i was carried out using realizations of
Sk . o .
- the estimates of these characteristics
7 ‘ Sij=a;+; ‘ obtained in the analysis of real
| i=0.L-1,j=0m -1 information signals in the diagnosis
S of composite materials.

Since each  component
o (coefficient) of the  spectral

Information signal o . .
~ recovery decomposition is characterized by a
S.—(Z)=Li 5.2,@), =001 different scattering value depending
= on the defect or the degree of damage
to the sample and serial number,
therefore, in the simulation

Fig. 12
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simulation scheme, for each coefficient, respectively, there are different eigenvalues 4, and eigenvectors
&, (j). Therefore, each of the spectral components will, to varying degrees, experience the influence of

random factors on its deterministic component, which happens in the analysis ealnyh information signals
obtained when diagnosing articles made of composite materials. So, it can be noted that the described
approach allows you to build an adequate simulation model of a real information signal, taking into account
both its deterministic and its random components.

Study the adequacy of the developed simulation model. To assess the adequacy of the information
signal simulation models constructed using the proposed algorithm, the statistical characteristics of the
obtained values of the spectral decomposition coefficients were evaluated.

Table 2 Hypotheses regarding the Gaussian law of
Zone  Defect- Defect Defect Defect Defect the distribution of the values of the coefficients of
type free 1 2 3 4 spectral decomposition in the obtained basis were

Coefficient No 0 tested using the Pearson y’-test. The results of

Expected 55,050 10318 9687 3.059 -014 calculating the sample characteristics of estimates
value and y’-statistics for one-dimensional distributions

Standard 4181 1582 2003 0551 0.079 with 7 degrees of freedom are presented in Table 2.
€rror . . . . . .

Median  36.636 10030 8730 3.007  -0.141 For one—dlr.nensm.nal' distributions with 7 degreeszof

" 307 308 319 335 316 freedom with a significance level of a = 0.99, ¥~ =
Coefficient No 1 3.49. N ding to the dat ted. it b
ccording to the data presented, it can be

E)i};iclteed -0.036 14951 12.861 9.18 2.547 concluded that tﬁge hypothesis (I))f the Gaussian law

Standard 1371 2566 3445 1666 0352 of the distribution qf .the values of the coefﬁc%ents of
error spectral decomposition does not contradict the

Median —0.175 13.817 10996  8.998  2.539  available data, therefore they are completely

4 3.29 3~12_ 2.99 3.13 2.94 characterized by their own  mathematical
Coefficient No 2 expectations and the correlation function. So, it is

E"Vi‘;flged 0012  0.007 2311 -2.581 -1.659 obvious that the diagnostic parameters for

Standard constructing an information model of information
error 0879 0310 0377 0449 0227  signals should be selected based on the analysis of

Median 0191 -0.041 2.155 -2.534 -1.671 these characteristics.

r 3.39 3.27 3.11 3.45 3.11 Using the developed method, information
Coefficient No 3 signal implementations were obtained for each of

Expected 0029 0006 0005 5496 3.821 the sections of a real- samplq (250 implementations
value for each of the 5 sections). Fig. 13 presents real and

Standard 10 0162 0063 0956 0511  simulated signals characteristic of a defect-free zone
error and a zone with a different degree of damage; curve

Me<12ian 0.042-0.040  -0.005 5.408 ~ 3.866 S, is the real signal that was obtained in the

L 3.21 3'05. 2.9 3.12 3.34 diagnosis of cell panels with shock damage using
Coefficient No 4 . .

Expected the low-speed impact method, and curve S, is the

value 0006 -0.005 -0.004 -0.003  4.023  simulated signal. Fig. 13 presents signal from a zone

Standard without damage (a) and zones with damage 2.3 kJ
oor 0067 0031 0031 0.074 0516 () 28k (c). 3.2 kI (d). 5.1 KJ (e).

Median  0.005  0.007 -0.015 -0.014 4.103 Analyzing the received signals, the average

x 3.37 3.01 3.35 3.40 3.18 discrepancy of the averaged simulated signals from

the real ones was determined. The corresponding values are given in Table 3 (values of the standard error of
the modeling of the information signal).

The obtained simulation models correspond in parameters and characteristics to real information signals,
and can be used later in the formation of a training sample to configure the system, as well as to generate a control
sample to verify the validity of the classifier and its validation. This is especially true for systems designed for
non-standard diagnostics of objects; artificial neural networks are used as the classifier core.

The results of the study confirm the adequacy of the obtained simulation models of information
signals and the effectiveness of the proposed method for obtaining reference signals.

The disadvantage of the discrete argument basis of the orthogonal functions created by the described
algorithm is its specialization for a certain specific type of information signals. For the spectral conversion of
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signals of another type, it is necessary to re-execute the procedure for constructing an own basis of the
orthogonal functions of the discrete argument, a new type of information signals will be specified.

Fig. 13, ¢

Fig. 13,d

Fig. 13, e

Table 3

Type of zone

Standard error of recovery

Defect-free

With damage energy 2.30 kJ
With damage energy 2.81 kJ
With damage energy 3.24 kJ
With damage energy 5.11 kJ

3.6:10°
24107
2.0-107
26107
1.8-10°

Conclusions. Based on the obtained
experimental signals for non-destructive testing of
products made of composite materials, approaches
are developed to construct a simulation model of
signals, which takes into account the deterministic
and random components of real signals.

