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Fig. 8. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 1 W input power
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Fig. 9. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 15 W input power

Fig. 10. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 50 W input power

Based on the equations provided above and the
parameters of the converter’s equivalent circuit, the
theoretical efficiency of the buck-boost converter in buck
mode at a given power input can be calculated. The
results obtained in this manner are presented in Table 1,
where they are compared with the measurement results.

To provide a clearer understanding of the obtained
results, graphs have been created (Fig. 14, 15).

Fig. 11. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 1 W input power

Fig. 12. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 15 W input power

Fig. 13. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 50 W input power

The comparison of results obtained through
calculations, simulations, and measurements shows a
sufficient agreement, indicating that the theoretically
derived equations can be considered correct. The deviation
between the calculated and measured efficiency values is
less than 3 %. From this, it can be inferred that (22) is
valid, and consequently, equation (25) for determining the
optimal number of branches in a multi-branch buck-boost
converter in the buck mode is also valid.

48

EnekTpoTexHika i EnekTpomexaHika, 2025, Ne 4



Table 1
Summary of results obtained from calculations and measurements

Single-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,05 58,39 1,058 56,36
5,05 80,02 5,056 78,23
10,08 85,4 10,08 85,49
15,01 87,75 15,06 87,92
20 89,17 20,07 89,33
30 90,78 30,08 91,16
40 91,71 40,06 92,38
50,1 92,32 50,09 93,56
Three-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,02 41,92 1,01 39,35
5 77,11 5 75,71
10,02 84,96 10,02 84,72
15,07 88,33 15,05 88,12
20,04 90,25 20,09 91,08
30,07 92,44 30,00 93,47
40,03 93,65 40,04 94,95
50 94,4 50,04 95,78
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Fig. 14. Calculated efficiency of the converter as a function of
input power and number of branches (1, 3, 5, 7)
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Fig. 15. Measured efficiency of the converter as a function of

input power and number of branches (1, 3)

To illustrate the implications of the calculated results,
Fig. 16 presents the computed dependence of the
converter’s efficiency on its output power for a higher-
power converter. The implementation of this converter
assumes the use of the following components: IRG4PH50S-
EPbF and BYV29-500, alongside the circuit parameters:
U=200 V, Rym=19 mQ, Lm=15 pH, R=34 mQ,
L,=330 HH, an2:19 mQ, Lpn2:1 l.lH, rDs(ON):47 mQ,
Ips=1 MA, ton=61 ns, t=1270 ns, f=50 kHz, r.=19 mQ,
Ut0=0.7 V, Ig=50 HA, er=40 nC, Upp=2.5V, ;=200 ns,
Z=R=10Q.

The figure illustrates that the efficiency difference
between  the  single-branch and  seven-branch
configurations of the 3 kW converter can reach up to 5 %
at an output power of 500 W.

POUtv W

Fig'.' 16. Calc"l-J‘Iated efficiency of”t'he higﬁé;‘power‘cnanverter'.c:ié
a function of output power and number of branches (1, 3, 5, 7)

The next subsection presents the calculation of the
optimal number of branches for the boost mode.

Analysis of the operation and losses in the boost
mode of a buck-boost converter. The configuration of
the analyzed multi-branch buck-boost converter in boost
mode with n branches is shown in Fig. 1 [22]. Since the
first transistor remains continuously open in this mode, its
resistance in the closed state will be considered in the
analysis of the converter.

All components in the circuit, indicated with the
index p, represent parasitic elements. According to KCL,
the equation (1) applies to the currents in the circuit.

Each branch of the converter operates similarly to
the buck mode, where the control signals for the
individual branches are time-shifted by T/n, with T being
the switching period. The operation of each branch can be
divided into two basic intervals.

1% Interval. During this operational interval, the
transistor in the corresponding vertical branch is closed,
causing energy to accumulate in the main inductance of
the circuit, which is powered by the input voltage source
with a value of U. This situation is depicted in Fig. 17.

RPnl LPn 1 Mnl RLn Ln
i ]
Ibs_2(on)+In ‘ Jg
_—
Tos_1(on)+in Mn2
Repi Lpy  M2I Ry, L,

—I M22 |l

Fig. 17. Substitute diagram for the first operational'interval
of the converter in boost mode

For the n-th conductive loop of the converter, the
equation can be formulated based on KVL as follows:

. di . .
U Rpp in Lpm d_: s _1on) In Rin In (26)
di,

arr

The current waveform follows the same pattern as
depicted in Fig. 4. The loop of the n-th branch of the
converter, as shown in Fig. 17, can be simplified using
lumped parameter modeling.

rDS_2(on) in 0.
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(27)
Lnl LPnl I-n- (28)

Considering (27) and (28), the initial equation (26)
takes the following form:

Rt Rpni ™os _1on) Rin ™os_2(on):

. di
U Rnl In Lnl d—: 0. (29)
Its solution yields:
Rnl Rnl
0l ¢ 0l ¢
in Y et I, e Lo (30)
Rnl

If the time variable t = t,, = z/f is substituted into this
time-dependent expression for the current, the current i, at
the specified moment will, as shown in Fig. 4, attain the
value I,:

Rm 2

Ly f (31)

U
|2 — 1 e

Rnl
2" Interval. In the 2" operational interval of the
buck-boost converter operation in boost mode, the
transistor is switched off, and the energy stored in the

inductance L, is transferred to the load through the power

supply and diode D, as illustrated in Fig. 18.
Rpny Lpy  Mnl Ry, L, Dn2 Ry, Lpny

UF
D —
105_1(on)-1n

RPZI LPZI M21 RLZ

RPll LP]I M1l RLI

Fig. 18. Equivalent circuit for the second operational interval
of the buck-boost converter in boost mode

For the n-th conductive loop of the converter, the
equation can be written based on KVL as:
di

U RPnl in I-Pnl d_n rDS_l(on) in RLn in
t 32)
di di (
L, — U R i, L - u 0,
n dt F Pn2 'n Pn2 dt Z
where (3) and the following equations hold:
Rn2 Rpnt Tos_1on) Run T Rpn2; (33)
Lnz Lpm Lo Lpn2- (34)

Based on the above, the modified version of (32) can
be derived.

. di .
U Ry in Lp % U Zni, 0. (35
The solution yields the time-dependent waveform of
the desired current, expressed by the following equation:
Ry nZ Rn2 nZt
Y Uo 1 e Ln e La . (36)
an n-Zz

t

In

By substituting the time variable t = tos = (1-2)/f , the
expression for the current i, with a magnitude of I, is
obtained, as shown in Fig. 18:

Rip NZ1z
Y U0 4 o L f
an n -z

Riz NZ1z

i) e 2 T .(37)

Based on (31) and (37), expressions for the initial
values of currents I; and I, at the beginning of both
converter intervals can be derived, with these values
determined solely by the circuit parameters. The current |,
from (31) is substituted into (37):

Ryp nZ1z
U UTO 1 e Ln2 f
an nZz
(38)
Ru 2 Bmwz Rpnziz
U | ctuf e tmf ¢ Lo f
Rnl

The final expression for the current I, is obtained by
rearranging (38) in the following form:
Ryp NZ 12
U Uro Ly f

an nZz

e

U

R

I 39

' Ry z R nZ1z (39
1elmf g L f

The expression for the current 1, is obtained by
substituting (39) into (31).

Based on (30), (36), (39), (40), the time-dependent
current waveform for any branch of a multi-branch buck-
boost converter in boost mode can be expressed.

By considering the standard waveforms of the
switching-on and switching-off processes, along with
equation (1), the total losses P¢ of the converter can be
expressed similarly to the buck mode, as given in (19):

Ry 2
U Ru 2
l, — 1 etmf
Rn1
Rp NZ1 2z
U Uro e L f
an nZz
(40)
Ryz Ry nZilz
U et f o Le f
Rn1 Rnli
e Lnl
Rz Ry nzilz
1 eluf g Lo f

The average current of a converter branch can be
determined using (20). Using this, the total losses of the
converter can be expressed as:
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2 2 2
e MRpy Ingav) = Mbs_1(om) Ingav) = MRLn Incav)

2 2
Nips_2onmZ In(av) = Nibs_2(off) 1 Dsoff)d 2)

2
NRpnp In(avy “ 2) nUro e Inav) Inavy 1 2 (41)
nUIR O’SnUDS(on)Iltonf O,5nUDS(Oﬁ)I2tff

0,5nerU DS(on) f 0,5nU,:pI2t fr f ,
where Upgn) is the voltage across the transistor just before
it turns on, which can be expressed using (42); Upsf is
the voltage across the transistor that increases shortly after
it turns off, which can be expressed using (43):

Upsen) Yto I (re Rpn2 2); (42)

Upseff) Uto l2 (' Renz 2). (43)

By manipulating (41) and applying (20), a simplified
final form of the relationship is obtained, which can be
used to calculate the total losses in the converter:

2
R IF Rere ™os_10n Rin 7@ 2) s 20nZ Rerp@ 2)
(44)
nrDS_Z(off)I%S(off)(l 7) nUlk Upol 2)
05nUps(onlifonf  05nUps(oftylats f - 05nQUps(or) f
0,5nU|:p|2tfrf.

The efficiency of the converter is given by (23). From
(23), it is evident that the dominant factor affecting
efficiency is the total loss power. The magnitude of these
losses can be influenced by the appropriate selection of
individual design components. Additionally, the total losses
can be affected by the number of parallel branches in the
converter, as the input current is linearly divided among the
branches, while the losses in the branch resistors decrease
quadratically. Therefore, the total losses may be smaller
with multiple branches than with a single branch. However,
due to additional losses in the parallel branches, it is not
necessarily true that a greater number of branches will
always result in lower losses. Given these considerations, it
is possible to determine the optimal number of branches for
the desired input power (under constant input voltage, for
the desired input current, and thus for a specific duty cycle)
in the boost mode. The converter can, therefore, be
controlled by adjusting the topology and duty cycle to
achieve the highest possible efficiency for any given input
power. This is, of course, under the condition of fixed
design components and their characteristics.

To determine the optimal number of branches,
equation (44) must be differentiated. By differentiating it
with respect to n, the result for the local extremum can be
obtained, providing an expression for the number of
branches corresponding to the minimum loss power:

2

R % Rew ™ps 1on Rin Te( 2) tos 202 Reo 2)

Uk Tos 20ty Bserty@ 2 08Upg(on hiton (45)
0Upsofrylatt f 0.5QrUpson f  08Upplats f.

If the result of the differentiation is set equal to zero
and solved for n, the equation takes the following form:

e 2)

'os_2(n)Z Ren2@ 2)

Rpni ps_1om) Rin

(46)

n |

2UIR s 200f) 1 Bs(off)@ 2) 08U ps(on)laton f
08Upsof)lots f 0.5QnUps(on) f  0.5Upplotyr f
It follows from the above that, based on (46), the
optimal number of branches can be determined using the

design and operating parameters of the converter in boost
mode, ensuring that the converter delivers the maximum
power to the load under all operating conditions. The
validity of the formula for the buck mode has also been
experimentally confirmed. A comparison of the results
obtained through calculation and measurement is
presented in Table 2. For the boost mode, the same circuit
parameters were used, except for the input power source
and load. In this case, the calculation was performed with
a 10 V power supply and a 20 Q load.

Table 2

Efficiency results of the boost converter mode as a function
of power and the number of branches

Single-phase converter in boost mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
5,03 92,95 5,05 92,25
10,03 93,91 10,05 93,49
15,02 93,5 15,08 93,10
20,02 92,58 20,06 92,22
30,03 90,25 30,07 89,83
40,06 87,66 40,08 87,14
50,04 84,99 50,06 84,38
Three-phase converter in boost mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
5,05 90,7 5,01 89,65
10,04 93,2 10,05 92,71
15,01 94,2 15,02 93,72
20,07 94,7 20,05 94,12
30,05 94,93 30,09 94,38
40,08 94,5 40,00 93,97
50,01 93,85 50,04 93,15

To provide a clearer understanding of the obtained
results, a graph has been created (Fig. 19).

%
, %

94

92

90

88

86

84

7 P, W

82
0 10 20 30 40 50
Fig. 19. Graphical representation of the efficiency results as a
function of input power and the number of branches (1, 3, 5, 7),

obtained through calculations () and measurement (- - -)

To further illustrate the implications of the
calculations, Fig. 20 depicts the calculated dependence of
the efficiency of a converter operating in boost mode on

its output power.
100 , %

90 7\

80

70
60

50
Poub W
0 500 1000 1500 2000 2500 3000
Fig. 20. Graphical representation of the efficiency results as a
function of output power and the number of branches (1, 3, 5, 7),
obtained through calculations for higher power converter

40

EnekTpoTexHika i EnekTpomexaHika, 2025, Ne 4

51



This analysis pertains to a higher-power converter
implemented with the components and circuit parameters
described in the preceding text.

Conclusions. Based on the obtained equations, as well
as the presented waveforms, several critical factors
influencing the optimal design and operation of multi-
branch buck-boost converters can be identified. The analysis
reveals that for operating points of a buck-boost converter
functioning in buck mode with power input up to
approximately 10 % of the installed power capacity (P,), a
single-branch configuration is more efficient than a seven-
branch configuration. At 10 % of P,;, the efficiency
difference between these configurations can reach up to 10
%. For a converter with an installed power capacity of, for
instance, 3 kW, this efficiency gap could result in
operational losses of up to 300 W. A similar situation arises
for operating points of the buck-boost converter operating in
boost mode. However, in this case, the single-branch
configuration demonstrates a clear efficiency advantage
only for power input levels up to approximately 6 % of the
total installed capacity. Within this range, the single-branch
configuration remains up to 10 % more efficient than the
seven-branch configuration. It is important to note,
however, that the absolute magnitude of the converter’s
losses is influenced not only by the number of branches but
also by the parameters of the components used in the circuit.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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M.I. bapaHoB

OCHOBHI XapaKTepUCTUKN KaHany nigepa npv npo6oi BUCOKOK IMMY/IbCHOK Hanpyror
[0BIroro noBiTPAHOI0 NPOMIDKKY

HapaHi pesynbTaTu po3paxyHKOBO-eKCNEPUMEHTANbHOTO BU3HAYEHHS OCHOBHWX XapakTepuCcTUK NNa3MoBOro KaHany no3vTUBHOMO
nifiepa Npu enekTPUYHOMY MPO60i AOBroro NOBITPSHOrO NPOMIdKKY ABOENEKTPOAHOI po3psagHoi cucTemmn (JEPC) «BicTps-niowpmHa»
CTaH4ApTHUM KOMYTaLiliHAM anepioguyHnM iMMyIbCOM BUCOKOI Hampyr 4yacosoi hopmm T,,/T4=200 MKc/1990 MKC NO3MTVBHOT Nons-
PHOCT . 3anponOHOBAHO CPOLLEHY enekTPOMi3nyHy MOLENb BUHWKHEHHS | PO3BMTKY NO3WTWBHOTO fifepa B JOBIOMY PO3psSAHOMY Mo-
BiTPAAHOMY MPOMI>KKY focnig>KyBaHoi JEPC, Ha OCHOBI SIKOT Y KOMNIEKCHOMY BUMNAAI Gy 3HaAEHI HACTYMHI OCHOBHI XapakTepuc-
TVIKV NNa3MOBOr0 KaHasly 4aHoro no3MTUBHOTO Nigepa: rycTuHA Ny €NeKTPOHIB i eNeKTPUYHNA noTeHuian U B ronosLi nigepa; no-
FOHHWIA 3apsAA Q) NiJEePHOT0 NNAa3MOBOr0 KaHay; rycTuHa g eNeKTPOHHOTO CTPYMY g i Ll CTPYM iq. B KaHani Nigepa; Hanpy>KeHo-
CTi CUNbHOrO eNeKTPUYHOIO Nons BcepeauHi E ; i 30BHI E| , kaHany nigepa; AoB>KnHa ls CTpUMepHOT 30HM nepes ronoBKoto niepa; Mak-
CMMa/bHa eneKTPOHHA TemnepaTypa Ty, B MAa3Mi KaHany nigepa; NOrOHHWIA ak TUBHMIA onip Ry, i MOBHWIA ak TWBHWIA onip R, KaHany
nifepa. BUKOHaHi Ha BiTUM3HAHOMY NMOTY>KHOMY HaJBNCOKOBO/MbTHOMY eNeKTPoo6nagHaHHi Ha BiAKPMTOMY MOBIiTPi B yMOBax eneKkT-
poi3nyHOT nabopaTopii BUCOKOBONLTHI EKCNEPUMEH T MigTBEPANIM NPALE3AaTHICTb | AOCTOBIPHICTb HU3KM OTPUMAaHUX PO3PaxyH-
KOBMX CMiBBIJHOLLEHb [/19 BKa3aHUX XapakTepucTVK NnasmMoBOro KaHany no3vuTUBHOIO fifepa enekTPUYHOTO Po3psay, SKuii thopmy-
€THCA | PO3BMBAETHCA B Liill BACOKOBOALTHIl noBiTpsHiii JEPC. Bibn. 49, puc. 7.

Knto4oBi cnosa: AOBrvii MOBITPSAHMIA MPOMIXKOK, NiAePHWIA PO3PSA, eNeKTPUYHMI NP6 NPOMIXKKY, N1a3MOBUIA KaHa nosu-

TUBHOIO fliflepa, XapaKTepUCTUKM NO3UTMBHOIO Nigepa.

CraH Ta aKTya/ibHICTb 3afauyi. 3rifHo MONOXEHHAM
Cy4acHoi (i3vky rasoBOro po3psgy eneKTpuuHuiA Npobili
AK 1OBMUX (OBXMHOW |y nopsaky (1-10%) M, sika BianoBi-
[a€ rasoBii i30/15UiT Haf- | BUCOKOBO/IbTHOIO E/IEKTPOTEX-
HIYHOrO 06M1aAHaHHS), TaK i HaghoBrMX (JOBXMHOW |y Mo-
pagky (1-3) 10° m, Aka xapaKTepHa Ans HafBVCOKOBObT-
HMX TPO30BMX PO3PS/IB B 3eMHI Tpornocdepi) NOBITPAHUX
MPOMIDKKIB Bifg0OyBacTbCA 3a NiAePHUM eneKTPOdI3NYHIM
MEXaHi3MOM | 3aBepLLYETLCS iICKPOBOK (JOPMOI0 po3psay
Ta PEXMMOM X KOPOTKOro 3amuKaHHs [1-4]. B pesynbTaTi
LIbOro Mpo6oto ra3oBe CepeaoByLLEe X NPOMIKKIB 3 fiene-
KTPUYHOTO CTaHy MepexofuTb B 30HI PO3MOBCHOIKEHHS
LbOro PO3psLY B €NEKTPONPOBIAHE LUNAXOM MOr0 NepeTso-
peHHs B nnasmy. Mpy LuboMy fifepHuWiA pospsg B atMocde-
pHOMY MOBITPi Mae OfHY XapakKTepHy BnactusicTb [1-3]:
BiJ ApKepesna LUTYYHOI (3apsgpKeHOro 3 BUCOKMM ENEKTpU-
YHMM NOTEHUiaIoM NopsaaKy @e=t1 MB meTaneBoro enek-
TPOAY eNeKTPOTEXHIYHOro npucTtpoto [1, 3]) abo npupog-
HoT (3apsmkeHol B Tponocdepi 3emni rpo3oBoi Xmapu 3
HaBMCOKUM  €NEeKTPUYHMM  MOTEHLia/IoM  MOPAAKY
Pr=+(100-500) MB [2, 5]) enekTpuKn yrand Lmx npomix-
KiB BKa3aHOH [JOBXWHOO |y npopocTae ToHKuiA (paaiycom
6ins R.=0,5 10" m [1, 3]) Nna3moBwuii TepMOIOHI30BaHNIA
KaHan 3 rofioBHOI CEPUYHOIO YaCTUHOKO (rO/I0BKOKO pa-
Jiycom Re =R| 3 HagMipHVM 3apsagoM e, BigMoBigHOT no-
NAPHOCTI), WO SICKPaBO CBITUTLCS, SIKWIA B €eKTpodi3nLi
BUCOKMX (Ha[BMCOKMX) HaMpyr OTpUMaB Ha3By «ifep». 3
rOI0BKM LbOro Jligepa y6ik 3a3emMeHOro MeTaneBoro ene-
KTPOZY PO3PASHOI eNeKTPOTEXHIYHOI cucTeMn abo nosep-
XHi 3eMAi 3 06’eKTamu Ha Hii Npy po3rnsagi NiHiRHOT 6nmc-
KaBKM PO3BMBAOTLCS YMCMIEHHI CTpUMEPW, SIKi 3aaTHI A0
po3rany>kyBaHHs. [licna 3ycTpivi ronoBKU PO3BUHYTOrO
nigepa, siKka Ma€ eNeKTpUYHKiA noTeHuian +U,, i3 3a3emne-
HUM MeTaneB M enekTpoLoM (MOBepXHero 3eMsli abo Hase-
MHUM TEXHIYHMM 06’€KTOM), A0 SKOFO BiH PO3BMBABCH,
BiOYyBaEThCS HeiTpanisallis 3apsaay +0. FonoBKu nigepa i
B NifEpHOMY KaHa/li BUHWKAE CTafisi MOTY>HOro 3BOPOT-
Horo po3pagy [1-3]. Aani 3 wewnakocTio 6ina 10" m/c [1, 3]
Y HanpsiMKy [0 NOTeHLia/IbHOro eNeKTPoAY BKasaHUX CUC-
TEM PO3MOBCIOAKYETLCA CNOYATKY XBW/ISI 3HATTSA MOTEHL,i-
any B NliJepHOMY KaHaJsli i3 3HUKHEHHSIM 11010 3apsgy +q,, a
MoTiM XBUNSA BE/IMKOTO PO3PAAHONO IMMY/NbCHOIO CTPYMY i
BPELUTI-PELT Ha MICLi TOHKOro 31r3aronofibHoro nigep-
HOr0 NIa3MOBOro KaHaly 3 abCOMHOTHO TemnepaTypoto

nopaaky Tm=(5-10) 10° K [3] #oro nnasmu hopmyeThes
CWUMbHOIOHI30BaHMIA ICKPOBKIA MMa3MoBMIA kaHan 3 abco-
NIOTHOIO TemMnepaTypoto nopsaky (20-40) 10° K i makcu-
MabHUM PagiyCcom rp>>R(, KW BU3HAYaETbCcA popmy-
noto bparnHebKoro [6, 7], MpY 06’€MHIV TYCTUHI Ny enek-
TPOHIB B HEOMY MOPAAKY Ne=(10%-10%) M [1, 3].

Ha cborogHi 3 ony6nikoBaHUX pe3ynbTaTiB A0CHi-
[DKeHb NiJepHOT i ICKPOBOI CTafiil eNeKTPUUHOrO NpPoboro
[0Brmx (HaaAoBrunx) NOBITPSHNX MPOMIXKKIB B Pi3HMX PO3-
PAOHUX eNeKTPOAHMX cucTeMax (rosioBHUM YMHOM B JBO-
€NIeKTPOAHMX Haf- i BUCOKOBO/IbTHUX CUCTEMAX «BiCTps-
M/IOLLMHAE» Ta «rPO30Ba XMapa-3ems»), CUbHOCTPYMOBUX
iMNYNbCHWUX PO3PALIB B ra30BUX i KOHAEHCOBaHWX cepeso-
BMLLAX B 06/1aCTi TexHiKV BUCOKUX Hanpyr (TBH), Buco-
KOBO/MIbTHOI iMNYNbCHOT TexHiku (BIT) Ta atmocdepHol
€MIEKTPUKN 3 i BEIMYE3HNMM 3amnacamy efIEKTPUYHOI eHep-
i i NOTYXXHUMW rpo30BUMK po3pagaMun 3rigHo [1-33]
Ma/10BUBYEHVMMW NMUTAHHAMW 3AMULLIANNCA Ti, SKi MOB’A3aHi
3 PO3paxyHKOBO-EKCMEPUMEHTANIbHUM BU3HAYEHHAM Kiflb-
KiCHUX 3HaueHb TakKuMX OCHOBHUX XapaKTepUCTUK Naasmo-
BOr0 KaHany nigepa B aTMocepHOMY NoBITPI SIK:

r'YCTUHM N, €NIEKTPOHIB i €/1EKTPUYHOIO NOTEHLiany
Ue. B ronoBsui nigepa;

MOrOHHOIO eIEKTPUYHOIO 3apady Jy KaHany nigepa;

F'YCTUHM O €NIEKTPOHHOIO CTPYMY g i LbOTO CTPY-
MY e B KaHani nigepa;

Hanpy>eHOCTei CUMbHOFO eIEKTPUYHOIO Mons BCe-
penvHi E; i 30BHI E| ¢ kaHany nigepa;

JOBXVIHM |s CTPUMEPHOI 30HM Mepeg, roNoBKOHO Nlijepa;

MaKCUMa/IbHOT efIeKTPOHHOT Temnepatypu Tp. B
nnasmi KaHany nigepa;

MOrOHHOIO aKTUBHOIO OMOpy Ry, i MOBHOIO aKTuB-
Horo onopy R, kaHany nigepa.

3HaHHSA KiNbKICHMX 3HaYeHb LIMX XapaKTepuUCTUK 31-
r3aronogibHoro nnasMoBoro KaHamy nigepa cnpusaTumyThb
MOrNUGMIEHHIO HAYKOBKX 3HaHb NP0 Take CKafiHe efieKT-
poiisnyHe sBMLLE B NPUPOAI K €NeKTpUYHUiA Npobili
[OBIrMX i HafAoBrUX MOBITPAHWUX NPOMIDKKIB, AKi Heob-
XigHi HaM Ha npakTuui gnsa oBrpyHTOBAHOrO MPOEKTY-
BaHHSA | IH)XXEHEPHOro BUGOPY BUCOKOBO/LTHOI ra30BoOi
i301ALiT CNOBOr0 e/IeKTPOEHEPreTUUHOTO i eNIEKTPOTEX-
HIYHOro YCTaTKyBaHHA ANA Pi3HOMAHITHUX HA3eMHMX i
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MOBITPSAHMX TEXHIYHMX 06’€KTIB Ta iX HagiiHOro 3axmcTy
Bif, Bpa)Katouoi Aii NiHiHOT 6/11CKaBKy.

MeToto CTaTTi € pO3paxyHKOBO-eKCMEePUMEHTaIbHE
BM3HAUYEHHA OCHOBHMX XapaKTepUCTMK M/1a3MOBOro KaHa-
Ny nifiepa Npu eneKTpuyHoMy npo6oi JOBroro nosiTps-
HOFO NPOMIXKY B [BOENEKTPOAHIA PpO3psaHili cucTemi
(OEPC) «BiCTpA-NNOLWMHAEY LUTYYHOK EEKTPUKOK BU-
COKOI iMNY/IbCHOT HANPYTX MO3UTUBHOT MONAPHOCTI.

1. MocTaHoBKa 3agadi. Po3risHeMO pO3MillleHy B
aTMocgepHOMy MOBITPI BUCOKOBOMLTHY JEPC y Burnagi
po3pafHOT CUCTEMU «BICTPSA-MOWMHa» [3, 27]) 3 noBiTps-
HVM NPOMIXKKOM A0BXMHOHO |y 3 gianazoHy 1 m<l4<100 M,
B IKOMY Y BEPTUKa/IbHOMY HanpsMKY BifJ NOTeHLia/ibHO-
ro MeTafIeBOro enekTpoay-cTpmxHs Liel JEPC pagiycom
ro i3 3aroCTPEHUM HWXKHIM Kpaem 3 pafiycom ioro Kpu-
BU3HWU I<<rp [0 Ti 3a3eM/IEHOr0 METaSIEBOIO ENIEKTPOAY-
M/IOLLMHM CNOCTePiraeTbCA PO3BUTOK B Yaci t n1a3moBoro
KaHany no3vTUBHOIO nigepa pagiycom R, (puc. 1).

Puc. 1. CxemaTnyHe 306paXKeHHs NO3MTMBHOTO flifepa npu
0ro po3BUTKY i pyXy B fOBrOMY MOBITPAHOMY MPOMIDKKY
LEPC «BicTps-nnowmHa» (1 — kaHan nigepa pagiycom R, ; 2 —
ronoBska nigepa pagiycom R =R, ; 3 — cTpuMepHa 30Ha nigepa)

Xaii 3MiHHI B Yaci t eneKTpUYHI NOTeHLianM BKa3aHMX
enektpogis uiei AEPC piBHi BIiANOBIAHO @e(t) i @o(t)=0, a
MoBITPS, SKE PO3MILLEHO MiXK HUMM, BiANOBiAae HacTym-
HVM HOpPMa/bHUM aTMoctepHUM ymoBaM [34]: TUCK Mone-
Kyn 10ro rasis cTaHoBUTb P,=(1,013%0,03) 10° Ma; ix a6-
CONMIOTHA Temnepatypa piBHa T,=(273,15+10) K; BigHocHa
BOMIOTICTb LMX rasiB JOPiBHIOE Y,=(45+30) %. Beakaemo,
wo ryctuHa p(h) nositpa B AEPC, W0 po3rnagaerbes, B
MepLLOMY Hab/IMXKEHHI MOXKe ByTy B 3a/1€)XHOCTI Bif BMCO-
T h=ly po3TallyBaHHA BiJHOCHO 3eMHOI MOBEPXHi 1T BEpX-
HbOrO e/IEKTPOAY 3 NOTeHLiaIoM @, NopaLKy 1 MB onuca-
Ha cniegigHoweHHsam surnagy [4]: p(h)=p(0)exp(-h/H), ge
p(0)=1,293 Kr/M*> — rycTHa NOBITPA Y 3eMHOI MOBEPXHi
[34], a H=7,5 10° M — BuMCOTa OfHOPIAHOI Tpomocthepu
3emni [35]. Tomy npmn h=I3=100 m BigHowweHHs p(h)/p(0)
npuiimMae ymcenbHe 3HauYeHHs 6ins 0,98. Y 3B’s3Ky 3 LM
BravsoM ryctuHu p(h) atmocdepHoro nositps B AEPC,
Lo AOCAIMKYETbCA, Ha 3Ha4eHHA pagiyca R, na1asmoBoro
KaHa/ly MO3WMTMBHOIO Nifepa B Hili MOXHa B po3rnsaase-
MOMY BUMaAKY 3HexTyBaTu [3, 7].

Mpuiimaemo, Wwo pagiyc R, kaHany nigepa B JEPC y
NepLIoMy Hab/VKEHHI KiNIbKICHO BM3HAYaETbCA PIBHEM
R =0,5 mm [1]. Lle 3HaueHHs ansa R, BignoBigae BigomMomy
CMiBBIJHOLLEHHIO 415 MaKCUManbHOro pagiyca R, rono-
BKW €1eKTPOHHOI NTaBMHW B MOBITPI, SIKE Mae HaCTYMHUIA
Burnag: R.=0,50", e 0;=10° M — KoediLjieHT yaapHoi
ioHi3auii atmoctepHoro nosiTpa B AEPC [1, 3]. Bigomo,
O No3uTuBHMIA nigep B AEPC, Wo AocnigKyeTbcs, BU-
HWKaE Ha OCHOBI PO3BMHYTOrO B i MOBITPI MO3UTWMBHOIO
(KaTogocnpAMoBaHOro) CTpMMepa Npu 3Ha4YHOMY HarpiBi

CTPYMOM ioro kaHany. Lieit noyaTkoBuii CTpumep 3 ryc-
TUHOO Ngsy €/IEKTPOHIB B HBOMY 3apOAKYETLCS B chepu-
YHilA 30Hi pafiycoM ri=x; aKTUBHOT yAapHOT ioHi3auii ene-
KTpOHamMu MOBITPA 6ins aKTUBHOIO €eKTPOoAy-BICTPA
JEPC, Konv makcumMasibHa eNnekTpoHHa Temnepatypa T
B 10ro KaHani focarae pisHs 6ins Tpe=(5-10) 10° K [3].
Tomy ua abcontoTHa Temnepatypa Tns € XapaKTepHOI i
[/19 MakCMMasbHOI eIeKTPOHHOT TeMnepaTypyt Ty, piBHO-
BaKHOI N/ia3Mn KaHa/ly MO3MTMBHOTO Jlilepa Ha noyvaTky
oro BMHWKHEHHS [3]. 3ynuHMMoca Ha Bunagky 6ararto-
CTPUMEPHO-NIEPHOr0 eNIEKTPUYHOro po3psay B MOBITPI
OEPC [1, 3], konn nobnusy enektpomy-gictps uiei JEPC
3 r0NI0BKM cthepnyHOi hopMm pagiycom R NO3UTUBHOMO
nigepa yo6iK i 3a3eM/IEHOr0 enekTpoay-nnoLMHA 0aHO-
yacHO cTapTye Ng OKpemux MO3UTUBHWUX CTPUMEPIB 3
HaZAMIPHUM MO3UTUBHUM 3apPALOM (e B X rONOBKax, pa-
Jiyc Rs NNasMoBOro KaHasy fKMX 3HaA4HO MeHLUe pagiycy
RL KaHa/ly MO3MTMBHOrO fifepa 3 HagMIpHAM NO3UTKB-
HUM 3apsfoM (. MOro rosioBKM, SIKWIA BifNOBigae Mogy-
N0 TYCTUHU N €IEKTPOHIB B Hiid. Mpuiimaemo, Lo npu
0eL=NsUes LIl TYCTUHA N €NIEKTPOHIB B rOM0BLi paziycom
Ret=R=0,5 mm [1, 3] no3uTtmBHOrO nigepa, Wo opmy-
€TbCS B C(HEPUUHIlA 30HI pafliyCoM Ii=X; aKTUBHOI yaapHOT
iOHi3aLliT enekTpoHaMmM MOBITPA NO6M3Y eNneKTPoay-BiCTPs
uiei AEPC, BignoBigae rycTuHi nes €MEKTPOHIB B FOMOBL
OKPEMOTO MO3UTUBHOIO CTPUMEPa PafiyCoM Re<<R 3
BMKOHAHHSAM HEPIBHOCTI Ne<<Ng. 3rigHo [1, 3] ryctuHa
Neso €/IEKTPOHIB B MOYAaTKOBOMY PO3BMHYTOMY MO3UTYB-
HoMy cTpumepi [OEPC noBuHHa cknagatv nopagky
Neso=10" M i Ginblue. Mpyu UMX (isMYHMX yMOBax Ta
BKa3aHUX BULLE PIBHSAX TeMnepaTypyu Tpms | TYCTUHM Neg
€/IeKTPOHIB B MOYaTKOBOMY PO3BMHYTOMY MO3UTUBHOMY
CTpVMepI B CPEpPUYHIA 30HI pagiycom r=x; No6an3y no-
TeHuUianbHoro enektposy AEPC «BicTpa-nniowMHa» Mo-
Xe popMyBaTUCS MO3UTUBHWUIA Nifep, SKUA 3 L€l 30HK
6yae npopocTaTh 3 WBWMAKICTIO vV, Yrnb [OBroro nosit-
psHOro nMpomixkky uiei JAEPC 3a [10MOMOro OKpeMmux
MO3UTMBHNX CTPUMEPIB Y TX KinbkocTi Ns (auB. pwuc. 1) i
thoToioHi3aLiT MoneKyn aTMoctepHoro nositps [1, 3, 15].

O6mMeXxXnmocs posrnagoM enekTpodisuyHoro Buna-
[KY, KON WBMAKICTb 3MiHW B Yaci t BMCOKOI Hanpyru

Ue(t)=0e(t)—o(t))=¢e(t) B8 IEPC, o AocnidxkyeTbes, Npu
fokuHow 1 M<I;<100 M 33[0BOJIbHSAE HEPIBHOCTI BU-
rnagy dUe(t)/dt=5 kB/MKc [3] i po3BUTOK B Hili MO3WTMB-
HOro nigepa BigbyBacTbCA Oe3nepepBHO, TO6TO 6e3 cTy-
MiHYaCcTOro YTBOPEHHS B 4OBFOMY PO3PSLHOMY NPOMIDKKY
Liei AEPC «BiCcTpa-NnoLmMHa» OKPeMUX NiflepHUX KaHa-
niB. Lle MonoXeHHs BiAHOCHO BKa3aHOr0O €1eKTPOi3ny-
Horo BnamBY NoxigHoT dU(t)/dt Ha xapakTep po3BUTKY
MO3UTMBHOIO flifiepa B aTMocthepHoMy noBiTpi wiel AEPC
L1 OKPEMOrOo BMMNAAKY, KONW AOBXUHA |y LbOro Npomix-
Ky B OEPC Bignosigana gianasoHy 1 m<ls<4 M, Hamu
6yno MifTBEPIKEHO EKCNepUMEHT/IbHO 3a A0MOMOroH
BITYM3HAHOIO HAZIBUCOKOBOJIbTHOIO 06/1aHaHHS [4, 27].
MoTpibHO 3 ypaxyBaHHSAM PO3paxyHKOBKX i AOCnig-
HUX JaHWUX BU3HAUUTU B HAONMXKEHOMY BUTNALI OCHOBHI
XapaKTepUCTMKM NIa3MOBOr0 KaHasly MO3WTUBHOIO Nife-
pa B AEPC, wo gocnimkyetbes, SKi MICTATb 3HAYeHHS
HaCTYMHMX (HI3MYHUX MOKA3HUKIB: TYCTUHWN N €NEKTPO-
HiB | enekTpuyHoro noteHuiany Ug B ronosLi NO3UTMB-
HOrO Nifepa; NOrOHHOIO 3apAay g NiAepHOro nnasmoBo-
ro KaHasy; ryCTuHW O ENeKTPOHHOIO CTPYMY g i LibOro
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CTPYMY . B KaHani nifgepa; Hanpy>keHOCTei CUMbHOro
eneKTpUYHOro nons BcepeauHi Ey; i 30BHI E . kaHany
nigepa 3 NUTOMOHO e/1IEKTPONPOBIAHICTIO Y Or0 NiasmMu;
JOBXUHW | CTPUMEPHOT 30HU nepes, rofoBKOK Nifepa;
MaKCMManbHOI efeKTPOHHOI TemnepaTtypu T, B naasmi
KaHay nifepa; akTMBHOro onopy R, . kaHany nigepa.

2. BusHa4veHHA napaMeTpiB 30HM aKTMBHOI yaa-
pHoT ioHi3auil nosiTpa B AEPC. Ak Bigomo, ABOATOMHI
MosieKynn KucHio O, y cknafi rasis aTMocepHoro nosi-
Tpst AEPC, wo gocnigpkyetbes, 3a 06’eMoM 3aliMatoTb [0
21 % Big poboyoro 06’emy ii 4OBrOro po3psgHOro npo-
Mi>kKy [34]. Mpn upomy 3rigHO gaHmx Tabn. 1.6 3 [3]
eHeprisi ioHisauii Wi=W;, Monekyn KucHio O, enekTpo-
HHWM YapOM € OAHIli 3 HAMMEHLLMX 18 OCHOBHUX aTo-
MiB (MONeKyn) rasis, L0 BXOAATb A0 CKnagy MoBiTps L€l
LEPC, Ta uncenbHo cknagae 6ing Wig=12,5 eB. [ns no-
PIBHAHHS BK&XXEMO, L0 A1 ABOATOMHUX MOJSIEKY/ a30Ty
N,, SKi 3aiiMatoTb 80 78 % 06°eMy MOBITPSHOIO NPOMIX-
Ky AEPC «BicTpa-nnowuHa» [34], eHeprisa X ioHi3auii
eeKTPOHHUM YaapoMm cknafae 6ina Wi=W;=15,6 eB [3].
ToMy HalimMeHLIa TpMBasiCTb MPOLECy iOHI3auii rasis no-
BITPAHOI i30/suii B Lin JEPC enekTpoHHUMM ypapamu
BM3HAYaTUMETLCS eHeprieto ioHi3auil Wi=Wj, Ti gBoaTom-
HUX Monekyn KNCHI O,. 3 ypaxyBaHHAM LbOro y noga-
NbLUMX PO3paxyHKax MpoLeCy aKTUBHOI YAapHOI ioHi3aLil
eNeKTpoHamMM aTMOCepHOro MOBITPS B AOCAIKYBaHili
LOEPC 06MeXnMocsi BUKOPUCTaHHAM eHepril ioHisauii
Wi, fiKa XapaKTepHa f/11 Moro Mosiekyn KUCHH0 O,.

Po3rnsaHeMo BMNAZLOK, KOMM NPOLEC NaBUHOMOAIGHO-
ro PO3MHOXEHHA Ee/eKTPOHIB B aTMOCepHOMYy MOBITPI
[JEPC, W0 [0CNigKyeTbCa, BUKOHYETLCS 3a paxyHOK yaa-
PHOT iOHi3auii LbOro MoBiTPA Mifg BNAMBOM X OAHOrO Mo-
yaTkoBOro enekTpoHa (Ny=1) Ans rasopo3psaHMX Maasmo-
BMX YTBOPEHb, L0 06YMOBJIEHI Ai€t0 HAACU/ILHOIO eMeKT-
PUYHOrO NONst B CHEPUYHINA 30HI padiycoM X;=r; aKTUBHOT
iOHi3aLlii NOBITPSA eNEKTPOHHUMU yaapaMun No6In3y eneKkT-
poay-BicTps AEPC. Mpu uboMy enekTpodisnyHomy npo-
LIeCi Ha Kpato L€l 30HM pafiycoM X;=r; akTUBHOI iOHi3auiT
e/IleKTPOHaMM aTMOC(EPHOro MOBITPS, PO3TaLLIOBAHOI Mo-
6113y noTeHUiaNbHOrO MeTaneBoro enektpogy [AEPC,
4MCnO eNEKTPOHIB N, B rO/0BLY PO3BMHYTOr0 NO3UTUBHOTO
CTPMMeEpa, WO YTBOPKETLCS B LA 30HI i3-3a BKa3aHOIo
MpoLecy iX PO3MHOXEHHS, Y MepPLUOMY HabVdKEHHI onu-
cysaTuMeTbes 3anexHicTio [1, 3]: N,=Neexp(oi ), e
0 =(0-1) — eeKTUBHUI KOediLlieHT yaapHOi ioHizauii
nosiTpsa B AEPC, a n — KoepilieHT NPUInMNaHHs eneKT-
POHiB B MoBITPI uiei AEPC.

EnekTpoHu Npu ix MoAyni 3apagy e,=1,602-10"*° Kn
i Maci cnokoto me=9,109-10"" kr [34] mix cBOiMM ABOMA
HacTYMHUMW OAMH 3@ OAHUM 3iTKHEHHAMM 3 eDEKTVBHOO
4acToTOl V,, 3 aTOMaMK abo MoneKynamu nosiTpa (Ha-
npuknag, KucHwo O,) B AEPC, WwWo gocnimkyetbes, Habu-
patoTb Mo6aM3y MOTEHLia/IbHOMO eNeKTPOoAy-BiCTPs L€l
OEPC B 11 HagcunbHOMY eneKTpryHOMY Moni 3 ycepeq-
HEHOIO Hanpy>XeHicTio Ey WBMAKICTbL Apeidy nprbansHo
Veg=€oEy/(MeVyy) 1 BigNoBigHO eHeprito We=eoE,Ves/Vi [1],
fKa /19 YMOBM MOYaTKy NpoLLecy akKTUBHOI iOHi3auiT Lbo-
ro noBiTPs NOBMHHA AK MiHIMyM [OpIBHIOBATW eHeprii
ioHi3auiT Wi=W,q i0ro monekyn kucHtio O,. Tomy 3 piBHO-
CTi WesWig=eo’Ex®/(MeVin?) MOXHA OTPUMATW PO3paxyH-
KOBWIA BMpa3 ANS YCEPeAHEHOro 3HAYeHHs KPUTUYHOT
Hanpy>eHocTi Ey eneKTpuyHOro nons Ha Kpaw 30HU
iOHi3auii aTMochepHOro NoBiTpA, WO po3rnsgaeTbes. Lle

3HAYEHHS BUSBNAETHCA PIBHUM Ey=eq Vm(MeWio) 2. Mpu
Vin=2,96 10" ¢ [1] i W;=12,5 eB [3] KpuTUuHa Hanpyxe-
HiCTb E enektpuyHoro nons B AEPC, Wo AocnimKyeTbes,
NpuiAMae KinbKicHe 3HauyeHHs 6ins Eqy=24,9 10° B/m. Mpu
LbOMY LUBUAKICTb Apeidy Veg=eoEx/(MeVin) €NeKTPoHiB
Ha LibOMY Kpato CePUYHOT 30HW PafliyCoM Xj=r; akTUBHOI
yZapHoT ioHi3auil NoBiTps No6AU3Yy NOTEHLiaNbHOrO efne-
kTpody JIEPC A0piBHIOE Vei=1,48 10° m/c.

3rigHo [1] koediuieHT N NPUANNaHHA eNeKTPOHIB [0
MOJIEKY/1 AN MPUAHATOrO0 Hamm aTMOC(EPHOro MOBITPS B
JEPC, wo pocnigpkyetsed, MNpW 4acToTi 1X MpuavnaHb
Vy=10% ¢ i WBMAKOCTI Apevidhy eneKTPOHiB Ve=1,48 10° m/c
B Nfa3Mi KaHaly MO3WTMBHOIO CTpUMepa po3psgy B
[OEPC npuiimae uncenbHe 3Ha4eHHs 6i18 N=Vy/Ve~67 M
Tomy npu 0=10° M~ [1, 3] BNAMBOM NPUANNAHHS ENeKT-
POHIB Ha TX PO3MHOXEHHS B MOBITPi Liel JEPC MoxHa
3HeXTyBaTW, a NapaMeTp O; B 3aN1eXHOCTI AN1A uncna ene-
KTPOHiB Ny B ronoBLi PO3BMHYTOr0 MO3UTUBHOIO CTPU-
Mepa y BKasaHiil 30Hi 10ro ioHi3aLlii NPUIAHATI PIBHUM Q.

Bkaxxemo, WO pagdiyc Xi=r; 30HN aKTUBHOI yAapHOI
iOHi3aLil MosieKy aTMOCHEPHOro NOBITPSA eIEKTPOHHUMMU
yoapamy no6ausy NoTeHLiaNbHOro  eneKTpoay-BicTps
JEPC BM3HaYaeTbCA 3a HACTYMHUM PO3pPaxyHKOBMM Bu-
pasoM: Xi=r=Ueg/Ex=Uec€oVim (MWio) ™4, e Ueq — Ha-
npyra nossu B MOBITpsHIA JEPC 6Ge3nepepBHOro nosu-
TmBHOro nigepa [3]. 3rigHo opmynu (5.35) 3 [3] Hanpyra
Ueg B mocnigpkysaHin JEPC BM3HauyaeTbCsA 3a HabGIMKe-
HUAM BUPa3oM: Ueq=Eeolmin/Ke, Ae Eeo=23[1+1,22(ree) "] 3
po3mipHicTio (KB/cM) — noyaTKoBa Hampy»eHICTb efleKT-
pvyHoro nona B AEPC y Kpato 1T MeTaiIeBOro eNnekTpoay-
BICTPS 3 eKBiBa/IEHTHM PafliyCoOM AOr0 KPUBUZHM Fec=Ie,
a ke=(14+1,5lin) 3 PO3MIpHICTIO MiHIMa/IbHOT AOBXWHU
Imin NOBITPAHOTO NpoMixky AEPC B (M) — KpUTUYHE 3Ha-
YeHHs 6e3p03MipHOro KoegilieHTa HeoAHOPIAHOCTI ene-
KTpuuyHoro nong 8 AEPC. bauumo, WO enekTpnyHa Ha-
npyra Ue B JEPC «BiCTps-NoOLWMHa» 3aN1eXUTb K Bif
[LOBXVHU NOBITPAHOro NpoMikky lg=l.,=1 m B JAEPC,
Tak i reomeTpii (KpMBU3HW) Kpato ii NOTeHLiaIbHOro ene-
KTpoAay-BiCcTpsi. 13 3pOCTaHHAM AOBXMWHWU |yin MPOMIXKKY B
OEPC 77 Bname Ha Hanpyry Ugy 3MEHLLYETLCS. BigsHaum-
MO, L0 [AOCTOBIPHICTb LIbOr0 pPO3PaxyHKOBOro BMpasy
ana x=r; 8 JEPC, wo posrnsgaetses, npu 1 m<lg<d m
HaMu 6yna NigTBepIPKEHA eKCnepuMeHTanbHO [4, 27].