The method of simulation modeling of signals
obtained while controlling cellular panels using the
low-speed impact method using orthogonal and

orthonormal transformations is investigated. On its basis, a series of computer simulation experiments on the
simulation of these signals was carried out. The obtained results can be applied during testing and training
diagnostic systems for recognizing the technical condition of products made of composite materials about the
possible range of defects of a particular material and the nature of their development and allow to analyze the
transformation of information signals in real technical systems.

A method for simulating information signals has been developed and experimentally investigated,
which allows one to take into account the deterministic and random components of the characteristics of real
information signals, which made it possible to model information signals corresponding to various types and
sizes of defects, the degree of damage to the material, and optimize the space of diagnostic signs depending
on the type of material and characteristics defects of composites, synthesize a training set for training and

80
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customizing diagnostic system parameters and reduce the amount needed for this procedure actual reference
samples with models defects.

Conducted experimental studies to determine the adequacy of the proposed simulation models, the
obtained value of the standard error of the simulation does not exceed 3.6:107.
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Pozenanymo nanpsamku possumxy scyprany « Texuiyna enekmpoounamixay y oCmauHi poxKu, npoaHanizo8ano OCHOGHI
11020 HAyKoMempuyHi ROKasHuxku 3a Oanumu Scopus 3a 2020 pix, nposedeHo IXHE NOPIGHAHHSA 3 NOKAZHUKAMU
nonepeonix 080X poKig. 3asHayeHno, wo maki noxkasHuku sk SJR, npoyenmunv, MI*CHAPOOHe CHIBPOOIMHUYMBO
BMEHWUNUCS, [THOeKC Xupuia ma Keapmuib 3aIUMUIUCA HA KOAUUHbOMY DIGHI. 3anponoHO6ano WLIsXu NOKPAUWEHHS
noKasHuKie xcypuany. bidmn. 6.

Kntouosi cnoea: HayKoMeTpU4HI IOKa3HUKH, Scopus, SJR, mpoueHTHIb, iHACKC XUpIIa, KBapTUIb

3aranbHa TEHJCHI(IS PO3BUTKY Cy4YacHOI BITYM3HSHOI HAYKH — PYX JIO €BPOIEHCHEKOTO Ta CBITOBOTO
HAYKOBOTO MPOCTOpPYy, a Iie¢ Oe3mocepeqHbO IOB’S3aHO 31 CHOPAMYBAaHHSAM MyONiKaliliHOT aKTUBHOCTI
YKpalHCHKHMX HayKOBIIIB MEPII 332 BCE y BUAAHHAX, SKi IHIEKCYIOThCS y HayKoMeTpuyHHuX Oa3ax manux (bJ1)
Scopus Ta WoS. BximoueHHS XypHaIy IO ITUX 0a3 — JOBTOTPHBAIMN Ta CKIIATHUN TIporiec. 3a JaHUMH
MinicrepcTBa OCBITH Ta Hayku YkpaiHu craHoM Ha 26.04.2021 p. y ui B/l Bxomuth 136 ykpaiHCBKHX
KypHaiiB (BimHeceHo 10 kateropii «A» Ilepemiky HaykoBuX (paxOoBHX BHAAHB), i3 HHX Jumie 61
IHIEKCYEeThCS Yy Scopus, cepen akux 13 —y kateropii Energy 1 Engineering.

AJle 1I1e BaK4e HaBITh HAJIAroXKCHOMY BHJIAHHIO BIJIIOBIIATH KPUTEPIsAM, sIKi BUCYBA€ JI0 HUX Scopus.
B/1 Scopus momicsuHO IPOBOAUTE HEPEBIPKH KYpHATIB, 38 pe3yabTaTaMu SIKHX, HAPUKIa, y Jotomy 2021 p.
18 BuaaHb MPUNMHUIY iHAEKCYBaHHs, y Oepe3Hi — 10, a y kBitHi — 4 [1]. [IpuunHu npunuHEeHHs iHAEKCaIlil pi3Hi:

— TIOpYNICHHS YHOPMOBAHOI TOBEIIHKH >KypHaTy. Y Scopus icHye CIemiadbHui aHATITHIHAN
anroput™ Radar, SKuil ClHigKye 3a TOBENIHKOIO JXypHaldy, a caMme: (iKCye 3MIHM KiNBKOCTiI cTaTei,
CaMOLIMTYBaHHS, Teorpadiro aBTOPiB, iXHIO IHCTUTYHIHHY MPUHAIIEKHICTH 1 T. 1HIIL;

— 3HWKEHHS AKOCTi myOmikamiii — Publication concerns, SKIIO KOPUCTyBadi MarOTh 3aHETIOKOEHHS
HIO/I0 SKOCTI MyOUTiKallii, TO BOHH MOXYTb MTONPOCUTH TIEPEOIIIHUTH Ky PHAIT,

— HE IOTPUMAaHHSI BiAMIOBIAHOCTI KpuTepisiM Scopus — Do not meet Scopus criteria. OMHUM 3 TaKUX €
HACTYNHUI: Y CIOHCKY JiTepaTypH He MOBUHHO OyTH Oinbme 10-12% camouuTyBaHHS XypHally, a TAaKOX HE
MmeHIe 50% mKepen MaloTh HaJleKaTH BUJAHHIM, K1 IHICKCYIOThCS B 0a3ax gaHux Scopus abo WoS;

— BUHUKHEHHS €THYHUX IIpobieM — Ethics concerns.

SKIo BUOaHHS HE BIAMOBiZa€ KPUTEPIAM MPOTATOM JIBOX POKiB, KoHcymbTaTHBHA paaa 3 BigOopy
koHTeHTY (CSAB — Scopus Content Selection and Advisory Board) moBTOpHO OIiHIOE KypHAI. Scopus
HIOPIYHO MPOBOJIUTH MPOTPaMy MOBTOPHOTO OI[iHFOBAHHSI.

Came TOMy METOI0 CTaTTi € aHali3 CTaHy, HayKOMETPHUYHHMX IOKa3HHUKIB XypHamy «TexHiuHa
enexTpoauHamika» (maimi «TE») 3a octaHHI TpH pOKY Ta TEHICHIIIH HOTO MOIATBIIOTO PO3BUTKY.

Kypuan «TE» iHgekcyerbes y 6a3i manux Scopus 3 2012 poky, i 1e Jae peanbHy MOXKIHBICTh
HAallUM BYCHUM ONPWIIOJHUTH PE3ylbTaTH CBOIX [JOCHIIKEHb Yy «CKOILyCOBCBKOMY» JKypHali
Oe3nocepeHbO B YKpaiHi.

Pemakuis He 3yNUHSETbCS Ha [OCATHYTOMY Ta HaMarae€TbCs CHIIKyBaTh 3a MIKHApOJHUMHU
BUMOT'aMH JI0 HAYKOBUX BUIAHb. JKypHau, sIK «KHBHUH OpraHi3mM», pO3BUBAETHCS:

—yci crarti 3 2016 poxy matots DOI 3 mpedikcom 10.15407 — arennis CROSSREF, meranani 3 sikoi
BHKOPHUCTOBYIOTE pi3Hi B/I, mOITyKoBi cepBicH, MPOEKTH Ta 0i0TI0TEKH;

— po3po0JIeHO HOBHI calT kypHaiy Ha tiatdopmi OJS — Open Journal System;

— Ie Aajo 3Mory BKIOUUTH Horo mo 6a3 manux INDEX COPERNICUS — ICV 92,56 ta DOAJ —
Directory of Open Access Journals, sky 4acTo IUTYIOTh SIK JDKEPENIO SKICHUX XypHAJIB 13 BIIKPUTUM
JOCTYTIOM Y HAYKOBHX T4 HAyKOBO-BUIABHUYHX KOJIaX;

© l'oponxa JI.B., 2021
*ORCID: https://orcid.org/0000-0002-2501-8050
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— 3aBIKU mepexoxy Ha cuctemy OJS caiiT xxypHany miakmoueHo go cucremu Google Analytics —
3py4HOMY i OaraTo(yHKIIOHAJTBHOMY cepBicy Bia kKommanii Google ans aHami3y iHTEpHET-CATIB, SKUH Ja€
3MOTY peJaKilii MepeBipUTH CTaH IHJICKCYBaHHS, CTATUCTHKY ayJIUTOpii calTy (BiABIMYyBaHOCTI caiTy,
KUTBKOCTI TMEPerJITHYTHX KOPUCTYBayaMH CTOPIHOK, reorpadidHMii PO3MOALT ayAWTOpii) Ta ONMTUMI3yBaTH
BHIIMMICTH CBOiX BeOcTOpiHOK [2]. Hampukiaz, 3a ocTaHHIMA TaHUMH ITi€l cucteMu (miepion 3 14 TpaBHS 110
10 uepBHs 2021 p.) caiiT )KypHany HaiOIIbII aKTUBHO meperisaaBcs B Ykpaini, CIHA, Iuaii, HimeyuuHi,
Kanani, Uexii, ®innsgunii, [pani ta Hsemii.

3MiHIOIOTECS 1 HAYKOMETPUIHI TIOKa3HUKH Ky pHAITY.

Tak 3a manumu SClmago (HaykoBa rpyma 3 YHiBepcutery ['paHand, ska 3aiiMacTbesi aHAIi30M
iHpopMalLii, MOJaHHAM Ta MOUIYKOM 3a JOTIOMOT0I0 MeTOIB Bizyamizauii) y 2020 poui xypHai « TE»:

— mocimae 23 Micue cepel YKpaiHChKUX JKypHAJiB, MO iHAEKCYIOThes Yy b/l Scopus (Haramaemo —
BChoTO iX 61), Ta 32 — cepen xypHainiB CxigHoi €Bpornu [3];

— BXOJIUTH A0 KBapTWwisa Q3.

SNIP (Source Normalized Impact per Paper) — 0,81. Lleit moka3sHUK BpaxoBy€ piBeHb LIUTYBaHb Y
KOXKHIH HAYKOBi# ramy3i i Moke OyTH BUKOPHUCTaHHWH 31 TMOPIBHSIHHS IMyOiKaIliif 3 pi3HUX HAyKOBUX
HanpsaMkiB. [lix wac mimpaxyHky SNIP BHKOpUCTOBY€ThCS TMOKa3HUK "TOTEHI[all LUTYBaHHA", SKUH
BpPaxOBY€ KIUIBKICTh IIMTYBaHb XYPHANiB MEBHOI MUCHMIUTIHU 1 CTYMiHb I OXOIUIEHHS HAayKOMETPHUYHOIO
bazoro [4].