[nsa enekTpoisnyHOro BMNagKy, Konm B BUCOKOBO-
NbTHI JEPC «BicTpA-NAoOLWMHa», WO AOCAIMKYETLCA, NpK
PSHOro NPOMIXKY MiHIMa/IbHOKO JOBXUHOK lg=lin=1,5 M,
AKa BIifNOBifae [OBXWHI MpsMOI, NpoBefeHOT Bif, BiCTps
noTeHuianbHOro enektpogy AEPC 3a Hopmano o noc-
KOT NoBepxHi 1T 3a3eM/IeHOT M/IOWMHK, PO3paxyHKoBa Ha-
npyra Ugq 3riIHO BKa3aHNM BuLLEe CMiBBIAHOLLEHHSM 3 [3]
ymcenbHO AopiBHIOE 6ina U,=616,6 KB. BigsHaummo, Lo
npu UbOMy AocnigHa npobuBHa (pospsgHa) Hampyra Ug
NS KOMYTaUiiHOro anepiogMyHoro iMnynbCy Hampyrm
yacosoi ¢hopmn Tp/T,=200 MKC/1990 MKC MO3UTUBHOI
nonapHocTi (T, T, — BIAMNOBIAHO Yac, WO BifgMNOBifae
amnnitygi Ue, | TpuBanocti imnynbcy Hanpyrun Ug(t) B
[JEPC Ha pisHi 0,5Ug,) NpuiiMana KifbKiCHe 3HaYeHHs!
Uqs=611,6 kB [4, 27], AKe Bifpi3HAETLCA Bif PO3paxyHKo-
ro 3HayeHHd U,=616,6 kB B mexax 1 %. Tomy npu
Vn=2,96 10" ¢! [1], U.s=616,6 KB i W;;=12,5 eB [3], Wwo
XapaKTepHO A4Na yAapHOI i0HI3aLlil eNeKTpoHaMu1 MONEKY/
KucHio O, B aTmoctepHOMY MOBITPI  AOCHIMKyBaHOT
JEPC (0i=10% M~ [1, 3]), paaiyc chepruHOi 30HM aKTUB-
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HOT iOHI3aLlii eNeKTPOHHUMM YaapaMuy NoBiTPs No6au3y 1i
MOTEHLia/IbHOrO METANIEBOr0 eNeKTPOAY-BICTPS Npuitmae
ymncesibHe 3HauYeHHs Xi=ri=24,7 MM.

3rigHo [1, 3] 3 ypaxyBaHHSIM HaaHMX BHULLE po3pa-
XYHKOBMX CMiBBiHOLLIEHb F'YCTMHA Nesy ENEKTPOHIB B rO-
NOBLi PO3BUHYTOr0 MO3WUTUBHOIO CTpMMepa pagiycom
Re=0,50'=0,5 MM, L0 OPMYETLCA B CPepUUHili 30HI
pagiycom xi=r=24,7 mm (U,=616,6 KB) aKTUBHOI ygap-
HOT iOHi3auii enekTpoHaMn NOBITPA M06M3Y enekTpoay-
BicTpa IEPC, npu No=1 i 0;=10% M~ gopisHioe npn6nz-
HO YNCENIbHOMY 3HAYEHHIO Nee=10,2 10%° M. Baunmo,
LLLO0 OTpMMAaHe OLLiHHe KiNbKiCHE 3HAYEHHS Negy BifNOBILAE
H806Xi,EI,HOM%/ PiBHIO KOHLEHTpaLii enekTpoHiB (Nopsaky
Neso=10"° M~ [1, 3]) B ro0BLji NOYATKOBOFO PO3BMHYTOrO
MO3UTUBHOIO CTPMMEPA, Ha OCHOBI KO0 B CHHEpUYHIi
30HI pagiycom ri=x;=24,7 MM no6au3y noTeHUianbHOro
enekTpoay-BicTpa  gocnigpkyeaHoi  OEPC  «BicTps-
N/0LWMHA» MOXKe (hopMyBaTMCH MO3NTMBHUIA Nligep 3 pa-
aiycom 6ing R =0,5 MM CBOro naasMoBOro KaHany.

3. BM3Ha4YeHHS TYyCTUHWN N, €NIeKTPOHIB B r0/10-
BLi MO3UTUBHOrO figepa B noBiTpsAHiA AEPC. Mpu
MPUIAHATOMY Hammn PiBHI BMUCOKOT eNeKTPUYHOT Hanpyru
Ue()=1 MB B pgocnigkysaHii JEPC i TpuBanocTi
t,=T¢=100 MKC OCHOBHOT (ha3u efeKTPOPO3PAAHUX Mpo-
LieciB B Ti JOBromy MnoBiTpsHOMY NPoMixXKy [3, 15, 24], ne
napameTp Ty BiAMOBiAae vacy MOro eneKTpu4HOro npo-
6010 (vacy 3pi3y T, BUCOKOT Hanmpyrn Ug(t) Ha LboMy i30-
NALIAHOMY NPOMIXKKY), MO3UTUBHWIA NiAEpP B BMCOKOBO-
NnbTHIA OEPC, wo po3rnsgaeTbes, 6yae Bignosigatn pe-
XXMMy CBOro GesnepepBHOro pPo3BUTKY B i NOBITPI 3 BU-
KOHaHHAM BKasaHoT yMoBu dU,(t)/dt=5 kB/mkc. Ans Ha-
BVKEHOIO PO3PaxyHKY FYCTUHU Ne NEKTPOHIB B roso-
BUi MO3WTWMBHOIO Nifepa B BMCOKOBO/IbTHIA NOBITPSHIN
[EPC «BicTpa-nnownHa» BUKOPUCTOBYEMO BigoMy Y3a-
ranbHeHy opmyny Caxa Ans rycTMHU Ng €NeKTPOHIB B
PIBHOBaXKHIN nnasmi uiei JEPC sk dyHKuiT iX Temnepa-
Typw Ty, | eHepril ioHizauii W; HeATpasibHKX aTtomis (Mo-
NeKyn) rasiB aTMOCepHOro MoBITPA Y Wil nnasmi [1, 36]:

ne.  (Ag /9a)" 2 ®Toi*exp( 05W; /T ), ()
fe A=6,06 10* cm eB¥2 g., g. — BignoBigHO cTaTuC-
TUYHI Bary ioHIB i HEMTPanbHMX aTOMiB (MONEKYN) rasis
NoBITPA Y Nnasmi nigepa; N, — FyCTMHA HEWTPaNbHUX
aTomis (MoneKyn) aTMoCepHOro noeiTps y naasmi nige-
pa (cM™); Ty — MaKcUMabHa eNeKTPOHHa TemnepaTypa
y nnasmi nigepa (eB); W; — eHepris ioHi3aLjii HeliTpanb-
HWX aTtoMmiB (MONeKyn) NoBiTpsA y nnasmi nigepa (eB).

3rigHo [1] piBHAHHA (1) Caxa 6yno oTpMMaHo 3a
[ONOMOrOK0 METOAIB CTaTUCTUYHOT (i3VKK 6e3BiAHOCHO
[0 MEXaHi3MiB HapO[KEHHS! €NEKTPOHIB B PIBHOBAXKHIl
nnasmi, WO PO3rNISAaETbCA. Y BUMAAKY aTMOCHEpHOro
nosiTps B [JEPC, ke € CymillLLItO pi3HMX rasis, Le piB-
HAHHA Caxa MOXe BMKOPWUCTOBYBATUCS ANt aTOMiB (MO-
NeKyn) KOXHOro CopTy, WO BXOAATb A0 oro cknagy [1].
ToMy npy 0AHOPa3oBili yAapHIi ioHI3aLil eneKTpoHamu
Mosiekyn KucHio O, (g+=4, a g,=3 [1]), AKi nNpucyTHi B
eNeKTPOHENTPanbHin NOBITPSHIM Nnasmi A0Broro posps-
[AHOro NpoMiXKy gocnimxysaHoi JEPC, BKasaHa opmy-
na (1) Caxa npuiiMae HaCTyNHWIA CNPOLLEHNIA BUTNAL;

ne 09 10Mmi{ TRl exp( 0.5Wig /T ), (2)

A€ NpLo — TYCTUHA HEMTPaNbHUX MOMEKYN KUCHKO O, aT-
mocdepHoro nosiTps IEPC y nnasmi nigepa (cm); Wig —
eHepris yAapHoT ioHi3aLii HEMTPaIbHNX MOMEKY KUCHIO
O, atmocepHoro nosiTps AEPC y nnasmi nigepa (eB).

[ns BMNafKy BMKOPUCTaHHA B pO3paxyHKax ryctu-
HW Ne. €N1IEKTPOHIB B rOM0BLLi MO3UTMBHOIO flifepa NpuiiH-
ATOrO0 HaMW MpouUecy YAapHOi ioHi3auil HemTpanbHMX
MOneKyn KucHio O, aTMOC(epHOro nNoBiTPsi B BUCOKOBO-
NbTHiN JEPC (Nno=2,52 10™ cm™ 3rigHo gaHnx Tabn. 8.3
3 [1]) npn W=W;;=12,5 eB [3] i T,.=1,639 10* K (aus.
po3ain 8), wo Bignosigae T, =1,413 eB [34, 37], 3a (2)
rYCTWHA Ne. €M1EKTPOHIB B rON0BLY MO3UTUBHOIO Nifepa B
nosiTpsHiii JEPC, wo ,qOC!'Ii,D,)KXGTbCFI, KifIbKiCHO fopiB-
HIOE MPUBNN3HO Ng =0,7 10°! M™°. ToMy AnA LBLOrO BUMa-
AKY CTYMiHb ioHi3auii X=n./N., ge N.=2,687 10%® m® —
yucno Jlowmigra [34, 38], nosiTps BﬂEPC «BiCTpS-
nnowmHa» cknagatume 6ina x=0,26 10™. OTpumaHe 3a
(2) umcenbHe 3Ha4YEHHS Ne. BiAPI3HAETLCA Bif MPUAHATOT
B po3Aini 8 rycTunu n,=0,9 10** M npu BM3HaueHHiI 3a
(12) BkaszaHoi Temnepatypu T, Naasmu B Mexax 22 %.
BkaXxemo, L0 Ui KifbKiCHI 3HAYeHHSI TYCTUHMN Ng_ eNeKT-
POHiB B NMO3UTMBHOMY Nifepi N0 NOpAaAKY BENUYMHU A06-
pe Y3roKyTbCs 3 BIZOMUMUN JaHUMK A5 KOHLEHTpaL it
Bi/IbHUX eNeKTPOHIB B MOBITPSHIN Nnasmi npw i Temnepa-
Typax nopagky Tm=Tm=(5-10) 10° K [1, 3, 39, 40]. Kpim
TOro, OTpuUMaHuii 3a (2) pesynbTar /19 TYCTUHU N €NeKT-
POHIB B NO3UTUBHOMY Nifepi BiANOBigaE YMOBI enekTpuy-
HOro npoboto Jlboba And rasoBoi i307auil, 3rigHO AKIA
rYCTUHA N, ENEKTPOHIB B 1X fTaBUHI NPU BUHWUKHEHHI Ha Ti
OCHOBI CTpUMepa B KOPOTKMX ra3oBMX NPoMiXKKax (NoBiTpi
[JEPC) mae 6yTu He MeHLLe n=0,7 10 M~ [1, 3].

4. BU3Ha4eHHA NMOroHHOro 3apsay gy KaHasy no-
3UTUBHOIO fligepa B NoBiTpsiHin JEPC. Mpu pospaxy-
HKOBIlA OLIiHLi NOrOHHOro 3apsfy g NiJepHOro nnasmo-
BOr0 KaHa/ly B BUCOKOBO/bTHI EPC, 1o AoCnimKyeETb-
CAl, BUXOLUTUMEMO 3 TOro (Pi3MYHOrO MOMOXKEHHS, Lo
Lei 3apag (hopmMyeTbCcs MO3UTUBHO 3apSIKEHUMU [OJ10-
BKaMV MO3UTUBHKX €NEKTPUYHMX CTPUMEPIB i3 3apsaamm
Oes=0eL/Ns, FKi DOPMYIOTHCH MO3UTUBHUM NifepPoM, Lo
npopoctae B NosiTpi Liel AEPC. Mpu ubomy npopocTaH-
Hi B MOBITPI Nifepa NO3UTUBHWIA 3aPSL (e OTO FOSIOBKM i
MOZY/b TYCTWUHW Ng. €MEKTPOHIB B HilA 3rigHo (2) 3anu-
waroTbes Ans uiei AEPC WwTy4yHOro NOXomKeHHs A0 MO-
MEHTY HacTaHHs B Ti AOBrOMY MOBITPSAHOMY MPOMIKKY
Kpi3HOT (ha3n po3psigy Mano3miHHMMK. pu nogi6HoMy
HabNKEHOMY MeXaHi3Mi eNneKTPOgi3MYHOro PO3BUTKY
LbOro nigepa 3a KOpoTKuiA Yac At =R /v, Iioro npocyBaH-
HA B MOBITPAAHOMY NpoMidxkKy JEPC cymapHi no3uTuBHI
3aPAON Qess=CesNs=Qe. TO/IOBOK OKPEMMUX €NEKTPUUHMX
CTpUMepIB, L0 CTapTYIOTb 3 FOM0BKW Nigepa B NOBITPS, i
BM3HA4YaTMMYTb 3apsg gy kaHany nigepa. Tomy ans no-
FOHHOTO MO3MTMBHOFO 3apsAy (i M1a3MOBOrC KaHaly
nigepa B MOBITPSHIA BMCOKOBOMbLTHIN [EPC, B skomy
€EeKTPOHHUIA CTPYM g | AOFO TYCTUHY O BU3HAYAIOTb
pyxoMi YOiK 3a3eMNeHOro enekTpomy-nnowmHn AEPC
HeraTMBHO 3apsMKeHi AINSAHKA MO3UTUBHUX CTPUMEPIB
pagiycoM Re=0,10;7=0,1 102 m [1, 3] y cymapHiii Kinb-
KOCTi 6i8 Ng=2(Re1/Res)?=50 3 FYCTUHOIO Nes €NEKTPOHIB
B HMX, @ iOHHWIA CTPYM ij i MOro rycTmHy 0; — ro/fioBKM
LMX KaTofLoCnpsMOBaHMX MO3UTUBHUX CTPUMEPIB 3 MOAY-
NeM TYCTUHW Ngg €/IEKTPOHIB B HUX (AMB. puc. 1), Maemo
HaCTynHe Hab/KeHe PO3pPaxyHKOBe CMiBBiHOLLEHHS:

aui 0:5QestRL1 0,50e /R 2 eOr'eLRE/?’- 3)

3rigHo (3) uum Gyfe 6Ginblue 3HAYEHHS 3apsAAY Qe

rOM0BKV MO3WUTMBHOIO Nigepa, TM 6inblumm 6yae i no-
FOHHWI NO3UTUBHWIA 3apA[, (i MOro N1asMOBOrO KaHany.

Mpn ne=0,7 102 M~ i R.=0,50;'=0,5 107 m [1] 3a
(3) NOroHHWiA 3apsiA g NIa3MOBOr0 KaHany NO3UTUBHOIO
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nigepa B nositpi gocnimkysaHoi AEPC (l,i=1,5 M) Mae
3HayeHHs 6ins q=58,7 107 Kn/wm. [ NopiBHAHHA UbO-
ro pesynbraty Ans gu 3 BiZOMUMU JaHUMU BKXEMO, LLO
npv NigepHOMY CUILHOCTPYMOBOMY HaABUCOKOBO/LbTHO-
my po3psgi B uin AEPC (1iy=100 m) 3 KomyTauiAiHUM
anepiognyHUM iMMNynbLCOM HaABUCOKOI €MIEKTPUYHOI Ha-
npyru Ue(t) amnnitygoto Ug,=3,2 MB 4acoBoi opmu
Tn/Ty=1,5 MKc/3000 MKC MO3MTUBHOI MOMAPHOCTI MOrOH-
HWi1 3apsif gy Lboro nigepa cknagas gu=100 mkKn/m [3].

3 npopocTaHHAM 3 LWBKAKICTIO Vi B MoBiTpi AEPC
KaHa/y Liboro nigepa Moro Bce HOBI LMAIHAPUYHI AiNAHKM
OTPUMYBATVMYTb Bif, FOIOBOK NMO3UTUBHMX CTPUMEPIB, WO
BMXOAATb 3 AOr0 CPEpPUYHOI rONOBKM, BKa3aHi MO3UTUBHI
3apsau. 3 ypaxyBaHHSIM Takoro MOHOTOHHOFO mMiA3apsi-
[DKEHHS1 KaHa/y nigepa Moro NosuTUBHMIA 3apsif g, 30ib-
LLYBaTUMETLCA O MOMEHTY NEPEKPUTTS HUM MOBITPSHOIO
npomixky uiei AEPC (y mexi ao q.=qy; lmin). Mpn upomy
MOBHWIA CTPYM i s NI1a3MOBOI0 KaHasly No3vTUBHOTO Jlife-
pa B Uin AEPC BM3HA4a€TbCA CyMOK Oro SIK iOHHOIO
CTPYMY i =qy Vi, TaK i €NeKTPOHHOr0 CTPYMY g, SKWIA
BM3HAYAETLCA HEraTUBHO 3apSKEHUMU [iNsHKaMU BKa3a-
HUX MO3UTVBHUX CTPMMEPIB, LLO BMKIMKAIOTLCA LUM MO-
3UTUBHUM NiepoM, | HanpaBeHW YOiK 3a3eMIEHOr0 efe-
ktpogy AEPC. 3a (3) npn qu=58,7 10° Kn/m i v,=10° m/c
[1, 27] ioHHWA CTpyM i B KaHani UbOro nigepa npuiimae
HabnwkeHe 3HaveHHs i;=5,87 A, a #oro ryctuHa
S =i /(MR %) — npnbnmaHo &, =7,47 10° A/m>

5. BM3HaUeHHA TYCTUHN Oy €NeKTPOHHOro CTPYy-
MYy i | CTPYMY i B KaHasli MO3UTUBHOIO Nifepa B
noBiTpsiHiiA AEPC. 3rigHo 3anponoHoBaHOT HabMKeHOT
Mogeni eneKkTpodi3nyHOro po3BUTKY MO3UTMBHOIO Nifepa
po3pagy 3 (haKTUYHUM BUKOPUCTAHHAM 3 aTMOCHEPHOro
nosiTpa JEPC 3apsgis i3 /ioro cTpuMepHoi 30HU i Noja-
NbLLIOFO MNPOCYBaHHA LBOro figepa YO6iK 3a3emeHoro
enektposy AEPC «sicTpsa-nniowmHay» (gue. puc. 1) ans
LUBUAKOCTI Veq HaNpaB/ieHOro pyxy (Apeidy) enekTpoHis
B N/1Ia3MOBOMY KaHani Jliiepa y6ik MOTeHLia/IbHOro enek-
Tpogy-BicTpsa uiei AEPC, 06ymMOBIEHMX Yy TOMY YunCHi |
NO3NTUBHUMMN CTPUMEPAMU 3 TYCTUHOK Ngs ENEKTPOHIB B
TX OKpeMux KaHanax, MoKHa CKOpUcTaTmcs BigomMoro o-
pMynor [38]: Veg=0el/(€gNeL). 3 iHLWIOFO 6OKY, ANs i€l
LUBUAKOCTI Vg ENEKTPOHIB MAEMO i HaCTynHWA Bupas [1]:
Ved=€oExd (MeVim), A6 Ex=es Vim(MeWi)Y? — kpuTUuHa Ha-
NPY>XEHICTb HaACU/IBHOIO eNIeKTPUYHOrO Noss B LJOBFOMY
NoBIiTPAHOMY MNPOMIKKY gocnigpkysaHoi OEPC. B pe-
3yNbTaTi AnA ryCTUHU O, €NEKTPOHHOIO CTPYMY ig B
NnNasmMoBoMy KaHani pagiycom R, =0,5a;'=0,5 mm [1, 3]
[OCNipPKYBaHOTO MO3UTUBHOIO nigepa B Uik JEPC Mox-
Ha OTpMMaTK aHaniTUYHE CNiBBiAHOLUEHHA BUrNAAY:

eL eOneLme:L/ZWil/Z- 4

3 (4) BUTIKag, L0 ryCTUHA Og €/IEKTPOHHOI0 CTPYMY
io. B KaHa/i MO3UTMBHOIO Nifiepa BU3HAYAETLCS MYCTUHO
NeL €NIEKTPOHIB B 1Or0 cthepuyHiin ronoBLUi pagiycom
R =R =0,50,"=0,5 10~ m [1, 3]. UM 6inbLue 3HaUeHHS
LLIET TYCTWUHW N €NIEKTPOHIB B Or0 roNoBLji, TUM GifbLie
i F'YCTWHa O €NEKTPOHHOIO CTPYMY g B KaHani nigepa.

Mpn Ne=0,7 10 M i Wi=W;e=12,5 eB [3] (y Bunag-
Ky Y[ApHOI ioHi3auii enekTpoHamu Monekyn KucHwo O, B
atMmocepHomy nosiTpi AEPC) ryctuHa &g eneKTPOHHOro
CTPYMY i B MIa3MOBOMY KaHajli MO3UTWBHOIO figepa B
Uil nosiTpsHIn AEPC «BicTps-nnowyHa» 3a (4) npuiimae
KinbKiCHe 3HauYeHHs 6ins 3¢ =1,66 108 A/M. Lle 3HaueHHs
OeL 32 UMCE/bHMM MOPSLKOM BiAMOBIAAE rYCTUHI CTPYMY B
no3nTUBHOMY fifepi, WO BKa3aHa B [1, 3, 40].

LLLo cTocyeTbCst eNEKTPOHHOTO CTPYMY i B KaHai Mo-
3UTMBHOIO Nliflepa, WO AOCNIMKYETLCH, TO NPU LbOMY BiH
pO3PaxoBYETLCA 32 HAO/VKEHOK (DOPMY/IO  BUMNALY:
e, =TIR %8eL. Mpyt 8,=1,66 10° A/M? i R =R, =0,50;'=0,5 MM
[1, 3] ueih eneKTPOHHWIA CTPYM g B LIMNIHAPWUYHOMY MNa-
3MOBOMY KaHa/li MO3UTMBHOIO fifepa 18 BKa3aHOro
NPUKNALHOI0 enekTPoi3NYHOro BUNaAKy npu enekTpu-
YHOMY MPO6Oi AOBrOro MOBITPSHOTO MPOMIXKKY B AOC/i-
[DKYBaHill BWCOKOBOMbTHI MOBiTpsHIA AEPC «BicTps-
nnowmHa» (Inin=1,5 M; U=~611,6 kB [4, 27]; 0;=10° m™*
[1, 3]; vm=2,96 10%* ¢ [1]; Ne=50; Wi=Wx=12,5 eB [3];
Xi=24,6 10 M) KifbKICHO CK/1aaae NpUBAN3HO i =130,5 A.
OTpUMaHUiA  pO3PaxyHKOBUIA YMCENbHWIA  pe3ynbTaT  Ans
€/IeKTPOHHOI0 CTPYMY g B KaHani Mo3UTUBHOIO fifepa
BIJNOBIAaE EMMIPUYHUM JaHWUM, WO Oy HadaHi paHille B
HU3Li niTepaTypHUX Hkepen 3 obnacti TBH i BIT [1, 3, 40].
BigmiTmo, W0 B N1asmMoBOMY KaHani NO3MTMBHOIO fligepa
B Ui AEPC oTpuMaHWil eneKTPOHHWIA CTPYM i =130,5 A
CYTTEBO MNEPEeBULLYE BKasaHWn BULLIE IOHHWIA CTPyM
ii1=5,87 A, Akuii 3abe3neuyeTbcs PyxOM 3 LUBMAKICTIO
6ins v =10° m/c [1, 27] ubOro kaHany. ®i3M4HO NOSICHIO-
BaTMCA LS Pi3HMLSA MOXe BifgmnoBigHMMK LUBWAKOCTAMM
HanpaBNeHOro pyxy LUMX HOCITB eNeKTprKM (Ui LWBNAKOCTI
Apevidy B KaHani nifepa cknagatoTb A4/ eNeKTPOHIB 6ins
10° m/c, a gna ioHis — 10° m/c [1, 3, 15]).