CiteScore — 1,0 — me uMcenbHHH TOKAa3HUK, IO BiJOOpaka€ CEepeqHI0 KUTBKICTh LIUTOBAHOCTI
HelaBHIX cTareil, omyOiikoBaHuUX B XypHam. Jlanuwii ingukatop OyB cTBopeHuid B rpyaHi 2016 poky
BumaBHUITBOM FElsevier sk anpTepHatuBa 3a3Bu4ail  BUKOpucToByBaHoMy JCR immakr-daxropy
(obumnciroBanomy Clarivate). CiteScore rpyHTy€eThbCS Ha TaHUX 3a 4 TIOTIepeaH] POKH, IO 3HAXOAATHCS B 0asi
naHux Scopus. Y koxkeH jgaHuid pik iHgekc CiteScore >xypHaly BU3HAUYAETHCS K KIJIBKICTH IIMTYBaHb,
3po0JeHnx 3a med i TpH MOMepeaHiX POKH, 3 JOKYMEHTIB, OMyOIiKOBaHUX B XKypHAI 3a Ii YOTHPU POKH,
pO3IiIeHe Ha 3arajlbHy KUIBKICTh OMyOIIKOBAaHUX JOKYMEHTIB TOTO X THITY B 0asi maHuWx (CTaTTi, OTJISIH,
JOKYMEHTH 3 KOH(EpEeHII, TIaBu KHHT) TMPOTATOM IIbOTO X CaMoro YOTHpHpiYHOTO Tepiogy [5].
3a3HauuMo, 1110 HalBuIIil moka3Huk CiteScore BuIaHb, M0 BXOIATH 10 kBapTwist Q3, mopiBHtoe 5,1.

Hpouentniap — 28% — mokasye BiIHOCHE TOJIOKEHHS KypHaIIy B CBOii ramysi 3HaHHs. Kokna
ranxy3b 3HaHHSA AUTATHCS Ha 100 TpomeHTHiIeH piBHOTO PO3MIpYy B 3aJ€KHOCTI BiJl KiTBKOCTI JKYpHAIIB, i
KOKHOMY KYPHAaJIy IIPUCBOIOETHCS NIEBHUM MPOIEHTHIIb B 3aJIS)KHOCTI BiJl Moro mokasnuka CiteScore. Yum
NPOLICHTHIIb BHILE, TUM BHILE aBTOPUTETHICTH kypHany JKypnan «TE» mae 3rigno CiteScore pedTHHT He
HIDKYe, HIX 28% >XypHaiiB, BiiHeceHHX A0 wLiel x karteropil. o kBaptmwis Q1 BKIIOYEHO XypHaIH, fKi
MaroTh MPOIEHTIIB 3 99 1m0 75 BKIMt0uHO; 10 Q2 — 3 74 110 50; M0 Q3 — 349 10 25; mo Q4 —324 1o 1.

IPP (The impact per publication) — 0,40 — po3paxoBYeTbCS K BIAHOIICHHS KUIBKOCTI IIUTYBAaHb,
HA/IaHUX 32 TIOTOYHUH PIK, 10 3arajbHOI KiIBKOCTI MyOuiKariii 3a octanHi Tpu poku. [PP nocuth cxoxuii Ha
BiToMU# iMIIaKT-(haKTOP KypHAITY.

H-inpexe (impexc Xipmia) popiBHIoe 13; HayKOMETpUYHHMH MOKAa3HUK, 3allPONOHOBAaHHH SIK
aIbTepHATUBA KJIACHYHOMY "iHIEKCY ILMTOBAHOCTI" — CyMapHOMY YHCIY MOCWJIaHb Ha POOOTH BUEHOTO.
Kpurepiii 3acHOBaHO 3 BpaXyBaHHSAM KUTBKOCTI IyOJiKaIliil TOCTHiAHAKA 1 YuClia IXHOTo IUTYBaHHSA. To0TO
BUCHM, AKHi onyOikyBaB N craTteit, mae iHaekc h, skiio h foro crareii orpumanu He MeHIne h nUTyBaHb,
inmn (N-h) iioro crateit otpumanu He Oiibine h UTYBaHB.

SJR (SCimago Journal Ranking) xypranmy — 0,22 — HallBaXXJTUBIIIHIA MMOKAa3HUK aBTOPUTETHOCTI
KypHaITy 3a Bepciero Scopus. Po3poOieHuii yHiBepcuTeToM ['paHamu peHTHHT XypHaliB, B SKOMY
BPaxOBYIOThCS HE TIJIBKU 3arajibHa KiJbKICTh I[UTYBaHb, ajiec i 3Ba)KEHI Ta SIKICHI iXHI MOKAa3HHMKH, TaKi SIK
ABTOPUTETHICTH MOCHJIaHb, TOOTO HACKIUJIBKY aBTOPUTETHI )KYPHAIN MOCUIAIOTHCS HAa CTATTi [BOTO BUIAHHS.
SJR mo3Hadae cepeAHIO KiIBKICTH IUTAT (32 MEBHWH piK), MOMIIEHY Ha KUTBKICTh HAYKOBHX CTaTew,
HAJIPyKOBAaHUX 33 OCTaHHI TpU pOKU. PelTHHT SJR € BUBa)KEHOIO OI[IHKOIO MPECTHKHOCTI )KYPHAITY.

VY 1abn.1 HaBeAeHO i MOKa3HUKH KypHaTy « TE» 3a ocTaHHI TpU pOKH.