6. BM3HAUYEHHSI HaMpy>KeHOCTel eneKTPUUYHOro
nons BcepeauHi Ey; i 30BHI E . KaHany NO3UTMBHOIO
nigepa B NoBiTpsaHin AEPC. Ang HabnnxeHoro pospa-
XYHKY Hanpy>XeHocTi E;; MOJOBXHbOIO €eNeKTPUYHOro
nons BCepeaVHi TOHKOro 3Mr3aronofdioHoro umniHapuy-
Horo Kanany (R.=0,5 107 m [1]) nosuTuBHOrO nigepa B
noBiTpsiHii AEPC, ska A0CnigpKyeTbCs, CKOPUCTAEMOCS
KNaCUYHUM €eNeKTPOLMHAMIYHUM CMiBBiJHOLLEHHAM BU-
rnagy: E =0 /yLe [41-43]. Togi ana ycepeaHeHoi 3a Ao-
BXXMHOK Hanpy)XeHoCTi E; NOLOBXHLOr0 efeKTPUYHOro
Mona BCepeaMHi M1asMoBOro KaHany no3vTUBHOIO Nifepa
B Lin JEPC 3 ypaxyBaHHsM (4) BUKOPUCTOBYEMO BMpa3:

Ei i /( LeRD) eone Leme WY (5)
fe Y.e=10" (OM M)™ — nuToMa enekTponpoBIAHICTL Nnas-
MW KaHany no3utmBHOro nigepa B AEPC [1], sika Bpaxo-
BYE 3MiHY CTyneHs ioHi3auii x=ne /N_ i noBiTps i3 3poc-
TaHHAM MaKCUMasIbHOT efIEKTPOHHOT Temnepatypu Tono
Mnaa3mun KaHany no3MTuBHOro nigepa B uiii JEPC.

3rigHo (5) ycepeHeHa 3a AOBXWHOK HamMpyXeHICTb
ELi MOAOBXHLOrO eneKTPUYHOro Mons BCepeauHi mnnas-
MOBOFO UMAIHAPUYHOIO KaHany MO3WTUBHOMO Nigepa B
noBiTpsHili JEPC «BiCTPS-NAOWMHa» BU3HAYAETLCA fK
BE/IMYMHOK TYCTUHU N €NIEeKTPOHIB B Or0 ronoBLi pa-
Aiycom R =R =0,50;"=0,5 mm [1, 3], TaK i nuTOMOIO ene-
KTPOMPOBIHICTIO Yy Nnasmu nigepa po3pagy. [Mpu
Ne.=0,7 10% M2, Wi=W;y=12,5 eB [3], R.=0,5 mm [1, 3] i
yLe=10* (Om m)™ [1] 3a (5) po3paxyHKOBa ycepefHeHa 3a
[OBXMHOK Hanpy)XeHicTb E i eneKTpuyHOro nons y Bu-
NafiKy 3aCTOCyBaHHSA MpW eNeKTPUYHOMY Npo6oi A0Broro
NoBITPAHOIo NPOMiXKKY (lnin=1,5 M) BKa3aHOro ctaHaapT-
HOFO KOMYTaUiiHOrO anepioguMyHOro iMMy/bCy Hanpyru
U.(t) npuiiMae KinbkicHe 3HaueHHst 6ina E ;=16,6 kB/M.
Lle 3HaueHHs E ; Bignosigae npuiAHaTm B 06n1acti TBH i
BIT piBHAM YycepedHEHOI 3a [OBXMHOK Hamnpy>XeHOCTi
MOAOBXHBOIO CWILHOTO ENIEKTPUYHOIO MONsi BCEpeayHi
KaHaJly NMO3WTUBHOIO Jlifepa, KW pO3BMBAETLCS B MiKpO-
CEKYHHOMY YaCOBOMY [iana3oHi B BUCOKOBO/bTHIl MOBI-
TpsaHili JEPC «BicTps-nnowmHa» ans ii NPOMDKKIB 3 gia-
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nasoHy 1 m<li»<5 ™ [3, 39, 40]. 3rigHo [40] npn 3HaYeH-
HAX MiHIMaIbHOI JOBXUHN |y, B ik JEPC nopsgky
Iin=100 M piBeHb HaMpY>eHOCTi E ; eNeKTPUYHOro nosns B
KaHa/i MO3UTUBHOIO Nifepa HabnKaeTbCA A0 CBOrO MiHi-
Ma/IbHOr0 YMCebHOro 3HauYeHHs nopaaky E =10 kB/m [1],
SIKe CMOCTepiraeTbCs y KaHani BigKpUTOT CTauioHapHOI
€NeKTPUYHOT Ayrn Npu cTpymax nopsagky 1 A.

Mpy BU3HAYEHHI YyCEPeAHEHMX 3a [JOBXMHOK 3Ha-
UeHb Hampy>XeHOCTel eneKTPUYHOro Noss 30BHI (B CTpU-
MepHili 30Hi nigepa 3rigHo puc. 1) E . i BcepeauHi Ej;
N1a3mMoOBOr0 KaHasly MO3UTMBHOIO figepa B MOBITPSHIN
JEPC «BicTps-nnowWwpmHa», a TakoX ycepegHeHOoT JOBXN-
HY |s cTpMMmepHOT 30HM B Wili JEPC npu BUKOHaHHI yMo-
BU dU,(t)/dt<10® KB/MKC CKOPUCTAEMOCA PIBHAHHAM 6a-
NaHcy N1 eNeKTPUYHOI Hanpyry Ha po3psgHOMY AOBroO-
My NOBITPAHOMY MpPOMiXKY uiei AEPC, ske Bignosigae
MOMEHTY HacTaHHs Kpi3HOT (ha3n po3psigy B LibOMY MNOBI-
TPAHOMY NPOMIXKKY BucokosonbTHOT AEPC [3, 40]:

Ue(t) Ug Eyj (Id Is) ELels ) (6)
ae 14=1,13l i, — AOBXMHA 31Ur3aronoAibHoro Wasxy nige-
PHO-CTpPUMepHOro po3spsay B nositpi AEPC [4, 27].

Bif3HaumMmo, WO NpW HACcTaHHI Kpi3HOT dasu nigep-
HO-CTpMMepHOro pospsgy B AEPC, Lo [oChigpKyeTbCS,
BUKOHYETLCS HACTYyMHa reomeTpuyHa pisHicTb: (I +ls)=lg,
Ae |, — joBXnHa KaHany no3uTueHOro nigepa 8 AEPC.

3rigHo [40] npy HOpMaNbHUX aTMOCHEPHUX YMOBaX
B [JEPC, sKi BiinoBigatoTh NPUAHATAM HaMK YMOBaM /15
1T NOBITPSA, 3HAYEHHA YCepeHEHOT 3a [OBXWHOK Hanpy-
YKEHOCTi E|, €NeKTPUYHOr0 NosS B CTPUMEPHII 30Hi NMo3u-
TUBHOIO fifepa KiNbKICHO AOpiBHIOE 6ins E ~465 KB/Mm.
Baunmo, Lo el YncenbHNA piBeHb ycepeaHeHO Hampy-
YXeHocTi E; ¢ NOAOBXHLOrO eNeKTPUYHOrO NoNs 30BHI LK-
NiHAPWUYHOTO NIa3MOBOr0 KaHany NO3UTUBHOMO Nifepa B
0ro MOBITPSHIA CTPUMEPHIN 30HI BIAMOBIgaE AianasoHy
CUNBHUX IMMYNBLCHUX eNeKTPUYHMX nonis [37]. Ha gocto-
BIPHICTb LbOro HafjaHOro BYLLE 3HAYEHHS A8 PiBHA yce-
PefHEHOI Hanpy>eHOCTi E, ~465 KB/M enekTpnyHoro no-
NS 30BHI NNa3MOBOr0 KaHany No3vWTMBHOIO nigepa (B iAoro
MOBITPSHIN CTPUMEPHIli 30Hi) B AEPC, W0 gocnimpKyeTbes,
MOXYTb BKa3yBaTh OTpUMaHi Hammn JOCnifgHi AaHi npw Bu-
3HAYeHHI  MaKCMManbHOI  MPOBWMBHOI  HaMPY)XXEHOCTI
Egmax=Uen/lmin=462,6 KB/M enekTpuyHoro nons gna uiei
BMCOKOBO/MILTHOT  MOBITPAHOT [EPC  «BiCTpsA-NAOLMHa»
(Imin=1,5 M), fiKa NpU CBOEMY ENEKTPUYHOMY iCKPOBOMY
npo6oi BMNpoboByBana NpsaMy fAit0 CTaHAAPTHOro KOMyTa-
LiiHOro anepiogunyHoro iMnynbcy Hanpyrn Ue(t) 3 amnni-
TyA0t0 Uen Yacosoi dopmu Tr/T,=200 MKc/1990 MKc no-
3UTUBHOT NONAPHOCTI [4, 27].

3 (6) ansa ycepeaHEHOT AOBXUHW |; CTPMMEPHOT 30HK
B [JEPC «BiCTPSA-NMOLWMHa» MaEMO HACTYMHWIA B1Pa3:

ls (Ug Epilg)/(ELe Epi). @)

[na enekTpogisavyHoro Bunagky Aii B MOBITPAHIl
LEPC «gictps-nnowmHa» (Imin=1,5 M; 15=1,131,i:=1,695 M)
BKA3aHOro ByLLie anepioguyHoro iMnynbcy Hanpyru U(t)
MO3WTMBHOI  MONAPHOCTI 3 MPOGMBHOK  HAaMpyrow
Ug=611,6 kB [4, 27] 3a (7) npn E =16,6 kB/m i E =465
KB/M OTPUMYEMO KifibKiCHE 3HAYEHHsI 4N1s ycepefHeHoT
JoBxuHM Ig ctpumepHoi 30Hn B [IEPC, sike cknafatume
6ins 1=1,3 M. Bkakemo, L0 3rigHo [1] B Wil NOBITPsAHili
LEPC npy 1,5 M<Ii<10 M CcTprMepHa 30HA TArHETbCA
nepes, rofioBKOK MO3UTUBHOIO Nifepa Ha BifCTaHb nopsia-
Ky ls=1 M. OTprMaHWin po3paxyHKOBO-LOCAIAHUM LLISXOM
uncenbHUIA pe3ynbTaT Ans YCepeaHeHo! 4OBXMHM 1=1,3 M

CTpUMeEpPHOT 30HN B JEPC «BiCTpsA-NMoOLLMHA» MOXe CBif-
yaTh MPO NPaBOMIPHICTb BUKOPUCTAHMX Hamy AaHuX s
yCepefHEHUX 3a JOBXMHOK HampyXeHOCTeN eneKTpUYHO-
ro nona scepeauHi E =16,6 kB/M i 30BHI E ~465 kB/m
KaHasly no3uTMBHOIO Nifepa B Uil AEPC.

[na rpy6oi YiCcenbHOT OLHKM MaKCUManbHOrO 3Ha-
YeHHA E| ¢, HaMpY>KeHOCTi eNeKTPMYHOro rnons B MNoBiT-
PSHIA  CTPUMEpPHI 30HI 3 pafiaNbHOK KOOPAMHATO
Xs>>Re No3uTMBHOrO nigepa pocnimkysaHol OEPC 3
Pi3KO HEOAHOPIAHUM efIeKTPOMArHiTHUM NOfeM MOXHa 3
BUKOPWUCTAHHAM Teopil enektpocTtaTnyHoro nons [41]
3anucaTy HacTynHe HabKeHe CMiBBIAHOLLIEHHS:

ELem G /(4 0X§) €oMeRALG %) ' (8)
[le Xs — BiICTaHb 3a pagiycom Bif LIEHTPY CEPUYUHOT To-
NOBKM Nifepa no NoBiTPI YOiK 3a3eMNeHOro enekTpoay-
nnowuHyn JEPC; qeL=4neoneLReL3/3 — eNeKTPUYHWIA 3apsag,
rOM0BKV MO3UTUBHOMO Nifepa B MOBITPAHOMY NPOMIKKY
JEPC, akuii npn ng =0,7 10 M i Ry =R, =0,50;'=0,5 MM
[1, 3] uucenbHo cknagae nNpuMoAM3HO (e =58,7 HKn;
£0=8,854-10""2 d/m — enekTpuyHa ctana [34].

Baunmo, o 3a (8) U MakcrMasibHa HanpyXeHIiCTb
Elem B CTPMMEPHIiA 30HI NO3MTMBHOIO fligepa 3 pagiycom
R 10ro TOHKOro NJIa3MOBOr0 KaHaly NpsiMo nponopLiii-
Ha 3HAUYEHHIO TYCTVHW N €/IEKTPOHIB B CPEPUYHIiA rono-
BLi pagiycom Ry =R, Lboro nigepa. Mpu ng=0,7 102 M3,
Re=R.=0,50,"=0,5 10 m [1, 3] i X~10R. =5 MM 3a (8)
MakCUMasibHa HanpyXeHicTb E .y €NeKTpuyHoOro nons B
OKO/NLSAX FOMI0BKM NO3UTUBHONO figepa B fOCNIAKyBaHil
OEPC npuiiMae KinbKicHe 3HauyeHHs E y=21,1 MB/m.
Lleli piBeHb Hanpy>eHOCTi E, ¢ €NeKTPUYHOro nons 30B-
Hi roNOBKM MO3UTMBHOrO Nigepa BiAMOBigae [AianasoHy
HaICUNBHUX IMNY/IbCHUX eNeKTpuYHKUX nonis [40]. Buie
6yno nokaszaHo, WO KPUTUYHA Hanpy>XeHicTb Ey enekT-
PUYHOrO Mona Mo6/M3y METaneBOr0 eneKTpogy-BiCTps
pocnigpkysaHoi EPC, fka BUK/IMKAE aKTUBHY YAapHY
iOHi3aUil0 eneKTpoHamMu Ti aTMOCEPHOro MoBITPSl, NOBM-
HHa MaTW 3HaYeHHs nopsigky Ex=24,9 MB/M. Tomy B
aTmoctepHoMy noBiTpi uiei JEPC nobnusy cthepuyHoi
ronoBkn pagiycom Rg =R =0,5 mm [1, 3] no3uTUBHOrO
nigepa (Xs=10R¢ =5 MM) npu piBHI MakcMManbHOT Hanpy-
YKEHOCTI eNeKTpMYHoro nons 6ins E en=21,1 MB/m cTBO-
proBaTUMyTbCs (PI3MYHI YMOBM 15 aKTUBHOFO PO3BUTKY
B 1l faHili NOKaNbHIN NOBITPAHIl 30HI (auB. puc. 1) enek-
TPOHHWX NaBWH i BiAMOBIAHO NO3UTUBHUX CTPUMEPIB, AKI
NOCTaBNATUMYTb [0 L€l CHePUYHOT FON0BKU NO3UTUBHO-
ro nifepa HeobxigHi 4N AOro PO3BUTKY i MPOCYBaHHS B
aTMocepHoMy noBiTpi uiei JEPC enekTpuyHi 3apaau.

7. BusHaueHHs eneKTpUYHOro noteHuiany Ug.
rofIOBKN MO3UTMBHOMO Nigepa B MoBiTpsHin LAEPC.
3rigHo (6) Npu HacTaHHI B BUCOKOBONbTHIN JEPC «BIiCT-
ps-NNOLLMHa» KPi3HOT (ha3n NigepHO-CTPUMEPHOIO PO3-
psiay, KoM BMKOHYETbCA piBHiCTb (I +l)=ly, ans enekr-
pyyHOro noteHuiany Ug CHepryHOi ronoBKU pagiycom
Ret=R1=0,5 mm [1, 3] no3uTMBHOrO Nigepa B NOBITPAHIN
JEPC, wo pocnifpkyetbca HaMu, MOXHa OTpUMaTU Ha-
CTYNHe HabavKeHe PO3paxyHKOBe CMiBBifAHOLIEHHS:

UeL Ud ELi (1v13|min Is)- (9)

3 ypaxyBaHHSAM pesy/bTaTiB KiflbKICHOro BU3HaYeH-
HA HaMK ycepeaHEHOT AOBXMHN |=1,3 M CTPUMEPHOT 30-
Hu B Uih AEPC (Imin=1,5 M; Ug=611,6 kB [4, 27]) 3a (9)
npu Ei=16,6 kB/M ans noteHuiany U ronoBku nosutu-
gHoro nigepa (1.=1,13lin—1s=0,395 M) oTpumMyemO 3Ha-
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YEHHS1, SIKe YncenbHO cknagae 6ina Uy =605 KkB. baunmo,
L0 NpW LUbOMY MagiHHA Hanpyryn U, Ha KaHani nosuTumBe-
HOro fifepa nNpuilMae u4uceNbHe 3HAYEHHS, SKE piBHE
npuénmsHo U, =E;l,=6,6 kB. Takum YMHOM, OCHOBHa
yacTUHa Hampyry Npu NigepHo-CTPUMEPHIlA Kpi3HiiA dasi
po3pagy (Ug~611,6 kB [4, 27]) anepiognyHUM iMnynLCoM
Hanpyrn Ue(t) vacosoi topmun Tp/Ty=200 MKc/1990 MKC
MO3WUTMBHOI MONAPHOCTI AOBrOr0 MOBITPAHOIO MPOMIXKY
MiHIManbHOK AOBXMHOW |min=1,5 M Nagae Ha no3nTmB-
HUX cTpumepax (Hanpyra 6ing Us=605 kB), ki po3suBa-
FOTbCA 3 TOMIOBKU Nigepa YOiK 3a3eMIeHOro enekTpomy-
nnowmHn AEPC. MNpy TOpKaHHI rON0BKOK MO3UTMBHOIO
nifiepa 3a3eM/neHoro enektpody-nnowmHn AEPC ii enek-
TPWUYHWUIA NOTeHUiaN NpUiMae HyboBe 3HauYeHHs (Ug =0),
a BCA Npo6uBHa Hanpyra Uy A04aeTbCs [0 KaHany nigepa.
8. Bu3HayeHHA MaKCUMa/lbHOI efleKTPOHHOI Te-
mMnepaTypu Ty, B N1asMi KaHasay No3UTUBHOIO Nigepa
B noBiTpsHin AEPC. MNpu BM3HaueHHI piBHS Temmnepa-
TYpW B Na3Mi NO3MTUBHOIO flifepa, IKUA PO3MOBCIOAXKY-
€TbCA B [OBrOMY MOBITPSHOMY MPOMIXKY BWCOKOBO/bT-
Hoi [EPC, wo [oCnigKyeTbCs, BUXOAUTMMEMO 3 TOro
MOJIOXKEHHS, IO BOHA B afiabaTMYHOMY peXxxumi, 06yMoB-
JIEHOMY LUBMAKWM Y Yaci t MpOTiKaHHAM B NI1a3MOBOMY
KaHani uboro nigepa TenmnoBux npouecis (npw i 3MiHi
nopaaky 10° K/c [4, 9, 15]), BignoBigae MakcUManbHii
TemnepaTypi T, 1 €1eKTPOHIB, SKi MatoTb LUBUAKICTb
pyxy (apeicy) B Hiii nopsaaky 10° m/c [3]. Bkaxemo, Lo
npu LUbOMY MakcumasibHa Temnepatypa T, iOHIB Ans pis-
HOBaXKHOI MAa3Mm flifepa Npu X LWBMAKOCTI ApeidoBoro
PYXy B Hiii nopagxy 10° m/c [3] fOpiBHIOE BKa3aHili Tem-
nepatypi Tn. eneKTPoHiB. [NA 3HaXOMXEHHS MakCuMa-
NbHOT eNIEKTPOHHOT TemnepaTtypu T, B Mi1asMi KaHany
no3uTMBHOrO nifepa 8 JEPC ckopuctaeMocs BiJOMUM 3
TennoBoi (i3MKN CNiBBIJHOLIEHHAM A1 MaKCUMa/IbHOT
ryCTUHMW TENIOBOrO NOTOKY (. B KaHani nigepa [38]:

OmL ! cTniLl (10)
fe 0.=5,67 10° BT(M’K")™ — tyHgameHTanbHa cTana
CrethaHa-bonbumaHa [34].

B 3B7513Ky 3 TUM, L0 NEPBUHHUM JXKEPEIOM HaLXO-
[PKEHHS eHeprii B N1a3MOBUIA KaHan fifepa € eNeKTpuyHa
eHepris, WO 3anacaeThca B AocnimpKysaHiii AEPC, To ans
rYCTUHW TENSI0BOr0 MOTOKY (. MOXHA BUKOPUCTOBYBATM
i HaCTyNHWIA HabnVKeHWiA enekTpodisuyHuii Bupas [44]:

Omt  etUeo: (11)
A€ . — ryCTMHA eNIEeKTPOHHOr0 CTPYMy B M/1a3MOBY Ka-
Hani nigepa; Ug — NpuenekTpogHe nagiHHs Hanpyru B
M71a3MOBOMY KaHani NO3WTUBHOIO flifepa Y MOMEHT 0ro
3apOKEHHA MO6AM3Y MOTEHLia/IbHOTO MeTa/IeBOrO efiek-
Tpoay-BicTps AEPC (us nocTiliHa enekTpuyHa Hanpyra
Ugo 3MIHIOETBCA B YWCeNbHOMY fAiana3oHi Ue=(5-10) B
[N Pi3HOMaHITHUX MeTaneBux enektpofis uiei AEPC,
SKi BUKOPUCTOBYIOTbCA B 061acTi TBH i BIT [3, 4, 45]).
Topi 3 ypaxyBaHHsM (4), (10) i (11) pns po3paxyHKy
MaKCUMa/lbHOT eNeKTPOHHOT TemnepaTtypu Ty B Maasmo-
BOMY KaHasi MO3MTWUBHOIO Nligepa, SKUA hOpMYyeTbCA B
30Hi pafliycoM ri=x; yAapHOT iOHi3aLlii eNeKTpoHaMK MoBi-
Tps No6nAnM3y MOTEeHUiaNbHOro METaNIeBOr0 eneKTpoay-
BiCTps gocnimkysaHoi AEPC, MaeMo cniBBigHOLLEHHS:

1U251/2 1
TmL L\l/eoneLUeOme Wi c - (12)

Bauvmo, wWwo 3rigHo (12) enekTpoHHa Temnepartypa
TwmL B PIBHOBXHIA Mna3Mi MO3WTMBHOIO Nigepa, SKWi

HapOYKYETLCA | PO3BMBAETLCA B [OBrOMY MOBITPAHOMY
npomixkky OEPC «BiCTpA-NnowWmHa», rON0BHUM YMHOM
BU3HAYAETLCS PIBHEM T'YCTUHU Ny €NIEKTPOHIB B rOMIOBL
pagiycom R =R, =0,50;"=0,5 mm [1, 3] uporo nigepa.
Hanpuknag, npu ne=0,9 10% M= [4], W=W;¢=12,5 eB [3]
i Ug=6,1 B (gna ctanesoro enektpogy-sictpa AEPC)
[44] 3a (12) makcuMasibHa eneKTpoHHa TemnepaTypa Ty
B Mna3Mi MO3UTMBHOIO Nifepa NpuiiMae YMCENbHE 3Ha-
YeHHs NPUBAN3HO T =1,639 10* K. Mpu ne =0,7 10 M3
3a (12) ua makcumanbHa Temnepatypa Ty, BOPIBHIOE 6inis
Tm=1,539 10* K. Lli otpumaHi 3a (12) HabnvkeHi piBHi
TemnepaTtypu T, 5K Bigpi3HAIOTLCS B MeXxax 6 %, Big-
MoBiJatoTb 5IK BKazaHOMY B [3] xapakTepHOMy fiana3oHy
T 3MiHM B KaHani NMO3MTMBHOrO fliepa Ha novartky 1oro
BUHUKHEHHS1 B aTmocdepHomy nosiTpi JEPC «BicTps-
XKY, TaK i HabnmkaroTbca A0 HagaHoro B [1] 3HaYeHHs
Liel Temnepatypu nopaaky Tni=(2-4) 10° K B nositpsaHiit
PiBHOBaXHi Nnasmi No3uTMBHOrO nigepa. Kpim Toro, ui
oTpuMaHi 3a (12) KinbKicHi 3Ha4YeHHA Temnepatypu Ty, B
NNasmMoBOMY KaHani Mo3MTUBHOrO fifepa BifnosifaloTb
MoporoBoMy piBHIO TemnepaTypu T =(1-2)10" K [1, 39],
npy Nepexogi SKOro CyTTEBO 3POCTAE 3HAYEHHS CTyMeHs
iOHi3auUii X=n. /N, Iioro nnasmu. Bkaxemo, L0, Hanpu-
Knag, 3HaueHHs Temnepatypu Tm=1,639 10* K Bianosi-
[la€ NoYaTKy aKTMBHOI TEPMIYHOT iOHi3aLiT aTMOC(epHOro
noBiTps B AocnigkysaHii LEPC, ansa skoi noTpibHa Tem-
nepaTypa B LibOMY KaHani He MeHLe 8 10° K [1]. Ao peui,
y3araibHeHa dopmyna Caxa 3rigHo (1) BpaxoBye BMNAvB
Temnepatypu T, MaasMu B KaHani no3uTWMBHOIO nigepa
Ha npoLec TepMiYHOI ioHi3aLiT ra3is aTMocthepHOro nosi-
Tpa B AEPC. Tenep cTaioTb 3p03yMiniliMmn ans Hac gi-
3UYHI MPUYMHU ACKPABOrO CBITIHHSA FOMI0BKU NO3UTUBHO-
ro nigepa B uii AEPC, knit € nepeaBiCHNKOM eNeKTprY-
HOro Npo60oKo A0Broro NOBITPSHOIO NPOMiXKKY B JJEPC.
9. Bu3HayeHHA aKTUBHOro onopy R, . KaHasy no-
3MTUBHOIO fligepa B NoBiTpsiHIA AEPC. [ns noroHHo-
ro akTUBHOroO Onopy Ry, KaHasy MO3WTUBHOIO nigepa B
BICOKOBO/bTHIM NoBiTPsHIA [EPC «BicTpsA-nNaoWwuHa»
MaeMO KnacuyHe HabnmkeHe cniBBigHoLWweHHs [38, 43]:

Ru ( eRD ™. (13)

Mpu R.=0,50,=0,5 mm [1, 3] i y.~10* (Om m)™ [1]

3a (13) 3HaxoAuMo, WO MOFOHHWIA aKTMBHWIA onip Ry
MJ1a3MOBOr0 KaHasly MO3WTMBHOIO fifepa B MOBITPSHIN
[LEPC, o po3rnafaeTbes, BAHUKHEHHS | pO3BUTOK SKOTO
B il [OBrOMY pO3pAAHOMY MPOMDKKY 06YMOB/IEHWIA fi€t0
B Hili BAKOPUCTAHOTO HaMy CTaH4ApPTHOrO KOMyTaLliiiHO-
ro anepiofn4Horo imMnysnbcy BUCOKOT Hanpyrn Ug(t) Bka-
3aHOi BuLLle YacoBoi hopmu [4, 27], Mae KifbKiCHe 3Ha-
YeHHs 6ina R =127,3 Om/M. Togi Ana NoBiTPAHOro npo-
MiKKY AOBXWHOK |in=1,5 m B i AEPC noBHWiA akTuB-
HWIA onip R.. NnasmMoOBOro KaHany MO3WMTWBHOIO figepa
npuiimatume npn 14=1,131,;,=1,695 m [4, 27] 3Hau4eHHS,
sIKe UmMcenbHO AopiBHOBaTUME 6ina R =R, 14=215,8 Om.
Mpy Takomy 3HayeHHi onopy R\ 3 ypaxyBaHHSM BMNAVBY
onopy Rc=4,59 kOM CTpyMOOOGMeXXyBa/lbHOro pesncTopa
po3psag, B eNeKTPUUYHOMY KOAi BUKOPWUCTAHOro Hamu no-
TYXXHOTO Ha/jBCOKOBO/IbTHOIO reHepaTopa BUMpPoObyBa-
NbHUX KOMYTaUiiHMX anepioguyHMX iMNynbCiB BUCOKOT
Hanpyrn Ug(t) [46-48], enekTpuyHa cxema Ta 3arajibHui
BUIISL AAKOTO 306paXKeHi Ha puc. 2, 3 3 JOCHILKYBaHO
3rifgHo puc. 4 JEPC «BicTps-nnoLmMHa», Ha cTafii po3su-
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TKy B i JOBrOMY MOBITPSHOMY MPOMIXKY iIEPHONO Ka-
Hany, KU npu Yaci t=T4=T~95 MKC CnifbHO i3 NO3UTK-
BHUMU CTpUMepamu nepekpuBae (rafbBaHiYHO 3aKopo-
uye) el MPOMIXKOK, HOCUTUME anepioguyHuii XapakTep.
Lleli pexkmm po3psigy B Koni reHepaTopa NigTBEPMKYHOTh
JaHi ocumnorpam Ha puc. 5, 6. ToMmy Npu LbOMY PEXUMI
pospagy amnnityga Iy CTpyMy ig(t) B /ioro enekTpuuHomy
KO/ MOXe 6YTW po3paxoBaHa 3a HaCTyNHUM BUpa3oMm [43]:
Ine=Ue(To)/(RLctRe). B pesynbTati ua amnnityga lye pos-
psgHoro cTpymy npu Ug(Ty)=Uqg=611,6 kB, R =215,8 OMm i
Rc=4,59 kOM MOXe npuiiMaTi 4ucesibHe 3HAYeHHS
Ime=127,3 A. baunmo, Lo Lie 3Ha4YEHHSA PO3PALHOIrO efek-
TPUYHOrO CTpyMy 1,=127,3 A npakTU4HO BiAMOBigaE
(B Mexax noxmbkn 3 %) OTpUMaHOMY paHille eneKkTpo-
HHOMY CTpyMY ie =130,5 A B KaHasi MO3UTMBHOIO Nifepa.

Ry DRm D Rpz  =Cs DRD JIEPC_"_
T
-

Puc. 2. EnekTpnyHa cxema 3amilLieHHsl pO3psAAHOro Kona reHe-
paTopa CTaHAapTHMX KOMyTaLiiHUX iMNyNbCiB HaNpyry vaco-
BOI (hopmu T/ T,=200 MKC/1990 MKC MO3UTMBHOT (HEraTUBHOI)
NONISIPHOCTI 3 amnAiTyaot A0 Ugn=t2 MB (Rg=4,5 OM, Lg=80
MKIH, Cg=0,125 MK® — BnacHi eN1eKTPUYHI NapameTpu reHepa-
Topa iMnynbCHUX Hanpyr Tuny MH-4; Rp;=440 kKOM — po3psag-
HWiA onip reHepatopa MH-4 3 komyTaTtopom F; Rp,=32,7 KOM —
[00aTKoBUiIA po3psagHuiA onip; Rg=4,28 kKOM — onip (hopmytoyo-
ro pesuctopa; Ck=13,3 H® — hopmytoya EMHICTb Ha Hanpyry
12,5 MB; Rc=4,59 KOM — onip CTpyMO06MeXyBa/IbHOr0 pesuc-
Topa; Rp=107,3 KOM — 0Onip BUCOKOBO/ILTHOIO MN/1e4a OMi4HOro
noginbHuka Hanpyru Tuny OMH-2,5 Ha HOMiHaNbHY IMNYNBLCHY
Hanpyry +2,5 MB 3 koediuieHTom gineHHs Ky=53650) [46]

-

{ A
0l o | i

Puc. 3. 3arasibHuii BUMNAL NOTYXXHOTO HafiBUCOKOBO/IbTHOIO
reHepaTopa CTaHAapTHWUX KOMYTauiliHUX anepiognyHux iMny-
NbCiB HAaNPyry 4acoBoi hopmu T,/ T,=200 MKc/1990 MKC nosm-
TUBHOT (HEraTUBHOT) MONAPHOCTI 3 aMnAiTyAot0 0 Ugn=+2 MB
(3niBa Ha i30nALilHI onopi 3aBBMLLIKM 12 M BCTaHOB/EHa (hop-
Myto4a eMHiCTb C=13,3 H®, A0 BepXHLOI0 NOTEHLIAHOIO ene-
KTPOAY AKOi NpuedHaHi hopmytounini Re=4,28 kKOM i CTPyMO06-
MeXyBa/lbHUI Rc=4,59 kOM BUCOKOBONLTHI pe3ncTopu) [46]

10. Pe3ynbTatu gesdKux eKcriepuMeHTasibHUX Ao-
CNikKeHb NPO60I0 AOBrMX MOBITPSHMX MPOMIXKKIB B
JEPC. Ha puc. 4 306paxeH0 3arafbHuii BUrNs BUCOKO-
BOMbTHOI MOBITPAHOI JEPC «BicTps-niowmHa», sika Bu-
npobosyBana npsMy Ai0 CTaHAAPTHOIO KOMYyTauiiAHOro
anepiogmyHoro imnysbcy Hanpyru Ue(t) yacoBoi ¢opmu
Tw/Tp=200 MKC/1990 MKC MO3UTMBHOI MOMAPHOCTI Bif
MOTY>XHOFO Ha[BUCOKOBONIbTHOIO reHepaTopa BiAgnoBif-
HUX iMAynbeiB Hanpyrn Ug(t), 3aranbHuii BUrnsg, enekr-
PUYHa cxemMa Ta napaMeTpy po3psagHOro Kona sKoro 6yniu
HagaHi B [46—-48] i aoaaTKoBO NpeAcTaBeHi Ha puc. 2, 3.

Puc. 4. 3aranbHuii BUrNsf BUCOKOBONLTHOT NoBiTpsiHOT JEPC
«BicTps-nnowpmHa» (lmin=1,5 M), B AIKii1 40 NOTEHLiaIbHOr0 BEPX-
HbOr0 3arOCTPEHOr0 Ha HXXHBOMY Kpato (re=3 MM) CTaneBoro
eNeKTPOAY-CTPVXKHIO PagiycoMm ry=15 MM, po3MiLLieHOMY No
LIEHTPY T 3a3eMNEHOr0 HMXXHBOTO NAOCKOrO IEKTPOLY 3 OLWH-
KOBaHOI CTani 3 po3mipaMn 5m 5 M, MpUeSHAHNIA OMiYHWIA MO-
LinbHUK Hanpyry Tuny OMH-2,5 Ha HOMiHa/IbHY IMNYbCHY Ha-
npyry 2,5 MB 3 koediLieHTOM gineHHs, piBHUM K =53650

Ha puc. 5 npvBegeHa ocumnorpama NnoBHOrO CTaH-
[ApTHOrO0 KOMYTaUiMHOrO anepiogMyHoro iMmnynbecy BU-
cokoi Hanpyrun Ug(t) 3 amnnitygoro Ue,=622,3 KB vaco-
BOi thopmun T,/T4=200 MKC/1990 MKC MO3UTMBHOI NOSSpP-
HOCTI, SIKWiA A€ B pO3PSAHOMY KOAi BUKOPUCTAHOrO HaMu
MOTY)XXHOTO HaZBUCOKOBO/IbTHOIO BUMPOBYBA/IbHOMO re-
HepaTopa BignoBigHMX iMnynbCiB Hanpyru [46] Ha EPC
«BICTPSA-NNOLWMHa» 6e3 eneKTprYHOro npoboto i 4oBroro
MOBITPAHOIO NMPOMIXKY 3aBLOBXKU |in=3 M.

Ha puc. 6 306pa>keH0 ocLmnorpamy 3pisaHoro Ha Hapo-
CTaroyiil YaCTVHI CTaHAAPTHOrO KOMYyTaUiiHOrO anepioguy-
HOrO IMMy/NbCy BMCOKOI Hanpyr Tn/T,=200 MKC/1990 mKC
3 €IEKTPUYHMM NPOBOEM AOBrOro MOBITPSIHOIO PO3PSIAHO-
ro MPOMXKKY B BUNpobyBasnbHiA AEPC «BicTpsa-niowmHa»
MiHIMa/IbHOK AOBXUHOMO |in=1,5 M.

Telk N @ 4cq Comnplete M Pas: 1.000ms CURSOR
F T T T T T T

Type

Source
CH1

Delta
11.6Y

Cursor 1
0,00y

- : : : : Cursar 2
: : - : : : : 11.6%
CH1 S.D.DVB;.Il i : : ElH‘I A 1400
Puc. 5. Ocumnorpama NoBHOrO KOMyTaLiiHOr0 anepioguyHoro
iMNy/bCy BUCOKOT Hanpyru Ug(t) yacoBsoi thopmm
T/ Ty=200 MKC/1990 MKC NMO3WUTVBHOT NOIAPHOCTI 663 eNIEKTPUYHO-
ro npo6oto [OBroro NoBIiTPAHOro NpoMixky B AEPC «BicTps-
nnowmHa» (lyin=3 M; Ugn=11,6 B 53650=622,3 kB — amnnityga
BUNPOBYBasIbHOro iMMNy/bCy BUCOKOT Hanpyru; T, =200 MKC — Yac
HapocTaHHA (Nigiomy) iMmybCy BUCOKOT HaMpyri 40 CBOET aMnni-
TYN Uen, Tp=1990 MKC — TPUBANICTb iMMy/IbCY Hanpyryt Ha PiBHi
0,5U¢,; MacLuTab 3a BepTukanio — 268,2 kB/nog.; maclutab 3a
ropusoHTanmo — 250 mke/nog,) [27]

Bkakemo, IO Npy OTPMMaHHI eKCnepUMeHTaIbHNUX
[laHNX 3rigHo puc. 5, 6 6y BUKOPUCTaHI: BITUUIHSIHWIA
MOTY)XXHWIA FeHepaTop CTaHAAPTHMX KOMYTaUiiHMX anepi-
OAMYHMX IMMYNbCIB HaABMCOKOT Hampyrm Ue(t) vacosoi
thopmut T/ Ty=200 MKC/1990 MKC NO3UTUBHOI (HEraTMBHON)
MONSIPHOCTI Ha HOMIHaNbHY €NIEKTPUYHY Hanpyry +2 MB
[46, 48]; omiyHWin noAinbHWK Hanpyru Tuny OMH-2,5
(K¢=53650) Ha HOMiHa/IbHY iMNyfbCHY Hanpyry +2,5 MB
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[47]; noBipeHWin aep)kaBHOK METPOMOTIYHOK CyX60t0
umcposuin ocumnorpad Tektronix TDS 1012B, wio 3a-
Nnam’ATOBY€E BUMIPIOBa/IbHI €N1EKTPUYHI curHanu (cepTudi-
Kat KaniopysaHHa UAO1Ne1312 Big 29.06.2023 p.). Bigmi-
TUMO, L0 aMnNiTyHO-4acoBi NapaMeTpu iMnynbCiB BUCO-
Koi Hanpyru Ug(t) 3rigHo faHux puc. 5, 6 BU3Havanncs
3rigHo BUMoOr cTaHaapTy [49].

Tek L [l Fead M Pas: 2000 CURSOR
..................... Source
- : CH1

g e ] Dl
P - g 14
........................... o~
0.00v
i Cursar 2
: : H : : 11.4%

CH1 2.00%Ew (LS CH1 .7 880y

Puc. 6. Ocupnorpama 3pizaHOro CTaHAapTHOro0 KOMyTauiiiHOro
anepiogMyHoro iMnynbCy BUCOKOI Hanpyru Ue(t) yacoBoi op-
MK T/ T=200 MKC/1990 MKC NO3UTUBHOT NONAPHOCTI NP enek-
TPUYHOMY NPO60i JOBroro NoBiTPSAHOro Npomixxky B JEPC
«BicTpa-naowmHa» (Imin=1,5m; Us=11,4 B 53650=611,6 kB -
piBeHb 3pi3y iMnynbcy Hanpyru; T.=T4=95 MKC — yac 3pi3y
iMnynbecy Hanpyru (Npo6oto); Ty~17 MKC — TPUBANICTb 3pi3y
(KomyTauii) iMnynbcy Hanpyru; macliTab 3a BepTUKaNio —
107,3 kB/nog.; macwtab 3a ropusoHTanio — 50 mxe/nog.) [27]

Ha puc. 7 300paXKeHO 3araiibHWil BUTNSL KaHany ic-
KPOBOr0O po3psay i ChepuuHOT 30HU aKTUBHOT yaapHOI io-
Hi3auii noBiTps No6AM3y MNOTEHLiaNbHOrO efleKTposy B
OEPC «gicTpa-nnowwHa» (I,i=1,5 m; Us~611,6 kB).

L P—

Puc. 7. 3aranbHuin BUrAsA 3ur3aronogioHoro LuaiHgpuYHoro
M71a3MOBOr0 KaHasly iCKpOBOro po3psify 3 Maiibke CthepuyHO0
30HOI0 PafliyCcoM ri=X; aKTUBHOT yapHOT ioHi3aLlii noBiTps, Lo
SICKPaBO CBITUTLCS Bropi No6mM3y NOTeHLiaNbHOro enekTpoLy

PAHOrO NPOMIDKKY KOMYTaLiiHUM anepiognyHuUM iMnynbCoM
BMCOKOT Hanpyru 4acosoi popmu T,/T;=200 Mkc/1990 MK
no3nTUBHOI NOASAPHOCTI (1min=1,5 M; U(Tq)=Us=611,6 kB [27])

BkaXkemMo, IO 3riHO OTPUMAHUM HamMu Habmxe-
HAM [OCNILHUM JaHUM AiaMeTp 2X; C(hepuyHOi 30HU ak-
TUBHOI YapHOT ioHi3auii aTMocthepHoro nositps nobsun-
3y Kpaw NOTeHLialbHOro CTaIeBOro CTPWXKHA-BICTPA
piameTpoMm 2ry=30 Mm B JEPC 3a CBOEK SACKPaBOKO CBI-
TUMICTIO NpPMBAM3HO B ABa pasu NepeBuLLyBaB AiaMeTp
21 €NeKTPOAy-BICTPSA i Y YOTMPW pasn diameTp 2y, Nna-
3MOBOr0 KaHaJly iCKpoBOro pospsiay (aue. puc. 7) [4, 27].

BrikoHaHi B ymMOBax BUCOKOBO/IbTHOI €M1eKTPOGI3NUHOT
na6opatopii HAMKI «MonHis» HTY «XMl» 3a 10noMorot
BKa3aHOro BuLle BWUMpoOyBasbHOrO 06MafHaHHs eKcrepu-
MeHTa/IbHI  JOCNIHDKEHHS eneKTpuyHoro npo6oto B AEPC
«BICTPSA-NNOLWMHA» (OMB. pyC. 4) [OBrMX MOBITPAHWUX NPO-
MIXKKIB JOBXUHOW 1 M<I;:<4 M [03BONAN ANA BUMAAKY
3aCTOCyBaHHA B A0CMigax CTaHAApPTHOro0 KOMyTauiiHOro
anepiofnyHoro iMnynscy BMCOKOI Hanpyrn Ue(t) uacosoi
thopmu T/ T=200 MKC/1990 MKC MO3UTMBHOI MOAPHOCTI
nigTeepanTh [4, 27]: no-nepLue, BUHMKHEHHS NO6M3y Mo-
TEeHLjalbHOro METaNIeBOr0 e/1EKTPOAY-BICTPS1 A0CAIAKYBa-
Hoi Hamu JEPC maiike ctepuyHoi 30HW pagiycom 6ins
X=r=(25-30) MM aKTMBHOI yAapHOT iOHi3aLlii eneKTpoHamMu
aTMoctepHOro MoBiTPs; NO-Apyre, BUHWKHEHHSA i Nofasib-
LUWIA PO3BMTOK B AOBFOMY MOBITPSHOMY npomixky [EPC,
Lo AocnigpKysanach, KaHamy NO3WTMBHOMO fifiepa 3aBXau
Bif6YBa€ETLCA 3 LiET /TOKANIbHOT 30HU PagiyCoM Xi=r; aKTUBHOT
iOHI3aLiT MOBITPSA; MO-TPETE, PiBEHb MPOBUBHOI IMMY/ILCHOT
Hanpyrn Uq B wii AEPC, akuii npu |i,=1,5 m cknagas 6ins
Us~611,6 kB (T¢=95 mkc), a npn 1i»=3 m — U=1062,3 kB
(T¢=104 MKC); No-4eTBEPTE, BUKOHAHHSI HABMMXKEHOMO CMiB-
BigHOWeHHA 1=1,13li, ANA [OOBXMHWU 3Ur3aronodibHoro
LUSIAXY PO3BUTKY KaHasy B JOBrOMY MOBITPSHOMY MPOMiX-
Ky AEPC; no-n’ste, hi3nyHe NONOXEHHS, LLIO eNeKTPUYHNIA
NpPOGii NOBITPSIHUX MPOMIXKKIB BKa3aHOH AOBXKWHO |y B
pocnipkysaHin JEPC 3aBxawn BifOyBaeTbCA Ha HapoCTato-
4ili (POHTA/bHIN YaCTWHI 3aCTOCOBAHOrO B EKCMepPUMEHTax
KOMYTaLiHOro iMMy bCy BUCOKOT Hanpyry Ug(t).

BucHoBKwW.

1. 3anponoHoBaHO CrpoLLeHy enekTpodiuyHy Mo-
[eNb BUHWKHEHHS | PO3BUTKY MO3WTWBHOIO fNijepa B 40B-
roMy po3psigHOMY MOBITPSIHOMY NpPoMiDXKY JEPC «BicT-
ps-NAOLLMHA», WO BUMPOOOBYE Ait0 CTaHAAPTHOIO KOMY-
TauiiHoOro anepiogMyHOro iMNynbCy BMCOKOI Hampyru
Ue(t) vacosoi hopmmn Tp/Ty=200 MKC/1990 MKC MO3UTUB-
HOI nonspHocTi. Lis HabnmkeHa enekTpodisanyHa Mogenb
[,03BO/ISIE 3HAWTW B KOMMNEKCHOMY BUTAsAAI HU3KY OCHO-
BHUX XapaKTepuCTMK NIa3MOBOro KaHany LbOro nigepa
po3psgy Npv eneKTpMyHoOMy Mpo6oi AOBroro NoBiTPSHO-
ro NpomikKy B [OcnimKyBaHii Hamu [JEPC BUCOKOK
iMMYNbCHOKO Hanpyrow NO3MTUBHOI NOMISPHOCTI.

2. OTpuMaHO HabnvXeHi po3paxyHKOBI CMiBBIAHO-
LUEHHA ANS BM3HAYEHHS| HACTYMHUX OCHOBHMX XapakTe-
PVCTMK NNa3MOBON0 KaHany no3nTuBHOro nigepa B JEPC
«BICTPSA-NNOLMHA» 3 aTMOCHEPHMUM MOBITPSAIM: TYCTUHM
NeL €NEKTPOHIB | €N1IEKTPMYHOIO noTeHuiany U B ronosui
LibOro flifiepa; NoroHHOro 3apsgy qu NigepHoro niasmo-
BOF0 KaHa/ly; TYCTUHU O¢ €NEKTPOHHOr0 CTPYMY g i
LbOro CTpyMy i B KaHani nigepa; ioHHOro cTpymy i i
0ro ryctuHm &; B KaHani nigepa; Hanpy»XeHoCTei cunb-
HOro eNeKTPUYHOro Nosist BcepefuHi E; i 30BHI E  kaHa-
ny nigepa; fOBXWHM | CTPUMEPHOT 30HU Nepes ro/I0BKO
niflepa; MakCUMasibHOI eNeKTPOHHOI Temnepatypu Ty, B
nnasmi KaHany nigepa; NOroHHOro akTMBHOMO onopy Ry i
MOBHOrO0 aKTMBHOrO onopy R, KaHany nigepa. HapaHi
[aHi, AKi NigTBEPMKYIOTb AOCTOBIPHICTb HM3KM LUX Ha-
G/KEHMX PO3PaxXyHKOBMX CMIBBIAHOLIEHb A1 M1a3MOo-
BOr0 KaHa/y No3nMTMBHOIO Nigepa B NoBiTpaHin JEPC.

3. Po3paxyHKOBUM LLUNAXOM MOKa3aHo, LU0 Makcu-
MafbHa eNeKTpOHHa Temnepatypa Tp,. B PIBHOBaXHil
naasmi No3WTWUBHOIO Nigepa B NOBITPAHIN AEPC «BicTps-
NAOLWMHA» NPU TYCTUHI Ne=0,7 10 M~ eneKkTpoHie B
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nnasmi nigepa uiel AEPC npuiiMae ymcenbHe 3HaYeHHS
Tm=1,539 10* K, fike BignoBigae NpuUitHATOMY B 06/1aCTi
TBH i BIT xapaktepHomy fiana3oHy 1i 3MiH1 B Nogi6HO-
My nigepi 4na [0Broro pospsagHoro npomikky OEPC 3
aTMOC(hepHUM MOBITPAM Ta HabAMXKAETbCA [0 PiBHA
T =(2-4) 10* K, xapaKTepHoro Aas po3BMHyTOro No3u-
TUBHOrO fifepa i OTPUMAHOro 3a AOMOMOrow BifOMUX
CMEKTPOCKOMIYHMX BMMIptOBaHb. Lieli 0TprMaHuii piBeHb
Temnepatypu Ty, BKasye Ha Te, L0 MasMa B KaHali no-
3UTUBHOIO Nigepa B Ui EPC cTa€ TepMOiOHI30BaHOH.

4. Ha ocHOBI BifoMOro y ¢hisuii nnasmm piBHAHHA
Caxa y BMNaAKy iOHi3aLii eNeKTPOHHUMM yaapaMy HelT-
pasibHUX MONEKYN KUCHIO O, aTMoc(epHOro nositps fo-
CNifKyBaHOT Hamy BWCOKOBO/MbTHOI [EPC «BicTps-
NOLMHA» MOKa3aHo, WO ryCTUHA Ne. €N1EKTPOHIB B MOBi-
TPAHINA PIBHOBaXKHIV MAa3Mi KaHamy NO3UTUBHOMO nigepa
uiei AEPC npu T, =1,639 10* K NpuUIAMae KinbKiCHe 3Ha-
YeHHs 6ins N =0,7 10! M*, sKke Bignogigae ii BigoMUM
4nceNbHUM 3HaYeHHAM B 0611acTi (hi3UKK | TEXHIKU BUCO-
KOBO/IbTHMX ra30BMX PO3psaiB aTMOCHEPHOTO TUCKY.

5. Po3paxyHKOBO-A0C/iAHMM LUMSIXOM MOKa3aHo, Lo
AN enekTpoi3nyHOro BMNafKy, LIO PO3rnsfgacTbCsA B
noBiTpsiHii AEPC «BicTps-nnowmHa» (lyin=1,5 M), Ha
CTaflil BUHVKHEHHS, PO3BUTKY i NPOCYBaHHS NO3UTUBHOIO
nigepa B atmMocthepHoMy NOBITpI gocnimkysaHoi OEPC
NPV TYCTWHI Ne_ €MEKTPOHIB B CPEPUUHINA rooBLji Lboro
nigepa pagiycom Re=0,5 107 m 6ins ng=0,7 10%* M2 ii
enekTpuuHMii  noTeHuian U 3MIHIOETHCA Bif PiBHSA
Ue(T4)=U4=611,6 kB (no4aTok po3BUTKY nifepa) Ao npu-
6/13HO HyNs (3aBEPLUEHHS PO3BUTKY fifepa i HaCcTaHHS
npv [OBXWHI 1ioro nnasmosoro kaHany 1 =1,13l., B no-
BITPsAAHOMY npomixXKy JEPC Kpi3Hoi thasu po3psgy). Ans
MPOMIXKHOIO CTaHy PO3BWTKY B [0OBroMy MOBITPSHOMY
npomixky uiei AEPC kaHany nigepa (1.=0,395 m) enekr-
PUYHUIA NoTeHLian Ug FONOBKW NO3UTUBHOMO Nifgepa B i
aTMocepHoMy MOBITPI KinbKicHO cknagatume Ug =605 kB
npv NagiHHi Hanpyru Ha kaHani nigepa U =6,6 kB.

6. BCcTaHOB/EHO, L0 B CTPMMEPHI 30HI MOBITPAHO-
ro NpoMiXKy No6,m3y rofoBKy MO3MTMBHOIO fifepa (Ha
BificTaHI X=10R¢ =5 Mm Bif Hel) focnigpkysaHoi AEPC
(Inin=1,5 M) thopmyeTbCa HaACW/IbHe eNeKTpUYHe none 3
MaKCUMa/IbHOK HanpyXeHocTio E ,=21,1 MB/M (npu
YCEPEAHEHI 3a AOBXMHOK LbOro MPOMIDKKY Hanpyxe-
HocTi E =465 kB/M, WO XxapakTepHa Ansi CTPUMEPHOT
30HM Mepeq Nigepom), sika MOpiBHAHA 3 KPUTUYHOKD Ha-
Npy>eHoCTI0 Ex=24,9 MB/M eneKTpU4YHOro nons, Lo
BUKNMKAE aKTUBHY YAapHy iOHI3auilo efnekTpoHamu i
aTMocqepHOro noBiTps. Y 3B’A3Ky 3 LM N03a ros0BKOH0
LbOro nifepa CTBOPHOBATUMYTbCH (i3UYHI YMOBM Ans
aKTUBHOIO PO3BUTKY €/1EKTPOHHMX NaBWH | MO3UTUBHUX
CTPUMepIB Y KinbKocTi Ng, AKi CTapTYIOTb 3 OM0BKK fi-
Jepa 3 i HaAMipHUM NO3UTUBHUM 3aPAA0M (e =58,7 HKN
y6iK 3a3eMNeHOro enekTpoga-niowmnm uiei 4EPC.

7. MNokKasaHo, W0 ycepeaHeHa 3a AOBXMHOK 3Ur3a-
rornofibHoro LWAsXy NPopoCTaHHsA B NOBITPI MO3UTMBHOIO
nifepa po3psaay Hanpy>keHiCTb E i NOAOBXHbLOIO eneKT-
PUYHOrO MOAS BCEPeAMHI MOro NiasMoBOro KaHany pagi-
ycom 6ina R.=0,5 10 M B BUCOKOBOMLTHIi MOBITPAHIVA
LEPC «BicTpsi-naowmHa» ans sunaaky, Konm lyin=1,5 m i
Ue(Tg)=U4=611,6 kB, npn NUTOMIi eneKTponpoBifHOCTI
yLe=10* (Om M)™ piBHOBaXHOI NNasMn KaHany LbOro
nifiepa yncenbHO cknagae npubnnsHo E =16,6 KB/Mm.

8. P0o3paxyHKOBO-eKCMepUMEHTIbHUM  LLUJIAXOM
OTPMMAHO 3HAYEHHs yCepeaHeHOT AOBXWHU |l CTpumep-
HOT 30HU Nepej rofioBKOK MO3UTUBHOIO flifepa, ske ans
BMNaAKy 3acTocyBaHHs B MOBITpsHIA [EPC «BicTps-
niowmHa» (lyin=1,5 M) CTaHAApPTHOr0 KOMyTaLiiHOro
anepiognyHoro iMnynbcy BUCOKOT Hanpyru Ug(t) yacosoi
thopmu Tp/T=200 MKC/1990 MKC MO3UTUBHOI MONAPHOCTI
3 npobusHoto Hanpyrot Ug=611,6 kB cknagae ls=1,3 m.

9. BCTaHOBNEHO, WO TrYCTUHA &, eNneKTPOHHOro
CTPYMYy ie. B MNa3MOBOMY KaHani MO3UTMBHOrO nifepa
ANA BMCOKOBONITHOT — noBiTpsiHOi  EPC  «BicTps-
nnowmHa» (Imin=1,5 M) MpuiAiMaEe KifbKiCHe 3Ha4YeHHs
3 =1,66 10° A/M?, a eneKTPOHHWIA CTPYM o Y6IK Ti 3a3e-
M/IEHOr0 MeTaneBOr0 eNeKTPOAY-NAOWMHN — i =130,5 A.

10. MNokasaHo, L0 NOroHHWIA 3apsi4 gy TOHKOro nna-
3MOBOrO KaHaly MO3MTMBHOIO flifepa, SK1iA NpocyBaeTh-
€ B aTtMocepHomy noBiTpi AEPC «BicTps-nioLmHa,
Ma€ KifbKicHe 3HaueHHs q=58,7 107° Kn/m. Lleit enexT-
PUYHWIA 3apsif BU3HAYAE IOHHUIA CTPYM iy B MI1a3MOBOMY
KaHa/i Lboro nigepa, KW YncenbHoO JOPIBHIOE Npubn-
3HO i;L=5,87 A npu 11010 rycTuHi 6ina 3, =7,47 10° A/m%

11. BCTaHOB/EHO, L0 NPV NUTOMIlA eNeKTPONpoBIa-
HocTi y..=~10* (Om m)™ TepmoioHi3oBaHOI NnasMn kKaHany
MO3UTMBHOIO fiflepa B BWCOKOBO/bTHIA MOBITPSHIN
OEPC «BicTpa-nnowmHa» NOFOHHWUIA aKTUBHWIA onip Ry
MNa3mMOBOro KaHasly LibOro nigepa KifbKicHO CKnagae 6ins
Ru=127,3 Om/M. Mpu LbOMY MOBHWIA aKTUBHMIA onip Ry,
3Mr3aronogibHoro nnasmoBoro KaHany nosvTUBHOIO Ji-
nepa B uinn AEPC (Ii,=1,5 M) npuiAMaTMe 3HaYeHHS, sIKe
yncensHo gopisHioBaTUMe R =1,13Ry; 1in=215,8 Om.

12. BMKOHaHi Ha BiTYM3HAHOMY NOTY>XHOMY HaflBu-
COKOBO/IbTHOMY 006/1aflHaHHI Ha BigKpUTOMY MOBITPI B
yMOBax eneKTpoi3nyHoT nabopartopii BiANOBIgHI eKcre-
pUMeHTaNbHI JOCNIIKEHHS eNeKTPOPO3PALHUX NPOLLECIB
B JJEPC «BicTps-niowmHa» 3 AoBXMHaMK 1 M<I|,i,<4 M Ti
[IOBrOro noBiTPSHOrO MPOMIKKY BKa3ytoTb Ha MpaBOMip-
HIiCTb 3aMpONOHOBAHOT HaMW CrpOLLEeHOT mModeni hopmy-
BaHHS M06/M3y NOTeHUialbHOro enekTpoay-BicTps L€l
JEPC i noganbioro po3suTky B Ti aTMOCthepHOMY MOBi-
Tpi TOHKOrO NIa3MOBOI0 KaHany MO3WTWUBHOMO fifepa 3
0ro BKa3aHVMU BMLLE OCHOBHUMM XapaKTepucTUKamm.

diHaHcyBaHHSA. Po60Ty BWKOHaHO 3a NigTPUMKU
MiHicTepcTBa OCBITM i Hayku YkpaiHu (Tema OB Ne
0123U101704).

KoHiKT iHTepeciB. ABTOp 3asBNs€ Npo BiACyT-
HiCTb KOH(AIKTY iHTepeciB.
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The main characteristics of the leader channel during
breakdown of a long air gap by high pulse voltage.

Goal. Calculation-experimental determination of basic
descriptions of plasma channel of leader at an electrical break-
down of long air gap in the double-electrode discharge system
(DEDS) «edge-plane» by artificial electricity of high pulse
voltage of positive polarity. Methodology. Bases of the
theoretical  electrical engineering and electrophysics,
electrophysics bases of technique of high and extra-high
voltage, large pulse currents and high electromagnetic fields,
basis of high-voltage pulse and measuring technique. Results.
The simplified electrophysics model of origin and development
of positive leader is offered in the long air gap of probed DEDS,
which the followings descriptions of plasma channel of this posi-
tive leader were found on the basis of: a closeness of ne charge
and electric potential U in the head of leader; linear charge
qy, of leader of plasma channel; closeness d¢_ of electron current
ie. and this current ig_ in the channel of leader; strength of high
electric field outside E . and inwardly E; of the channel of
leader; length I of streamer area before the head of leader;
maximal electron temperature T,_ in plasma of channel of
leader; linear active resistance R, and active resistance R, of
channel of leader. Executed on a domestic powerful over-high
voltage electrical equipment outdoors in the conditions of
electrophysics laboratory high-voltage experiments with the use
of standard interconnect aperiodic pulse of voltage Ug(t) of
temporal shape of T,,/T,=200 ps/1990 ps of positive polarity for
probed DEDS at a change in it of minimum length I, of its
discharge in air gap in the range of 1 m<l,;,<4 m confirmed
power and authenticity of row of the got calculation correlations
for the indicated descriptions of plasma channel of positive
leader which is formed and develops in this DEDS. Originality.
In a complex kind calculation-experimental way the indicated
basic descriptions of plasma channel of positive leader are cer-
tain in probed DEDS. By calculation way it is first rotined that
on the stage of development of positive leader in atmospheric
air of indicated DEDS high electric potential U, of his
spherical head with the charge of g, =58,7 nC has a less value
(for example, U =605 KV for length of his channel of 1,.=0,395 m
at lyin=1,5 m) the radius of Re=0,5 mm, what high potential
Ue(t)=U(T4)=611,6 kV its active metallic electrode-edge.
Obtained result for the maximal electron temperature
Tm=1,639 10* K in plasma of the probed leader testifies that
this plasma is thermo-ionized. Practical value. Practical
application in area of industrial electrical power engineering,
high-voltage pulse technique, techniques of high and extra-high
voltage of the obtained new results in area of physics of gas
discharge allows not only to deepen our electrophysics
knowledges about a leader discharge in atmospheric air but also
more grounded to choose the air insulation of power high and
over-high voltage electrical power engineering and electrical
engineering equipment, and also to develop different new electri-
cal power engineering and electrophysics devices in area of
industrial electrical power engineering and powerful pulse energy
with enhanceable reliability and safety of their operation in the
normal and emergency modes. References 49, figures 7.

Key words: long air gap, leader discharge, electrical breakdown
of gap, plasma channel of positive leader, characteristics of
positive leader.
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Determination of parameters of an autonomous source of a constant magnetic field
for a portable electromagnetic-acoustic transducer

Purpose. Determination of rational parameters of an autonomous source of constant magnetic field, ensuring the efficiency of using
portable electromagnetic-acoustic transducers (EMAT) for diagnostics of remote ferromagnetic objects. Methodology. An analysis of the
parameters of an autonomous magnetic field source consisting of a permanent magnet and a ferromagnetic screen magnetizing a
ferromagnetic object with a flat surface, providing a central magnetic field along the magnet axis above 0.3 T, was carried out. Results.
The results of experimental studies on a sample of an autonomous source, which contained 6 sections of a permanent magnet made of
NeFeB ceramics with dimensions of 50 50 10 mm®, correspond to the results of calculating the magnetic field on the surface of a
ferromagnetic sample with an error of up to 9 %. Experimental studies were carried out for EMAT with two magnetic field sources
containing rectangular permanent magnets of the same height but different widths. Novelty. It has been established that in order to select
rational parameters of an autonomous source of magnetic field, it is necessary to use an integral criterion that takes into account the
magnetic field in the surface layer of a ferromagnetic object, the magnetic scattering field, the volume of a permanent magnet, which
determines the mass and size indicators and cost of the source, and the force of attraction to the ferromagnetic object. Practical value.
For portable EMAT, increasing the magnetic field in a remote ferromagnetic object either by increasing the volume of a permanent
magnet or by decreasing the air gap between the magnetic field source and the ferromagnetic object provides increased EMAT efficiency
by increasing the ratio of the amplitude of the received ultrasonic bottom pulses to the noise amplitude. References 27, figures 14.

Key words: autonomous magnetic field source, permanent magnet parameters, magnetic field, remote ferromagnetic object,
integral criterion, electromagnetic-acoustic transducer, signal amplitude, noise.

MeTa. Bu3HaueHHs pauioHalbHUX NapameTpiB aBTOHOMHOIO [>Kepena MOCTIHOTO MarHiTHOro nons, sk 3a6e3neuyoTb
e(heKTVBHICTb BUKOPUCTaHHS MOPTATUBHIX eNeKTPOMarHi THO-akyCTUYHUX nepeTBoptoadis (EMAIM) ansa AiarHoCTUKM BigaaneHux
thepomarHiTHUX 06’ekTiB. MeTogonoris. MpoBeaeHo aHani3 napameTpiB aBTOHOMHOIO AXKepena MarHiTHOro noss, LWo CKIagaeThes
3 NOCTINHOrO MarHiTy Ta (hepoMarHiTHOrO ekpaHa, Lo HamarHidye hepomarHiTHUIA 06°eKT 3 NNOCKOI MOBEPXHEHD, 3abesnevyroun
LeHTpaibHe MarHiTHe none B3A0BXK OCi MarHiTy noHag 0,3 Tn. Pe3ynbTaTuW ekcrepuMeHTanbHUX [LOCNII>KEHb Ha 3pasky
aBTOHOMHOTO fpKepena, KU MiCTVB 6 CekLjiif NocTiliHOro MarHiTy 3 kepamikiu NeFeB posmipamu 50 50 10 mm®, BignosigaoTb
pesynbTaTam Po3paxyHKy MarHiTHOrO Mons Ha MoBepxHi (DepoMarHiTHOrO 3paska 3 MoXubKow Ao 9 %. EKCnepyMeHTaslbHi
focnig>keHHs 6ynm nposedeHi ana EMAIM 3 gBoMa [pKepenamyt MarHiTHOrO MoAs, WO MICTATb NPSMOKYTHI MOCTIilHI MarHiTw
O[IHAKOBOI BUCOTW, asie PIi3HOI LWNPpWUHU. HoBU3HA. BCTaHOBNEHO, WO A48 BUOOPY paLioHanbHUX NapameTpiB aBTOHOMHOTO yKepena
MarHiTHOro nons Heo6XiAHO BMKOPUCTOBYBATW iHTEerpanbHUii KPUTEPI, SKWIA BpaxoBye MarHiTHe nofe B MOBEPXHEBOMY LUapi
thepomarHiTHoro 06’eKTa, MarHiTHe Mone po3citoBaHHs, 06’eM NOCTIHOTO MarHiTy, sKuii BU3Ha4Yae MacorabapuTHi NMOKasHWKM Ta
BapTICTb A>Kepena, cuay NpUTAraHHsa 40 (hepomarHiTHoro o6’ekTa. MpakTuyHa 3HaUMMICTb. MopTaTueHuii EMAI 3a6e3nedye
36ibLLUEHHS BiAHOLIEHHSI aMMNiTyA iHGopMaUiiHMX AOHHMX IMMYAbCIB A0 LUYMY LUASXOM HapoLlyBaHHS 06°’€My /Oro nocTilHOro
MarHiTy Ta 3MeHLLEHHS NMOBITPAHOro 3a30py Mi>K A>Kepenom MarHiTHOro nons i oepoMarHiTHuM 06’ekTom. Bibn. 27, puc. 14.

Kno4osi cnosa: aBTOHOMHE [pKepesio MarHiTHOro noss, napameTpy MOCTIMHOIO MarHiTy, MarHiTHe nose, BigfaneHui
(hepomarHiTHWIA 06°eKT, IHTErpasibHUIA KpUTEPIli, eNeKTpoMarHiTHO-aKyCTUYHWIA NepeTBOPIOBaY, amniTya CUrHasy, LyMm.

Introduction. Sources of constant magnetic field
(SMF) intended for magnetization of ferromagnetic objects
(FO) located at a considerable distance (up to 20-50 mm)
are used in various fields of science and technology. Thus,
electromagnetic-acoustic transducers (EMAT) are used for
monitoring and diagnostics of ferromagnetic products with
dielectric coatings or deposits on the surfaces. The coating
thickness of the products being monitored can reach up to
5 mm, and deposits, for example, on the internal surfaces of
pipelines, up to 20 mm or more. The efficiency of these
transducers depends on the degree of magnetization of the
FO surface layer, remote from the SMF [1].

The problem of creating a compact and powerful
SMF for magnetizing a FO located at a considerable
distance from it is relevant for various scientific and
technical tasks. Such sources of constant magnetic field are
necessary for magnetic separation, nanotechnology,
materials science, biomedical diagnostics, etc. [2-7]. At the
same time, in many practical applications they must operate
autonomously, without using an external power source as
part of a portable device performing various tasks, for
example, non-destructive testing of ferromagnetic products.

Features of SMF for EMAT. In non-destructive
testing of ferromagnetic products, EMATSs with SMF are

used, which magnetize the product, providing generation
of ultrasonic waves using a high-frequency coil [8].

In principle, the EMAT includes a SMF 1 and a flat
high-frequency inductance coil 2, which affect the FO 3

(Fig. 1).

Fig. 1. Scheme of a portable EMAT: 1 — SMF; 2 — inductance
coil; 3 - FO; 4 — electromagnetic field; 5 — eddy currents in FO
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The SMF forms the normal component of the
induction of the constant magnetic field B,, which acts on
the FO. A high-frequency current Iy flows in the
inductance coil, which, due to the high-frequency
electromagnetic field 4, induces eddy currents 5 in the
surface layer of the FO. When the eddy current I; interacts
with the magnetic field B,, an alternating elastic Lorentz
force acts on the conduction electrons, which is
transmitted to the crystal lattice of the FO. As a result,
ultrasonic pulses with a frequency f are excited. Eddy
currents in the FO, due to elastic oscillations of the crystal
lattice, induce an alternating current with a frequency f in
the inductance coil 2, which acts as a receiver of
ultrasonic pulses.

Thus, for diagnostics of a steel pipe, an EMAT is
used, containing an SMF of four permanent magnets
(PM), the same poles of which are separated by an angle
in the range from 30° to 60° [9]. This SMF provides
better homogeneity of the magnetic field in the surface
layer of the FO compared to configurations of two poles
facing each other or quadrupole geometry.

To generate ultrasonic waves in the FO, SMFs with a
periodic PM configuration are used in EMAT [10].
Compared to a single PM, a periodic configuration of
magnets increases the maximum induction, providing the
required value and distribution pattern on the FO surface,
especially under the coil generating high-frequency signals
[11]. To increase the magnetic field in the FO, both various
magnetic concentrators [12] and several PMs, such as
Halbach magnet configurations [13], are proposed.

A mobile robotic system designed to create internal
maps of the investigated FO and its structural elements
uses a movable EMAT. One of the main tasks of such a
system was the selection of PM parameters that take into
account the required magnetization of the FO and the
mass and dimensional parameters of the converter [14].

Problems arise during operation of PM due to
elevated temperatures and irreversible demagnetization
[15]. The degree of recovery of irreversible
demagnetization of PM depends on the choice of
magnetic material and the configuration of the system,
including the geometry of the magnet, its interaction with
other ferromagnetic materials and magnetic fields [16].
As an alternative to PM, long-acting electromagnets or
pulsed electromagnets are used, but their operation
requires external power sources [17, 18].

When magnetizing the FO from an autonomous
SMF, an attractive force arises between them, which must
be taken into account, especially when the source is used
in portable devices. Between cylindrical PM and FO, this
force is directly proportional to the residual magnetic field
of magnetization, the cross-sectional area of the PM, the
saturation magnetic field and the cross-sectional area of
the FO, and inversely proportional to the square of the
distance between them [19].

When testing a FO using an EMAT that uses
overhead SMFs, it is necessary to know the distribution of
the magnetic flux in the surface and internal layers of the
object being tested [20]. The gap between the SMF and
the FO changes the spatial distribution of the field inside
the tested object. Changing the gap under one of the
magnets affects the distribution of the magnetic field in

the entire volume of the tested FO, and not only in the
area located with a gap under this magnet.

By increasing the size of the autonomous SMF to a
certain level, a significant increase in the EMAT
performance is ensured. However, with an excessive
increase in the size of the source, the efficiency of the
converter increases insignificantly, and the weight and
size parameters become too large, which is unacceptable
for a portable device [21].

As is known, the efficiency of EMAT, diagnosing a
remote FO, is estimated by the conversion coefficient [22]:
n =k I B, exp(-h/R),
where k is a coefficient depending on the electrical, magnetic
and elastic characteristics of the FO material; I is the high-
frequency current in the induction coil with an average
radius R; B, is the value of the normal component of the
induction of the constant magnetic field in the surface layer

of the FO; h is the distance from the SMF to the FO.

The efficiency of EMAT can be increased by both
increasing the current I; in the high-frequency coil and
increasing the magnetic field induction B, in the surface
layer of the FO. Since the efficiency of EMAT depends to
a greater extent on the value of B, than on Iy, this
necessitates an increase in the induction of the constant
magnetic field in the surface layer of the FO to increase
the efficiency of EMAT [1].

Thus, the autonomous SMF of a portable EMAT
should maximally magnetize the FO located at a
significant distance from it (up to 50 mm).