Taoauns 1

Pik H-index | SJR | SNIP | IPP Kaptuasp | CiteScore | Ipouentnin, %
2018 10 0.19 1096 [0.29 Q3 0,8 33

2019 13 024 |0.66 |0.31 Q3 0,9 30

2020 13 022 |0.81 0.40 Q3 1,0 28
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SAx BugHO 3 Tabm. 1, Boepie 3a Aekinbka pokiB H-iHmekc xypHairy He BHpiC y TOPIBHSHHI 3 ITUM
3HAYCHHSM Yy TIOTIEpEeIHI POKH, a BaXJIHBI MOoKa3HUKH SJR Ta MpouEHTHIb HABITh NEIIO 3MEHBIIMIHCS — 3
0,24 10 0,22 Ta 3 30% mo 28% B1AIOBIIHO.

Lle crocyeThbes 1 iHIIMX MOKa3HUKIB. Hampukian, 3arajibHe HUTYBaHHS CTaTed, OIyOIiKOBaHUX B
«TE», 3menpmmmtocs 3i 161 y 2019 pomi mo 155 —y 2020, npu 11poMy MOKa3HUK CaMOLIMTYBaHHA 3pic 3 45%
(2019) o 54% (2020); mixkxHapOHE CHIBPOOITHULTBO 3aHIIAETHCA JOCUTh He3HauHUM: 6,58% —y 2019 p. i
4,88% —y 2020 [4]. [Ipotarom ycix pokiB iHAEKCYBaHHS y Scopus >KypHall 32 000Ma KaTeropisiMu, 3a SKHX
BiH omiHOeThcs — Engineering and Power Technology Ta Electrical and Electronic Engineering,
3anuiaeTbes y kpaptuii Q3 [3].

Taku TenaeHuii He MOXYyTh He TypOyBaru. CaMe TOMYy MpPOaHANI3yeEMO MOBEIIHKY >KypHalIy 3a
OCTaHHI TPH POKH, Ky BifcHigkoBye cuctema Radar (tabn. 2) [6], 331 3po3yMiHHS TOTO, IO MOTPiIOHO
3poOUTH a0W TTOKPAIINTH IIEH CTaH.

3a maHUMH TaOn. 2 KiTBKICTh OMyOJiKOBaHMX HAyKOBHUX CTAaTEH 3MIHIOETHCS HE3HAUHO, OUIBIIY
YaCTHHY 3 HUX HAIMCAaHO JBOMa a0 TphOMa aBTOpaMHU. 3pOCTaHHS KUIBKOCTI CITIBAaBTOPIB BHKJIHMKAE JCAKY
3aKJIOMOTAHICT: UM O3HAYA€ 3rajika iMEHI BUSHOTO Cepel CIiBaBTOPIB Te, 10 BiH OpaB y4acTh y HaIMCAHHI
TEKCTY, 10 SKOi MipH TOMIMPIOETHCS IEpPCOHAFHA BIATIOBINANBHICT 13 3pOCTaHHSM KiTBKOCTI CITiBaBTOPIB?
106 3amo6irTu BUNagkaM akaaeMiyHOi HeIOOPOUECHOCTI, peAaKLis )KypHaIIy MPOIOHYE KOKHOMY 3 aBTOPiB
mianmucyBaTH «Jleknapamiro moao MOTPUMaHHS akKaaeMidHOl JOOpOYECHOCTI», B SKOI BKa3yBaTH CBii
0CcOOUCTHH BHECOK Y MiJTOTOBKY CTATTI.

Tadnauus 2

2018 2019 2020
3aranpHa KUTBKICTh CTATeH, Y TOMY YHCII 110 80 83
OJTHOOCIOHMX 25 9 10
2 — 3 cmiBaBTOPIB 51 52 40
criBaBTOpIB > 3 34 19 33
KinbkicTs crareil y criiBaBTOpCTBI
3 IHIIMMHA OPTaHi3aIlisaMH, 66 51 58
y TOMY YHCJIi IHO3EMHUMH 5 5 9
Bcroro aBropis, y ToMmy 4yHcii 299 216 255
astopu IEJ] HAH VYkpainu 130 84 112
CTOPOHHI aBTOPH BCHOTO, 169 132 143
13 HUX iHO3EeMHI 10 16 18
KinmbkicTh cTaTeil aHTIiHChKOI0 31 6 23

Ha nmanuit MoMeHT y OifbIIOCTI CTaTreld MPUCYTHI CIIBAaBTOPH 3 OfHIEI opradizamii abo MaroTh
addimamii TiTEkE BcepemuHi YKpainu. [lyke piAKiCHUH BHUXiA CITIBaBTOPCTB 3a MEXKi KOPIOHIB HAIIOT
KpaiHu. 3ayBayKUMO, 11O CIIIBIIpAIs aBTOPIB 3 PI3HUX KpaiH BIUIMBA€E HA UTOBAHICTh: CEPEIHS IIUTOBAHICTD
CTaTTi 3pocTae y pasi 301IbIIEHHS KiJBKOCTI CIiBaBTOPIB 3 iHIMX KpaiH. [losiBa B ciBaBTOPCTBI 10JAaTKOBOI
KpaiH{ BITUBA€E Ha IIUTOBAHICTH OiJIbINE, HIXK TOSIBA TOAATKOBOTO YIaCHHUKA.

Hu3pkuit BifICOTOK cTaTeidl 1HO3EMHMX aBTOPIB (TOJIOBHUM unMHOM Ii¢ aBropu [lombmi, Kwurtaro,
NOOIMHOKI BHMAAKH — 3 IHIIMX KpaiH ) CBITYMTH HpPO perioHanbHuil cratyc kypHany «TE». Penakuiro
TypOye i Te, mo y 2021 poui B xypHanmi «TE» Bce Ounplme ApyKyIOThCS CTaTTi aBTOpiB IlHCTHTYTY
enekrponguHamikn  HAH VYxkpainu. Ile Moke mpu3BecTH g0 TOTO, IO JKypHan Oyae BH3HAHUM
IHCTUTYLIAJILHUM, a IIe, B CBOIO 4epry, Oyie 3arpoKyBaTH NPUITMHEHHIM Horo iHaekcamnii y BusHanux BJI.

3 orysiny Ha cKaszaHe, pefJakiist y cBoiil poOoTi Oyae ZOTpUMYBaTHCS HACTYIIHOTO:

— TOCWIWTh "BXIiITHWUH KOHTPOIB" CTaTedl, OCOOMMBO 1€ CTOCYETHCA CIUCKIB JIiTepaTypu
(caMoLIMTYBaHHS )KypHAITY HE TIOBUHHO IepeBuinyBatu 10-12%) Ta CTpyKTypH CTaTTi;

— BigJaBaTH IepeBary CTaTTsM, HAllUCAHUM Yy CIIBaBTOPCTBI i3 3aKOPAOHHHMH HAYKOBISIMH Ta
1HO3eMHHUM aBTOPAM;

- MPOBOJUTH POOOTY 3 PEeLCH3CHTAMH 3a]JIsl IIOKPAICHHS SIKOCT1 CTaTel.

Sxi pexoMeHzamii MOKHa JaTW aBTOpaM Ta JomnucyBadam xypHalty «TE», abu moxpamuTti Horo
MOKa3HUKHU?

ITo mepmre, mucaTH CTATTI aHTIIHACHKOI0 MOBOIO. SIKIO poOOTH OITyOIIiKOBaHO HE aHTIMCHKOIO, I1e
3HW)KY€E IXHIO TIOMITHICTH 1 LUTOBAHICTh. AJile BOJHOYAC BHHUKAE THTAaHHA IO BHIABIS — [HCTHUTYTY
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enekrponuHamikn HAH Ykpainu — mon0 poboTtu y penakmii mpodeciiHuX peJakTopiB TEXHIYHUX TEKCTIB,
HAIMCaHMUX aHTIIHCHKOIO.

[lo mpyre, Ginbmie myOmiKyBaTH Pe3yJIbTaTd CBOIX POOIT y MIKHAPOAHUX JKypHAJIaX, HANpPUKIAaL,
IEEE Transactions on Power Delivery (USA) — nmoai6nicts i3 xxypHanoMm «TE» 10%; IEEE Transactions on
Industry Applications (USA) — momi6bnicte 8%; IEEE Transactions on Energy Conversion (USA) —
nonionHicte 8%; Electric Power Components and Systems (GBR) — moni6Hicte 7% [4], y Akux poOuTH
MOCUJIAHHSI Ha HAII )KyPHAIL.

SIki BUCHOBKH MOJKHA 3pOOHTH 31 CKa3aHOTO?

Kypuan «TEXHIYHA EJIEKTPOAMHAMIKA» € HaykoBe BHIAHHS BIAKPUTOTO JOCTYIY Yy cdepi
TEXHIYHUX HayK, fKe OpuiimMae no myOsikamii HeomyOmiKOBaHI paHille CTaTTi, IO MICTATh pe3yJbTaTH
(hyHIaMEHTATFHUX TEOPETHYHUX PO3POOOK Ta HANOUTBII 3HAYHUX NPHUKIAIHUX JOCHIIKeHb B Talys3i
CJCKTPOTEXHIKM Ta eHepreTuku. Pemakiii BaxnmmBo, mo0 iHopMars y crartax Oyjia HOBITHBOIO,
NepeBiPEHOI0 Ta MiATBEPHKEHOIO.

ABTOpaM TpeOa HamaraTucs PeTeNbHO CIiTyBaTH HpaBHiIaM O(OPMIIEHHS CTaTed, IHCTPYKLISM
Ha KOMYHIKAI[IO 3 PeIaKIIi€l0 1 HECKIHUCHH] BUMPABIICHHS.

Bcei crarti y xypHani «TE» mpoxonmsaTe peueH3yBaHHS Ta peaaryBaHHA. lle ckiagHi mporecw,
CIIPSIMOBaHI Ha TOKPAILEHHS SKOCTI poOiT. ABTOpM MarOTh OyTH TOTOBHM JI0 IOTO. BakinmBo moBaxaTH
KOMEHTapi PEICH3eHTIB, HE0O0XiTHO BYACHO HaJaBaTH BIAIOBIJI Ha MPOMO3MUIIIT, SKi IHII[IIOE PEIICH3eHT abo
HayKOBUU PENAKTOP.