Despite the significant amount of research on the
development of EMAT, the problem of choosing rational
parameters of an autonomous SMF, taking into account
the main indicators, remains unresolved. These are the
magnetization level of the remote FO, the dimensions of
the PM, which affect the weight and size indicators and
the cost of the device, the force of attraction to the FO and
the scattering field, which is important when operating the
converter [23].

The purpose of the article is to determine the
rational parameters of an autonomous source of a constant
magnetic field, ensuring the efficiency of using portable
EMATS for diagnostics of remote ferromagnetic objects
with a flat surface.

Research object. Let us consider an autonomous
SMF as part of a portable EMAT. The SMF consists of a
PM 1 and a ferromagnetic screen (FS) 2, coaxially
installed on the upper end of the PM (Fig. 2). The lower
end of the PM faces the flat outer surface of the FO 3,
which is of considerable length and thickness. The
autonomous SMF is located at a considerable distance
from the FO, so that between the lower end of the PM and
the outer surface of the FO there is an air gap of height Z,,
in which a high-frequency inductance coil 4 is installed.
Figure 2 shows the boundary for calculating the average
value of the magnetic leakage field B, 5 and the central
axis of the magnetic system 6, coinciding with the z axis
of the Cartesian coordinate system.

PM based on NeFeB ceramics with a coercive force
of 1114 KA/m [24] is made in the form of a square with a
side a and a height H; with axial magnetization. FS is
made of St10 steel in the form of a disk with a square
cross-section and a height he.
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Fig. 2. Schematic diagram of an autonomous SMF as part of a
portable EMAT (to the left of the 0z axis) and the distribution of
the magnetic field it creates (to the right of the 0z axis):
1-PM; 2 -FS; 3 - FO; 4 — inductance coil;

5 — calculation limit Be,; 6 — central axis of the magnetic system
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Influence of geometric parameters on SMF
indicators. Let us consider an autonomous SMF with a
permanent magnet intended for EMAT. The magnetic
field analysis will be performed in the plane (z0x) passing
through the central axis of the magnetic system. The
magnetic system is calculated using known mathematical
expressions using the FEMM program [25]. This program
solves a large system of algebraic equations, which are
formed based on the finite element method and a
differential equation describing the magnetic field in the
cross section of a magnetic system.

Autonomous SMF should magnetize FO so that the
central magnetic field B, — magnetic field along the axis
of magnetic system 6 in its surface layer (Fig. 2) was
above B,i»=0.3 T. Such a field is necessary for portable
ultrasonic EMAT devices when performing thickness
measurement and diagnostics of ferromagnetic products.
PM is located at a distance of Z;=25 mm from FO and its
width a should not exceed 80 mm, which is important for
portable EMAT. FS has the same cross-section as PM,
and its height he=10 mm.

We will calculate the average value of the magnetic
stray field By at boundary 5, located at a distance of 25 mm
from the outer boundary of the autonomous SMF.

Based on previous studies [1], we select the basic
version of an autonomous source with the PM parameters:
the square side a=30 mm, the height H;=40 mm. This SMF
at Z;=25 mm magnetizes the FO to the minimum required
value By=Bi, (more precisely B;=0.299 T). In this case, the
magnetic stray field B,=0.106 T, and the source is acted
upon by an axial attractive force F, =37.44 N from the FO
side. Figure 2 shows the lines of force and the induction of
the magnetic field created by the basic version of the SMF
during magnetization of the remote FO.

Let us consider the influence of the parameters of the
autonomous SMF on the magnetic field in the surface layer
of the FO (along the Ox axis). With an increase in the height
of the PM H; and an unchanged cross-section with a side of

a=50 mm, the maximum magnetic field in it increases
(Fig. 3). The greatest value of the field occurs inside the
PM. However, in the FO, the magnetic field also increases
both in magnitude and in the area of influence.
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Fig. 3. Distribution of the magnetic field induction modulus
in the surface layer of the FO at different PM heights

If the PM is made of a small height (H;=20 mm),
then the required value of the central field B, on the
surface of the FO is not ensured. With a linear increase in
the height of the PM, the magnetic field in the FO
increases nonlinearly with a decrease. This shows the
inexpediency of increasing the height of the PM above a
certain value.

A more appropriate way to increase the magnetic
field in the FO is to increase the PM width (Fig. 4). In this
case, both the central field B, and the width of the
magnetization region increase in the surface layer of the
FO. When the PM width is increased by 2 times from 30
to 60 mm, the central field increases by 1.33 times, and
the magnetization area of the FO by a field higher than
Bmin increases by more than 10 times.
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Fig. 4. Distribution of the magnetic field induction modulus
in the surface layer of the FO at different PM widths

Figure 5 shows the dependence of the relative values
of the central magnetic field B, in the FO (relative to the
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basic version of the SMF) on the geometric parameters of
the PM. With an increase in the volume of the PM, this
field also increases, but with a nonlinear decrease in
growth. Even with a significant increase in the dimensions
of the PM, the central magnetic field increases no more
than 2 times relative to the basic version of the SMF. In this
case, it is possible to determine the geometric parameters of
the PM that provide a magnetic field higher than B, and
the magnetization area of the FO by such a field.
B *

40 @, mm
60" 70730

H|, mm

Fig. 5. Dependence of the relative value of the central magnetic
field in the FO on the geometric parameters of the PM

However, for a portable EMAT, when selecting the
geometric parameters of the PM, in addition to the
magnetization field FO, it is necessary to take into
account other indicators. These are the magnetic
scattering field Be,, the volume of the autonomous source
V and the force of attraction of the autonomous source to
the FO F,. The magnetic scattering field Be has a
negative effect on both the nearby electronic system of
the device and on the service personnel [26].

The volume V determines the mass, dimensions and
cost of the autonomous SMF. The cost is mainly
determined by the high-coercivity PM. The attractive
force to the FO F, determines the operating conditions of
the portable EMAT. This force is calculated using the
well-known formula:

F, 02 r(B, B,)ds,
Os
where B,, B, are the radial and axial components of the
magnetic field induction in the volume of the SMF
covered by the surface S.

Figure 6 shows the force of attraction of the SMF to
the FO F," in relative form.

As follows from the presented graph, with an
increase in the volume of the PM V (height H; or width
a), the attractive force increases. If the width of the PM is
insignificant (a=30 mm), then the force from the height of
the PM increases insignificantly. With the maximum
parameters of the PM from the considered range
(H;=a=70 mm), this force increases almost 14 times
compared to the basic version of the SMF.

As calculations show, the nature of the change in the
magnetic field scattering B, into the surrounding space
depending on the geometric parameters of the PM largely
corresponds to the nature of the change in the central
magnetic field By in the FO.

Since with the increase in the volume of PM V all
the indicators of SMF increase, the question arises about
the nature of these indicators with the same volume, but a
different combination of height H; and width a.

=3 40 a, mm
H;, mm : 70 730

Fig. 6. Dependence of the relative values of the force of attraction of
the SMF to the FO on the geometric parameters of the PM

Figure 7 shows the dependence of the relative SMF
indicators on the width a for a small (V=125 10° mm®)
and large (V=216 10° mm?) volume of the PM. The small
value of V is due to the choice of the basic version of the
PM with parameters H;=a=50 mm, and the large value of
V is due to the choice of the basic version of the PM with

parameters H;=a=60 mm.
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Fig. 7. Dependence of relative SMF indicators on the width
of the PM for a small (a) and large (b) volume V

EnekTpoTexHika i EnekTpomexaHika, 2025, Ne 4

75



With a constant PM volume, the maximum value of
the central field By in the FO occurs at a certain width. For
a PM with a small volume, this is approximately a=40 mm,
and for a PM with a large volume, this is approximately
a=50 mm. Note that these dimensions are smaller than the
width of the base PM. The nature of the scattering field B,
largely corresponds to the central field By.

The nature of the force of attraction of F, SMF to
FO is different. The maximum force occurs when the
width of the magnet is greater than the base one. For PM
with a small volume, this is approximately a=65 mm, and
for PM with a large volume, a=75 mm.

Let us consider the influence of the height FS he on
the SMF indices (Fig. 8). This screen slightly (up to 4 %)
increases the central magnetic field in the FO B,. As a
result, the force of attraction of the SMF to the FO F,
increases to a greater extent (up to 8 %). At the same
time, the magnetic field of scattering into the surrounding
space1 gex decreases, but slightly (up to 3 %).

B* F
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*
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0 f } f } } } —

0 0.5 1.0 1.5 h; 20

Fig. 8. Dependence of relative SMF indicators on the height
of the ferromagnetic shield

The highest value of the scattering field B, occurs in
the absence of FS, and the highest central field B, occurs
at its maximum height. Note that the location of FS on the
lateral sides of the PM is inappropriate, since such a
design reduces the central magnetic field in the FO with a
large air gap Z; [1].

Considering that increasing the height of the FS
leads to an increase in the height and weight of the
autonomous SMF, it can be assumed that the SMF variant
with h;=10 mm, like the basic variant, is acceptable.

Thus, with an increase in the height H; and the width a
PM, all SMF indicators increase, although to varying
degrees. However, an increase in the central magnetic field
By in the FO is a positive indicator of an autonomous
source, reflecting its main purpose, and an increase in the
remaining indicators are negative factors.

Based on the above, the parameters of the
autonomous SMF, namely the geometric dimensions of
the PM, must be selected taking into account both the
positive indicator (the central magnetic field By in the FO)
and the negative indicators (the scattering magnetic field
Be, the volume of the SMF V and the force of its
attraction to the FO F,).

The task of selecting the geometric parameters of the
PM can be considered as multicriterial. For this purpose,
we will reduce the above SMF indicators to one integral
criterion using the scalarization function — the canonical
additive-multiplicative objective function:

K B, 2 -3 4 1
1 P0 * * *
V I:Z BEX
s11 21 1 e
BB ' — — . il
v Fz Bex il
where ; are the weight coefficients of the objective

function; B is the empirical coefficient.
Based on expert assessments, we set the coefficients
1=0.5; ,=0.2; 3=0.2; ,=0,1; B=0.75. The integral
efficiency criterion from the geometric parameters of the
PM of an autonomous SMF is presented in Fig. 9.
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Fig. 9. Dependence of the integral criterion of SMF efficiency
on the geometric parameters of the PM

Based on the obtained dependencies, it can be
concluded that the most effective are SMFs, in which the
PM have the largest width and height from the considered
range. This is due to the fact that such magnets magnetize
the FO more strongly. However, PMs with a small width
and height can also be quite effective, provided that their
central field value Bg>B,. Such SMFs have small mass-
dimensional parameters and a relatively low cost.

Experimental studies. For experimental verification
of the magnetic field modeling results, a sample of an
autonomous SMF  was manufactured, providing
magnetization of a remote FO (Fig. 10). This sample
contained 6 flat PM sections with dimensions of
50 50 10 mm® each made of NeFeB ceramics. The
sections were arranged in a column so that the PM height
was 60 mm. On top of the PM there was an FS with
dimensions of 50 50 10 mm®, made of St10 steel.

An experimental sample made of St45 steel with
dimensions of 180 65 30 mm® was used as the FO, on the
surface of which measuring paper with divisions of 1 mm
was applied (to control the movement step of the Hall
sensor, which provided measurement of the axial
component of the magnetic field induction B, at a height of
0.5 mm above the surface of the FO). The measurement of
the magnetic field induction value was performed using a
pre-calibrated F4354/1 teslameter.
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Fig. 10. Scheme (a) and experimental sample (b) of an autonomous
SMF that provides magnetization of a remote FO: 1 — PM sections;
2 —FS; 3-FO; 4 —electronic unit; 5 — insulating supports of
variable height; 6 — dielectric pads; 7 — housing; 8 — insulating
protector; 9 — Hall sensor; 10 — measuring ruler

A sample of an autonomous small-sized SMF was
installed on the FO with a non-magnetic gap Z;=25 mm
(the total height of the insulating supports 5 and the
protector 8). The axial component of the magnetic field
induction B, was measured by a Hall sensor on the FO
surface every 5 mm from the center at a distance of up to
40 mm along the long side of the experimental steel
sample. The measurement results are shown in Fig. 11. In
the presented distribution of the magnetic field, the FO is
outlin%d4 by a contour below the Ox axis.
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Fig. 11. Results of experimental (points) and calculated (line) values
of the axial component of the magnetic field induction B, and the
distribution of the magnetic field for the experimental sample

The experimental data correspond to the simulation
results with an error of up to 9 %, which indicates the
reliability of the results obtained. The difference between
the experimental results and the calculated ones is due to
the spread of the parameters of the PM sections due to the
manufacturing technology, as well as errors in the
location of the Hall sensor relative to the FO.

Practical implementation. Let us consider the use
of an autonomous SMF for a portable EMAT, providing
excitation and reception of ultrasonic pulses in the FO.
Figure 12 shows the diagram and layout of the converter
of electromagnetic energy into ultrasonic energy [27] with
an autonomous SMF and a system for measuring the
distribution of the magnetic field on the surface of the FO.

a

Fig. 12. Scheme (a) and layout (b) of EMAP: 1 — SMF;

2 — gaskets; 3 — plate 3 with an inductance coil; 4 - FO;
5 — electronic unit; 6 — pulse generator; 7 — amplifier;
8 — synchronizer; 9 — oscilloscope; 10 — Hall sensor

The converter includes a DPMP 1, dielectric spacers 2
of adjustable height, a dielectric plate 3 with a built-in high-
frequency inductance coil, a FO 4, an electronic unit 5 with
a high-frequency current pulse generator 6, an amplifier of
received ultrasonic pulses 7 and a synchronizer 8. A digital
oscilloscope 9 records ultrasonic pulse signals in the FO,
and a Hall sensor 10 measures the axial component of the
magnetic field on the FO surface.

The converter was installed on the surface of the FO
through dielectric spacers of different thicknesses. The
efficiency of the SMF was estimated by the amplitude of
the received ultrasonic pulses using a SmartDS7202
oscilloscope [8].

Studies were conducted for EMAT with two
magnetic field sources: SMF-1 contained 6 PM sections
with dimensions of 50 50 10 mm® SMF-2 contained 4
PM sections with dimensions of 30 30 15 mm?®. Both
sources contained FS with a height of 10 mm. These
sources have the same axial height H;=60 mm, but
different PM volumes. SMF-1 has V=150 10° mm?, and
SMF-2 has V=54 10° mm®,

Figure 13 shows the time sweeps of the ultrasonic
pulses reflected in the FO volume, obtained at different
gaps between SMF-1 and the FO surface.

The oscillograms show the probing 1 and the
sequence of short bottom 2 ultrasonic pulses reflected in
the FO volume.

With a non-magnetic gap between SMF-1 and FO
Z,=25 mm, when the value of the central magnetic field in
FO By=0.44 T, the amplitudes of the bottom pulses in
relation to the noise are at least 10/1, which is sufficient
for thickness measurement of ferromagnetic products.
With a two-fold decrease in the gap Z;=12.5 mm, and
therefore an increase in the central field to B,=0.85 T, the
amplitudes of the bottom pulses in relation to the noise
increase to 30/1, which is applicable for monitoring and
diagnostics of ferromagnetic products.

Thus, due to the increase in the magnetic field in the
FO, the ratio of the amplitude of the first reflected ultrasonic
pulse to the noise amplitude increases by 3 times, which
makes it possible to increase the efficiency of EMAT.
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Fig. 13. Oscillograms of the sequence of bottom ultrasonic
pulses reflected in the FO volume (left) and magnetic field
induction (right) at Z;: 25 mm (a) and 12.5 mm (b), obtained
using SMF-1: 1 — probing pulse; 2 — bottom pulses.

Figure 14 shows the time sweeps of the ultrasonic
pulses reflected in the volume of the FO, obtained with
similar gaps between SMF-2 and the surface of the FO and
the same magnitude of the probing ultrasonic pulse, as when
using SMF-1. These oscillograms, as in Fig. 13, show the
probing pulse and a sequence of short bottom pulses.

fEEE i AR

Fig. 14. Oscillograms of the sequence of bottom ultrasonic

pulses reflected in the FO volume at Z;:
25 mm (a) and 12.5 mm (b), obtained using SMF-2

With a non-magnetic gap between SMF-2 and FO
Z,=25 mm (By=0.34 T), the amplitudes of the bottom
pulses in relation to the noise are 5/1, and when the gap Z;
is reduced by half, the central magnetic field increases to
Bo=0.61 T, which increases the ratio of the amplitude of
the bottom pulses to the noise to 13.5/1.

When using SMF-2, which has a PM volume that is
almost 3 times smaller than SMF-1, the EMAT efficiency
decreases (Fig. 13). This is due to the fact that the
amplitudes of short bottom pulses reflected in the FO
volume decrease, and their sequence attenuates faster.
This indicates the influence of the SMF magnetic field on
the EMAT efficiency.

Thus, it has been experimentally confirmed that
increasing the magnetic field in the FO by a source with
permanent magnets with rational parameters increases the
efficiency of EMAT.

In the future, it is advisable to consider the use of
either a pulsed electromagnet or the joint use of a pulsed
electromagnet and a permanent magnet to amplify and
regulate the magnitude of the magnetic field in the surface
layer of the FO.

Conclusions.

1. As a result of the analysis of literary sources, the
need to select rational parameters for a source of a
constant magnetic field that magnetizes a ferromagnetic
object when converting electromagnetic energy into
ultrasonic energy was established.

2. An analysis was carried out of the parameters of an
autonomous source of magnetic field, consisting of a PM and
a ferromagnetic screen, which acts on the flat surface of a
remote ferromagnetic object, magnetizing it to a given level.

3. It has been established that in order to select rational
parameters of an autonomous SMF, it is necessary to use
an integral criterion that takes into account the magnetic
field in the surface layer of the FO, the magnetic
scattering field, the volume of the PM, which determines
the mass-dimensional indicators and cost of the SMF, and
the force of attraction to the FO.

4. The results of experimental studies on a sample of an
autonomous source, which contained 6 sections of PM made
of NeFeB ceramics with dimensions of 50 50 10 mm?,
correspond with an error of up to 9 % to the results of
calculating the magnetic field on the surface of a
ferromagnetic sample made of St45 steel with a thickness of
40 mm.

5. For a portable electromagnetic-acoustic transducer,
increasing the magnetic field in the FO either due to the
dimensions of the PM or due to a decrease in the air gap
between the SMF and the FO provides an increase in the
efficiency of the EMAP, increasing the ratio of the amplitude
of the bottom pulses to the amplitude of the noise.
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3acTocyBaHHSA MeTOAYy eKBiBa/IeHTYBaHHS 6araToLlapoBoro 'pyHTY Npy BUSHAYEHHI
HOPMOBaHMX NapamMeTpiB 3a3eM/1IH0Ba/TbHOI0 MPUCTPOID

BcTyn. HopmoBaHi napaMeTpu 3a3eMN0Ba/IbHONO NPUCTPOI, Taki fK Hanpyra A0TUKY Ta onip, € KPMTUYHO BaXKMBUMW ANd 3a-
6e3neyeHHst eNeKTPUYHOI Ge3neky Ta HafiliHOCTi po60TY enekTPOCTaHLUil Ta nigcTaHuilk. CknaaHicTb 6araTowapoBoi CTPYKTY-
pv IPYHTY CTBOPIOE NPO6AeMM NS BU3HAYEHHS BKa3aHuX napameTpis. Lie 06yMOBNeHO TUM, L0 peasbHi IpyHTY Ha TepuTopii eHep-
roo6’eKkTiB YKpaiHu MaloTh Tpu i 6ifbLUe Lwapis, a HOPMOBaHi Napame TPy BU3HAYAKOTHCSA NPOrpamMHUMK 3acob6amm 3 BOLLIAPOBUMU
po3paxyHKOBMMM MOZensMU. ToMy HeobXigHICTb eKBiBaeH TyBaHHs 6araToLLapPOBYX reoenekTPUYHUX CTPYKTYP Y ABOLLIAPOBI Mofge-
Ni 408 NPaKTUYHOTO 3aCTOCYBaHHA € aKTyanbHO 3afaueto. MeTa. BusHayeHHS Me>K 3acTOCyBaHHS MeTOy eKBiBaieHTyBaHHSs
6araToLlapoBuxX IPYHTIB Ha OCHOBI aHasi3y pesylbTaTiB PO3paxyHKy HOPMOBAHWX NapamMeTpiB 3a3eMNI0BaIbHOIO NpUCTpo. Me-
TOLOMOriA. Y JOCNiAMKEHHI PO3rNsHYTO TpULWAapoBy Mofeb A4 YoTupbox Twnis rpyHTY (A, H, Q, K), nowmpeHux B YkpaiHi. Po3-
paxyHK1 BWKOHAHO 3a AOMOMOrOK NPOrpamMHoro Komnaekcy LiGro, skuii 6a3yeTbCs Ha MeTOZi iHTerpo-audepeHLiiHnX piBHAHb,
3aCTOCOBAHOMY [/11 aHaNi TUYHOTO BUPILLEHHA 3afadi NPo NOTeHLian eneKTPUYHOTO Nons TOYKOBOIO [yKepena CTPyMy B TpuULLapo-
BOMY MPOBIZHOMY HaniBNpPOCTOPi. B AKOCTI KpUTepit0 MOXKNMBOCTI 3aCTOCYBaHHS MeTOLYy eKBiBaleHTYBaHHA 0OPaHO BeNUYHy
BiAHOCHOT NOXM6KK B 10 % npw BrU3HAYEHHI HOPMOBAHVX NapaMeTPIB 3a3eM/H0BaLHOIO NPUCTPOID 3afaHoT TOMONOrii Ta Tuny rpyH-
TY. Mpu BU3HAYEHHI NOXMOKN 38 ICTUHHE 3HAYEHHS NPUIAMAINCL Pe3yNbTaTy PO3paxyHKy Y BUXiAHIA TPULWAPoBIi CTPYKTYPI IPYHTY
AN5 3aaH0i TOMNONOriT 3a3eM/H0BA/IbHOr0 NPUCTPOK. Pe3ynbTaTyn AEMOHCTPYIOTb, WO ePEKTUBHICTL MeTOAY eKBiBa/leH TYBaHHS
CyTTEBO 3aNeXKNTb Bif TUNy rPyHTY Ta NAoLi cucTemm 3a3eMneHHs. 30Kpema, 4ns IpyHTy Tuny A 3amiHa BEpXHbOro Ta cepef-
HbOTO LUApy eKBiBaNEHTHUM NepPLUMM LWAapPOM (HUXKHBOTO — APYrMM), 3a6e3mneuye MeHLLY NOXMOKY po3paxyHKiB OMopy 3a3eMeHHs, Hi>K
NPeACTaBNeHHs BEPXHLOTO LUapy B AKOCTI NEPLLOro, a CepefjHbOro Ta HYXKHLOro — Apyroro. Mpu LboMy CnocTepiraeThCs TeHAeHL s
[10 3MEHLLIEHHS NOXMBKN Bif, —14,6 % 10 —2,6 % 3i 3poCTaHHAM oLy 06’ekTY Bif 225 M? 0 14400 M. OpuriHanbHICTb. Brieplue
NpeAcTaBNeHO pe3ynbTaTyW OUiHKA MOXWMOKM MeTOLY eKBiBaseHTYBaHHA GaraTolapoBux IPYHTIB Pi3HUX TWMiB NpW PO3paxyHKy
HOPMOBaHKX NapameTPiB 3a3eM/I0BA/ILHNX NPUCTPOIB. MpaKTUYHA 3HAYMMICTb. BU3HAYEHHS YMOB Ta Me>K 3aCTOCYBaHHA MeTogy
eKBiBa/IeHTYBaHHSA NpY PO3paxyHKy HOPMOBaHUX NapameTpiB 3a3eMNoBa/IbHUX NPUCTPOIB NPOrpaMHUMKU KOMMNEKCaMNU MOXKe By Tu
BMKOPUCTAHO NPY NPOEKTYBAHHI HOBKX ab0 PEKOHCTPYKLT ICHYIOUMX eHeproo6’ekTiB Ykpaiuu. bibn. 20, Tabn. 5, puc. 4.

Knto4oBi cnosa: 3a3eM/l0Ba/IbHWI MPUCTPIlA, Hanpyra AOTUKY, OMip 3a3eM/II0Ba/IbHOM0 NMPUCTPOID, METOS, EKBiBa/IleHTYBaHHS,

6araToLlapoBuii I'pyHT.