Penaxuis xypHany «TexHidHa eIeKTpoIMHAMIKa» BISYHA aBTOpaM, JOMUCYyBayaM Ta PEIeH3CHTaM
3a IUTAHY CIIBIPAII0O Ta PO3YMIHHA HAmol BHUAABHUYOI TOMITHKHA. TIiAbKM HAIOJEeTIuBa Ipars,
[JIECTIPSIMOBAHICTh, aKTHBHICTh BCIX YYacCHHKIB IpOIECy MiITOTOBKM Ta BiaHHSA XypHalTy 0OOB’S3KOBO
HpUHECE O3UTHBHI 3pYIICHHS.
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ITEPCOHAJIII

J10 70-PIY4Y£ YJIEHA-KOPECIIOHJIEHTA HALIIOHAJIbHOI AKAJIEMII HAYK YKPATHH
MHUXAJIBCHKOT'O BAJIEPISI MUXAMJIOBUYA

3aBigyBay Bingiay nepersopeHHst Ta cTadindizanii eJleKTpOMarHiTHUX npouecis,
JOKTOP TeXHIYHUX HAYK, Hpogecop, wieH-kopecnionaeHT HAH Ykpainn,
Jaypeat Jlep:kaBHoi npemii YKpaiHu B rajy3i Hayku i TeXHiKH

Muxanbchkuii Bamepiit MwuxaiinoBud HapomuBcs 3 jumHA 1951 poky. Y 1973 pomi 3akiH4MB
Onecpkuii TIONITEXHIYHUN 1HCTHTYT 3a cremianbHicTIO «[IpommcioBa enekTpoHikay. 3 1977 poky ioro
TPYJOBa IisUIbHICTH IMOB’s13aHa 3 IHcTHTYyTOM enekrpomuHamiku HAH VYkpainu, y sSikoMy BiH NpaifoBaB
CTapIIMM IHXXEHEpOM, 3aBillyBadeM CEKTOPY, MOJOJIINM HAyYKOBHM CHIBPOOITHHKOM, HAayKOBUM
CITIBPOOITHHKOM, CTAapIITNM HAyKOBHUM CITIBPOOITHHKOM, TIPOBITHUM HAyKOBHUM CITIBPOOITHUKOM, TOJIOBHIM
HAYKOBHM CITiBpoOiTHHKOM, a 3 2019 poky morernep — 3aBimyBaueM BiIiTy NMEpeTBOPEHHsS Ta cradimizamii
eJIeKTpOMAarHiTHUX mporeciB. Y 2010 poiri 3aXMCTUB TOKTOPCHKY AMCEPTalito 3a crerianbHicTio 05.09.12 —
«HATIBIIPOBITHUKOBI TIEPETBOPIOBAUl €IEKTPOCHEPTi» — 1 3M00yB HAYKOBHH CTYIiHB JOKTOpA TEXHIYHUX
Hayk. Y 2014 pomi HoMy MpUCBOEHO BueHE 3BaHHs mpodecopa 3a Ti€w Xk cremianbHicTio. Y 2018 porri
Muxanscekuii  Banepiii MuxaiioBuu Oy oOpanuii uneHoM-kopecmongentom HAH  VYkpainum 3a
CHEIaNBHICTIO ""CHIIOBa eJIeKTPOHIKa".

Muxanbcbkuit B.M. — Bu3HaHmi Ta 100pe BIMOMUN SK B HAmIid KpaiHi, Tak i 3a ii MekaMHd BUCHUH.
HayxkoBa misuibHicTh B.M. MuXabChKOTO OB’ sI3aHa 3 MiBUIICHHSAM SKOCTI BUXIJHOT HAIPYTH Ta BXITHOTO
CTpyMy TIEpPETBOPIOBAYiB YACTOTH 1 HAmpyrd, IIO0 CHPHUSE MIBUIICHHIO €Heproe(eKTHBHOCTI
MIePETBOPIOBATHHIX CUCTEM Ha 0a3i IPHUCTPOIB CHIIOBOT CIIEKTPOHIKH B IILJIOMY.
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Ilix #ioro KepiBHULUTBOM BHUKOHAHO LHKJI TEOPETHYHHX Ta E€KCHEPUMEHTAIBHHX AOCIiIKEHb II0M0
CTBOPEHHSI Ta BIIPOBA/DKCHHS HOBHUX TEOPETUYHUX IIOJIOXKEHb, IO BHPIIIYIOTH HAYKOBY MpoOieMy
MiIBUIIEHHS SIKOCTi €JEKTPOEHeprii Ha BXOMI Ta BHXOJl HamiBIPOBIAHUKOBHUX NEPETBOPIOBAUiB YACTOTH 1
HANPyTH 3 OJHOYACHUM 3a0e3MeUeHHSIM MaKCHMalbHO MOMUIMBHX KOe(illieHTIB mepenadi 3a HAIpyToro
IIUISTIXOM CTBOPEHHS HOBHX METOIB MOYJIAILII.

B.M. MuxansChbKuii Kepye HAyKOBUM HANpsIMOM, SIKAH TOB'SI3aHUN i3 JOCHIDKEHHSIM Ta
po3poOyieHHsiIM  3aco0iB 1  METOHIB  KepyBaHHS HAMIBIPOBITHUKOBUMH  TEPETBOpIOBaYaMH  Ta
CICKTPOMEXaHIYHIMH CHCTEMaMH JJIs 3a0e3MeUeHHS eIICKTPOMArHIiTHOT CYMICHOCTI JDKepel eleKTPOCHEePTil
Ta CIOXUBauiB. XapaKTePHOI PHUCOI0 POOIT, siKi BUKOHYe Muxanbcbkuii B.M., € opraHiuHuil 3B'sI30K
TEOPETUYHHUX JOCIIIKEHD i3 PO3B’SI3aHHSAM Ba)KIMBUX MPAKTUYHUX 3aBAAHb.

ITix #ioro KepiBHULTBOM PO3pOOIIEHO, BUTOTOBJICHO I AOCHIIKEHO WIAMH PSAA AXKEepell KUBICHHS IS
CIeLiaNbHOI TEXHIKH.

VYTpogoBx OcTaHHIX poOKiB MuxanbcbkuM B.M. po3poGieHO mpuHUMIHM TOOYIOBM T'eHEpaTopiB
PO3PSATHUX IMITYJIBCIB CTPYMY, IPU3HAYSHHX IS €IEKTPOIMHAMIYHOT 00pOOKH KOHCTPYKTUBHUX MaTepialliB
1 3BapHUX 3'€THAHD BiATIOBIMATEHUX KOHCTPYKIIiH y pamkax mporpamu HAH Ykpaiau "Pecypc". Po3po06ieni
TreHepaTopH 3a0e3NeuyIOTh BUXiJHI IMITYJIbCHI CTPYMHU aMIUTITYJI00 10 5 KA 1 € KOHKYPEHTOCIPOMOXXHHMHU
Ha CBITOBOMY PHHKY.

Pesynpratn HaykoBoi misutbHOCTI Muxanschkoro B.M. 3Haiinmnm cBoe BimoOpakeHHs B moHam 200
npargix, B ToMy 4ucii 4 MoHorpagisix B rajly3i CHIJIOBOI €JIEKTPOHIKH Ta eJEKTPOCHEPTeTHKH, HAaBUYAIbHOMY
nociOHuKyY, moHaa 40 aBTOpCHKUX CBiZONTBaxX Ta mareHTax (B T.4. natreHTH CLLIA Ta BenukoOpuranii). Bin €
naypearom [lepxaBHoi npemii YkpaiHu B ramy3i Haykd i TexHiku. JlepkaBHY NpeMil0 OTpUMaB y CKIali
aBTOPCHKOTO KOJEKTUBY 3a po0oTy «EHeproeekTHBHI eIEeKTPOMEXaHIuHI CHCTEMH IIIHPOKOTO
TEXHOJIOTIYHOT'O PU3HAUCHHST», SIKa TMoaBanack [ncturytom enexkrpoanHamiku HAH Ykpainu y 2015 pori.

B.M. Muxanbcbkuil Oepe aKkTUBHY y4acTh B aTecTalii HayKOBHX KajpiB, mpamporoun 3 2007 p.
nmoteriep B ekcreptHuX pagax BAK VYkpainn ta JJAK MOH Vkpainu 3 €IeKTpPOTEXHIKH Ta CHEPTETHKH.
Kpim 116010, BiH € 3aCTYITHHKOM TOJIOBH clielianizoBanoi BueHoi paau [ 26.187.01 i3 3aXUCTy JOKTOPCHKHX
nuceprauiil 3a cneniansHocTsiME 05.09.03; 05.09.05; 05.09.12 mpu IEJ] HAH Ykpainu.

B.M. Muxanscekuii odonroe JlepxkaBHi ek3ameHamiiHi kowmicii B HarlioHanmbHUX YHIBepcHTETaX
VYkpainu, siKi TOTYIOTh CIIEI[IAJIICTIB Y Taly3sX €JICKTPOHIKH Ta eJIeKTPOTEXHIKU. BiH peryisipHo yuTae Kype
JeKLiH i3 CHIOBOI ENEeKTPOHIKM B pamkax pobotu BimnminenHs wninpoBoi miarotoBku HamioHambHOTO
TEXHIYHOTO YHiBepcuteTy Ykpainm "KuiBcbkuii momiTexHiuHuid iHCTUTYT imeHi Irops Cikopckkoro",
MOPOKY KePYy€E BUPOOHUUIOIO MPAKTHKOIO Ta HAyKOBOIO poboToto cryaeHTiB HTY Ykpaiam "KIII imeni Irops
Cikopcrkoro" Ta HalioHanbpHOTO aBialliiiHOTO YHIBEPCUTETY.

VYnponosxk ocraHHix pokiB B.M. Muxanbcekuii € 4iIeHOM peakonerii >kypHaiiB «TexHiuHa
enexkrpoauHamikay Ta «llpami Iactutyty emekrpommaamiku HAH VYkpainw», Oepe akTUBHY yd4acTh y
peleH3yBaHHI MarepiajiB, MOJAHHUX JUIS OIMYyOJIKYBaHHS Yy IMX JKypHajlaX; 4WICHOM MPOTPaMHUX KOMITETIB
Ta TOJIOBOIO CEKLiH CHIIOBOT €IEKTPOHIKM MIKHAPOIHUX €JIEKTPOTEXHIYHMX KOH(EpEeHLiH, 0 TPOBOASITHCS
B YKpaiHi.

Konexmus Incmumymy  earekmpoounamixu HAH  VYkpainu, peodaxyis ocypnany «Texuiuna

eNeKMPOOUHAMIKAY wupo simaioms Banepis Muxaiinoeuua 3 rweginteem i 3uname Uomy MiyHo20 300p08 s,
0006poOYymy ma nOOANILUIUX MEOPUUX YCHIXIE.
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