BcTyn. Po3paxyHOK HOPMOBaHWUX MapameTpiB 3a3em-
NOBa/IbHUX  MPUCTPOiB  (3MM) eneKTPUYHKMX CTaHLUi Ta
nifcTaHuiiA, a came — onopy 3IM, Hanpyru Ha 311 Ta Hanpy-
M LOTUKY, € BOX/IMBOKO HayKOBO-NPaKTUYHOO 3a4a4et0 K
3 TOUKM 30pYy MPOEKTYBaHHS HOBUX EHEPTETUYHNX 06’ EKTIB
[1-3], TaK i ekcnnyatauii icHywouux [4]. BuxigHumun pa-
HUMMW A1 BUKOHAaHHS TakUX pO3paxyHKIiB € CTPyM OfHO-
(ha3HOro 3aMMKaHHA Ha 3eM/IH0, Yac CrpawoBaHHs OCHOB-
HOro Ta pe3epBHOro 3axmcty, Tononorisa 3 [5], maTepian
Ta MornepeYHmnin nepepis 3a3emnroBadiB, onip ocHosm [6] Ta
eNeKTPOI3NYHI  XapaKTepUCTUKN pyHTY [7]. OcTaHHil
(haKTOp MPaKTUYHO He 3aEeXMTb Bif, BMAMBY MOAUHU i
3MiHMTK Oro B MPOLECi ekcnyaTaL,il HEMOXX/BO.

Y PO3MOBCIOMKEHMX MPOrpamMHMX KOMMeKcax As
MOJE/OBaHHS eNeKTpoMarHiTHUX npouecis y 3M [8-13],
BMKOPWCTOBYETLCSA [BOLLAPOBA MOZE/b FPYHTY i3 rpaHu-
Lieto noAiny, napasenibHoK MnoBepxHi 3emni. Buxoasum 3
TOro, L0 3a pe3ynbTatamu aHanisy 612 30HA4yBaHb MoHas
80 % rpyHTIB B MiCUAX pO3TalLyBaHHA EHePreTUYHUX
06’eKTIiB YKpaiH/M MatoTb Tpu Ta GinbLue wwapis [7], BUHK-
Kae noTpeba y NpWBEAEHHI iCHYHOUOI CTPYKTypU A0 ABO-
LLApOBOI. 3a3BMYail Ans LbOro BMKOPUCTOBYETLCS METO[,
eKBiBaneHTyBaHHs [12-18]. laes iioro nonsrae B Tomy, WO
€KBIBAIEHTHOI BBAXKAETLCS MOAESNb 3 TaKUMU XapaKTepu-
CTUKaMV reoeneKTpUYHOI CTPYKTYPY 3eMfi, 3a AKUX 3a3e-
M/It0BaY MaTuMe Ti XK CaMi 3HaYeHHs! eNeKTPUYHKX Mnapa-
METPIB, L0 A y BUXifHI 6araToLLapoBiii CTPYKTYpi.

[na npuBefeHHs 6araToLlapoBOi reoeeKTPUYHOI
CTPYKTYpU [0 EKBIBAIEHTHOI BU3HAYalOTbCA CyMapHi
nonepeyHa (HopMasibHa) i NOB3J0BXHA (TaHreHUiabHa)
NPOBIAHOCTI MpY MpPOTiKaHHI CTPYMiB BifNOBIAHUX Ha-
NPSIMKIB Y NPSAMOKYTHOMY CTOBMI I'PYHTY 3aBBULLKK hs, 3
OCHOBOW Yy BWINIsAi KBagpaTy 3i CTOPOHOK BigOMOro
po3mipy (Hanpuknag, a = 1 M). Bupasu gns BU3HaUYeHHA
eKBIBaJIEHTHOro MMTOMOro ornopy pe (1) Ta TOBWMHK
eKBiBaJIeHTHOr 0 Wapy he (2) matoTs Burnag [7, 14, 15]:

m m h
Pe b pi =+ 1)
i1 i 1P
m m
h.
he hio -+, @)
i1l i1 i

Je pi Ta h; — nUTOMWIA enekTpUYHKIA oNip Ta TOBLUWHA i-ro
Luapy, M — KifIbKiCTb LapiB, L0 eKBIBANEHTYHOTHCS.

3arasiom, Ha MpakTuLi OTpUMaIN PO3MOBCHOLKEHHS
Tpu cnocobu (ame. n. 2.3.2 [3]) 3acTocyBaHHSI MeTody
eKBiBaNeHTYBaHHSA [7]:

1. Cnoci6 Nel — BepXHiii Wwap peanbHOT reoenekTpu-
YHOT CTPYKTYpU PO3rNSAat0Th SK MEpLUWiA Wwap eksiBane-
HTHOI JBOLLIAPOBOT, & HACTYMHI LUIapX eKBIBAJIEHTYIOTLCA
y Apyruii (BBaXaeTbCs, LIO JaHWiA cnoci6 [03BONsE 3
HaiMEHLIMMM NOXMBKaMK BU3HAYMTU PO3MOAIN MOTEHL-
any Ha NoBepxHi rPYHTY Ta Hanpyry A0TUKY).

2. Crioci6 Ne2 — BCi BepxHi LWapun peanbHOl CTPyK-
TYpV NPeACTaBAsftOTb Yy BUMMSAI MEPLUOro Luapy eKBiBa-
NEHTHOT receneKTPUYHOI CTPYKTYPU, a HMXKHIN — Apyroro
wapy (gaHuii cnocié NpUIAHATO BUKOPUCTOBYBATM MpU
po3paxyHKy onopy i noteHuiany Ha 3IM).

3. Cnoci6 Ne 3 — BCi BepxHi LWapn peasibHOI CTPYK-
Typu o 3M i pgopatkosi 0,1-0,2 M npenctaBnaoTh Y
BUMNALI NepLloro Wwapy eKBiBaJIeHTHOI reoeneKTpuyHol
CTPYKTYPK, & HMXKHI (ab0 X Ti, WO 3HAXOAATLCA HUXKYE
BiAHOCHO eniemeHTiB 3I1, iHLWi Wwapwn) — Apyroro Lapy.

MepLunii Ta Apyruin cnocobm oTpUMaHi Ha OCHOBI ddi-
3MYHOTO CEeHCY HOPMOBAHMX MapameTpiB: CMiBBiAHOLLEHHS
MUTOMOIO e/IEKTPMYHOIO OMOPY P BEPXHIX LapiB Halibisb-
LLIe BMN/IMBAE Ha 3HAYEHHS MOTeHLia/1y Ha MOBEPXHI I'PyHTY, a
ODXKe i Ha Hanpyry foTuKy (KPOKY), a Ha onip i noTeHujian
Ha 3a3em/oBadi Gisblle BNMBAE P LUapy, B AKOMY 3Haxo-
anTbest 3 (am.. n. 2.3.2 [3]). TpeTiii cnocib oTprmas npak-
TuyHe 3actocyBaHHsi B HAMKI «MonHis» HTY «XIMI» Ha
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OCHOBI UMCENIbHMX PO3PaxXyHKIB Ta MOPIBHAHHS eKcnepyme-
HTa/IbHWX Ta PO3PaxyHKOBUX 3HAYEHb.

Mpote B [9-15] BiACYTHI HarnsgHi BigomocTi Ta
aHaNiTUYHO-CTATUCTUYHI AaHi, SKi 403BOAUAN 6 OLIiHUTK
3arasibHWin BMN/IMB €KBIBA/IEHTYBaHHS Pi3HUX TUMIB I'PYHTY
(A, H, Q, K) Ha pe3ynbTaTh po3paxyHKYy HOPMOBaHWX
napameTpis. OTpuMaHi B [4] pe3ynbTaT MOXKHa BBaXKatu
NviLLe nonepeaHiM aHanisom 4na 31 posmipom 5x5 M Ta
HeAOCTaTHIM [/151 3aCTOCYBaHHS Yy MPaKTUYHUX LifIsX.

3BaxaloumM Ha Te, LIO BKasaHi napameTpu BnvBa-
I0Tb Ha €feKTpobesneKy 06C/MyroBytOHOro MepcoHany
CTaHLi Ta NigcTaHLii, a TaKoX Ha HafdiHICTb eKkcnnya-
Tauii obnagHaHHA, CMCTEM PeneinHOro 3axucty Ta Tene-
MeXaHiKK, A0CNIKEHHS TaKoro BMAMBY AN NigBULLEHHS
TOYHOCTI TX BU3HAYEHHS, € aKTyaNbHOO 3aJauelo.

MeTa pob0Tu — BU3HAUYEHHS MEX 3aCTOCYBaHHSA Me-
TOAY eKBiBa/IeHTYBaHHS 6araTollapoBuX IPYHTIB Ha Oc-
HOBI aHanidy pesynbTaTiB Po3paxyHKy HOPMOBaHWUX Ma-
paMeTpiB 3a3eM/IH0BaSIbHOrO MPUCTPOLO.

MaTepianu AocnimpKeHHs. 3Baxatoun Ha Te, Lo B
YKpaiHi B MicLAX po3TallyBaHHs eHeproo6’eKTiB nepe-
BaXKHa OifbLWIICTb IPYHTIB € TPULIAPOBMMU, TOMY [0LiNb-
HO PO3MNIAAHYTW came L0 reoenekTpuuHy CTPYKTypy Ta
meTog i eKkBiBaneHTyBaHHS. 3araibHO BigoOMO, LIO Tpu-
LLIAPOBI I'PYHTM 3a CMiBBiAHOLLIEHHAM MUTOMOTO efekTpy-
YHOr 0 OMopy LWapiB NOAINAKTLCA HA YOTUPU TUMMK:

Q= (p1>p2>p3); A= (p1<p2<pa);
H = (p> p2 < pa); K= (p2< p2> p3).

BukoHaHuii y [4] aHani3 BiACOTKOBOro posnoginy
pe3y/bTaTiB eKCNepUMeHTaIbHUX JOCNIMKEHb i3 30HAY-
BaHHA I'PYHTY Ha TepUTOpIi eHeproo6’eKTiB YKpaiHu no-
Ka3as., LLO I'pyHT Tny Q ctaHoBuTb 44,43 %; A — 0,84 %;
H - 31,42 %; K — 23,31 %.

[na pnocarHeHHs METK y AKOCTI KPUTEpito MeX 3acTo-
CyBaHHSI MeTOfY eKBiBaNeHTYBaHHS MPOMOHYETLCA 06paTy
3Ha4YeHHs BIgHOCHOI Noxmbkm 10 % (gomycTuMo Ans Bu-
PilLEHHA MpaKTUYHUX 3afad 3 po3paxyHky 3I1 [6, 8, 11])
npy BW3Ha4YeHHI HOpMOBaHMX napameTpis 3 3agaHoT
TONOAOriT Ta TUMY IPYHTY. [ BUKOHaHHA LOCNILKEHHS
BMLLIEBKA3aHUX TWMIB IPYHTY BMKOPUCTAHO MNpOrpamHuii
komnnekc LiGro [17], SiKuii 003BONSIE BU3HAYATW HOPMO-
BaHi napameTtpu 3I1 A0BiNbHOI CKMAAHOCTI, WO PO3TaLLO-
BaHWii y TpPULLIAPOBOMY ['PYHTI. BkasaHuiA KOMMIEKC CTBO-
PEHO Ha OCHOBI METOAY iHTErpo-gndepeHLiiHUX PiBHSHb,
3aCTOCOBAHOMO A1 aHaNiTUYHOrO BMpILLIEHHA 3afdadi npo
NOTeHLian eNeKTPUYHOro Nons TOYKOBOMO [yKepena CTpy-
My B TPWLLIAPOBOMY MPOBIAHOMY HamiBnpocTopi, 3 noja-
NbLUMM IHTErpyBaHHAM Habopy TOYKOBUX [KEPen CTpymy
y BUrNsAi AOBiNbHO OPIEHTOBAHOMO 3a3eM/0Bava.

[ns BUKOHaHHA po3paxyHKiB BUKOPUCTaHO TPU Ba-
piaHTV BUKOHaHHs 3M po3mipom: 15x15 Mm% 45x45 m° Ta
120x120 M. Po3Mmip KOMipKu B yCix Bunagkax 3x3 m?
(ams. Tabn. 1 — 4). B AKocTi 3a3em/oBava 06paHo NpyToK
i3 rapsyekaraHol ctani BSt3SP (Fe37-3FN) piameTpom
14 mm 3 BiANOBIAHVMMN NEKTPOMArHiTHUMK XapaKTepuc-
Tukamu. 31 po3TalloBaHmWiA Ha rAmMbuHi 0,5 M, Lo Bigno-
Bifla€ BUMOram HOpMaTUBHOIO AOKYMeHTY [19].

BignosigHo fo [7] mouinbHO PO3rNAHYTU 3HaYeHHS
npu cniBBifHOLIEHHI p*= pi/pi«; B fianasoHi [0,01; 10],
o possonsie oxonutu 99,9 % TpPULWAPOBUX [PYHTIB
YKpaiH/h B MicUAX po3TallyBaHHA [Jil04MX eHepro-
06’ekTiB [4]. BignosigHo Ao [4] ToBWMHa LWapiB 3HaXo-
antbea B mexkax h;  [0,02; 10] m ans nepLuoro wapy Ta
h, [0,01; 35] m ana gpyroro. [/18 BUKOHaHHS SIKICHOTO
aHanisy 0bpaHo cepefHe 3HadeHHs hy Ta h, [7]. MapameTpm

PO3INSHYTUX BUXIAHWX TPULIAPOBMX Ta eKBIBAIEHTHWX
[BOLLI2POBMX Mofeneit I'pyHTy HasefeHo B Tabn. 1 — 4. Mpwu
LbOMY, Y SIKOCTi BMXiAHOT Moaeni IpyHTY NpURHATO cepeq-
HbOCTATUCTWUYHI 3HAYEHHS, WO OTpUMaHi B [7]. EkBiBasieHT-
Hi ABOLLAPOBI OTPUMaHI 3 BUKopucTaHHsM (1) Ta (2).

Mpy BMKOHaHHI poO3paxyHKiB MPUAHATO, WO onip
OCHOBY CTaHOBUTHL 100 Om [3], a cTpym ofHOdasHOro
3aMMKaHHA Ha 3emio — 10 KA. Po3paxyHOK Hampyru
[OTUKY BUKOHYBaBCA Y LeHTpi (Uy) Ta Ha Kpato (Uy) 3IM1
(ome. Tabn. 1 — 4). Takox Bu3Havanumca onip 3l (Rg) Ta
Hanpyra Ha 3 (Ug). Pe3ynbTaTyt po3paxyHKy (3Ha4YeHHs
U, Ui, Re Ta Ug) 4N1s 3aaHOi CUCTEMM 3a3eMJIEHHS,
po3TalloBaHOl B I'PYHTI TUMy A, HaBeaeHo B Taon. 1.

Tabnuus 1

Pe3ynbTaTy po3paxyHKy napametpi 3I1 gns rpyHTy Tuny A

EkBiBaneHTHa Mofenb
MapameTp | BuxigHa mogens 3a Cnoco6oMm:
Nol No2 No3
p1, OM M 10 10 64,3 10
hy, M 0,79 0,8 8,7 0,6
P2, OM M 100 570,3 1000 510
hy, M 5,46
P3, OM M 1000
3M 15x15 M°
U B 91,81 73,43 | 848,60 | 92,82
Rs, OM 3,61 3,94 4,13 4,40
Ug, B 36050,0 39420,0 | 41310,0 | 43990,0
Uy, B 512,80 548,70 | 2183,00 | 635,60
3M 45x45 M°
U, B 34,77 39,26 111,20 | 38,41
Rs, OM 2,36 2,29 2,49 2,15
Ug, B 23550,0 22940,0 | 24940,0 | 21540,0
Uy, B 243,50 237,60 | 974,10 | 234,30
3M 120x120 mM°
U, B 30,16 31,15 40,16 32,11
Rg, OM 1,45 1,24 1,49 1,24
Ug, B 14530,0 12410,0 | 14910,0 | 12400,0
Uy, B 127,70 116,20 | 436,30 | 121,60

B T1abn. 2 — 4 HaBefeHO pe3ynbTaTy aHasorivyHoro
pO3paxyHKy A1 iHLIWUX TUMIB I'PYHTY.

Tabnmus 2
Pe3ynbTaTy po3paxyHky napametpis 31 gnis rpyHTy Tuny H
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EkBiBaneHTHa Mofenb
MapameTp | BwuxigHa mogenb 3a CNoco6oM:
Nel No2 No3
p1, OM M 1000 1000 39,4 | 1000
hy, M 0,8 0,8 21,7 0,6
P2, OM M 10 2115 | 1000 | 212,3
hy, M 6,3
p3, OM M 1000
31 1515 m?
U B 24770 21300 | 736,10 | 15860
Rg, OMm 4,60 9,08 1,84 | 8,06
Ug, B 46000 90820 | 18410 | 80580
Uy, B 25740 28340 | 1270 | 22710
31 45x45 m?
U B 5126 4340,00 | 133,60 | 3225
Rg, OMm 1,68 2,75 1,08 | 2,55
Ug, B 16810 27450 | 10810 | 25470
Uy, B 6270 7909 | 477,10 | 6577
31 120x120 M°
U B 467,2 594,30 | 36,92 | 446,2
Rg, OMm 0,84 0,89 0,72 | 086
Ug, B 8290 8920 7180 | 8644
Uy, B 1466 1958 | 217,30 | 1704
81



Tabnuus 3
Pe3ynbTaTyt po3paxyHky napametpis 31 gns rpyHTy Tuny Q

EkBiBafieHTHa MOfenb
MapameTp | BuxifHa Mogenb 3a CMOCOBOM:
Nel No2 Ne3
p1, OM M 1000 1000 | 155,54 | 1000
hy, m 0,8 0,8 8,7 0,6
P2, OM M 100 17,5 10 19,6
hy, M 6,3
Pz, OM M 10
31 15%15 M°
U, B 23800 24810 | 2953 | 16380
Rg, OM 4,81 3,77 2,89 2,53
Ug, B 48120 37660 | 28920 | 25330
Uy, B 26810 25850 4793 17570
311 45x45 M°
U, B 5494 5437 812,8 530,6
Rg, OM 1,01 0,87 0,62 0,27
Ug, B 10040 8657 6203 2680
U, B 6127 5926 1250 935
31 120x120 m?
U, B 861,5 815 159,8 497,7
Rg, OM 0,19 0,18 0,13 0,16
Ug, B 1852 1772 1320 1587
U, B 1082 1095 274,1 874,2
Tabnuus 4

PesynbTaty pospaxyHky napametpis 31 gna rpyHty tuny K

EkBiBanieHTHa Mofenb
MapameTp | BuxigHa mogenb 3a Cnoco6om:
Nel No2 No3
p1, OM M 10 10 253,8 10
hy, M 0,8 0,8 21,7 0,6
0z, OM M 1000 47,3 10 471
h,, M 6,3
p3, OM M 10
311 15%15 M?
U B 84,22 159,20 | 4412,00 | 193,50
Rg, OM 2,29 0,95 6,00 1,01
Ug, B 22890,0 9500,0 | 59960,0 | 10090,0
Uy, B 538,70 432,90 | 7935,00 | 478,90
311 45x45 M?
U B 51,27 56,47 | 1056,00 | 63,57
Rg, OM 0,85 0,39 1,54 0,40
Ug, B 8542,0 3888,0 | 15350,0 | 4012,0
Uy, B 200,80 165,50 | 2372,00 | 179,00
30 120x120 M?
U B 34,37 33,79 | 220,10 | 34,80
Rg, OM 0,25 0,16 0,34 0,16
Ug, B 2479,0 1626,0 | 3364,0 | 1649,0
Uy, B 78,17 76,61 | 536,10 | 80,03

[na npoBeAeHHs aHani3y AaHnX Po3paxyHKOBUX eK-
CMEPUMEHTIB PO3M/ISIHYTO MOXMOKY BWM3HAYEHHA HOPMO-
BaHWX napameTpis & 3 BUKOPUCTaHHAM MeTOJy eKBiBase-
HTyBaHHS. 3a ICTUHHI 3HAYeHHA MPUIAHATI Ti, WO OTpwW-
MaHi npu po3paxyHKy 3a gonomoroto Mogeni 3I1, po3mi-
LEHOro y TPULLAPOBOMY IPYHTI. [Ins KOXHOIO 3 HOpMO-
BaHWX NapameTpiB i BiANOBIAHOINO TUNY I'PyHTY nobypao-
BaHa 3a/IeXXHICTb BiHOCHOT NOXmM6KK 6 Big nnowwi 311 S.

Ha puc. 1 HaBefieHa 3a3HaueHa 3a/1eXHICTb Ansi rpy-
HTY Tuny A. Mpn uboMy Ha puc. 1,a NYHKTMPOM MO3Ha-
YEHO CIMECTBO KPMBKX 18 HaNpyrn A0TMKY 3 Kpato 31
(Ug), a cyuinbHOoO — ana Hanpyru JOTUKY B LeHTpi 3I1
(Uy). MosHayeHHs Nel — Ne3 BignosigaloTb crnocobam
ekBiBa/leHTYBaHHA. Ha puc. 1,6 cyuisibHi KpuBi Bignosi-
fatoTb 3anexHocTi 8(S) ana onopy 3M (Rg), @ NYHKTUPHI
— ana Hanpyrun Ha 31 (Ug).
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Puc. 1. Moxnbka BU3HAYEHHS1 HOPMOBAHMX NapaMeTpiB 3a/IeXHO
Big nnowwi 3N Ta cnocoby ekBiBaNeHTYBaHHSA IPYHTY Tuny A:
a— CyUinbHa KpnBa — Uy, NYHKTUPHA KpnBa — Uy,

6 — cyuinibHa KpmBa — Rg; NyHKTMpHa KpuBa — Ug

Cnig 3ayBaxuTu, WO noxubka noHag 300 % Ha
rpadiky He nokaszaHa. 3a pesy/ibTaTamy MOAENOBaHHS
Ana rpyHTYy Tvny A 6aunmo MiATBEpKEHHS BUXiAHOI
rinoTesu — cnoci6 Ne2 € JOCUTb ePEKTUBHUM 47151 PO3pa-
XYHKY Harpyru Ha 31 Ta onopy 3 (Npy LboMy NoxmoKa
3MEHLLYETLCA 3i 3pOCTaHHAM Mowi), a cnocobm Nel Ta
Ne3 MokasyloTb 4OCTaTHLO BMCOKY TOYHICTb MPU BU3Ha-
YeHHi Hanpyru foTuky. Mpu ubomy B LeHTpi 31 Kpalyi
pesynbTaTi nokasye cnocib Ne3 (moxmbka go —10,5 %), a
Ha Kpato 3IM — cnoci6 Nel (noxmbka go 9 %).

Ha puc. 2 HaBefleHO aHanoriyHi pe3ynbTat pospa-
XYHKY 4N rpyHTy Tuny H.

3a pesynbTaTamy MOAENHOBaHHS AN 'pyHTy Trny H
6a4nMo, L0 NOXMOKa NpK PO3paxyHKy Hanpyrn A0TUKY B
LieHTpi Ta Ha Kpato 3I1 nexxuTb B AianasoHi Big —27 % Ao
15 % (cnocobu ekBiBaneHTyBaHHA Nol Ta Ne3). IMpote
BUAININTN NEBHWIA fjiana3oH 3aCTOCYBaHHA /11 HUX NpaK-
TUYHO HEMOX/NBO. [1/11 BKA3aHOro TUNy rpyHTY BUKOPU-
CTaHHA METOLY €KBiBaIeHTYBaHHS AN pO3paxyHKYy Ha-
npyrn Ha 3l Ta onopy 3I1 He pekOMeHAyeTbCH, Xo4a
TEH/eHLis 3MEHLLIEHHS] MOXUOKW 3i 30iNbLUEHHAM M/IOLLL
36epiraeTbea. Mpw LbOMy, BCymnepey CTanoi AyMKW, Hai-
MEHLLUY MOXMOKY MatoTb cnocobu Nel Ta Ne3 (gns Hmx
abCoNKOTHE 3HAYEeHHSI MOXMOKM 3MEHLLYETLCS Bif —97 %
1o —6 % Ta Big —75 % g0 —4 % BignosigHo). OaHak, B
noJanbLIOMy MOTPIGHO A0AATKOBO AOCAIAMTM TX nosefdi-
HKY npu 36ibLUeHHI naowi 3.

Ha puc. 3 HaBefeHO aHaoriyHi pesy/nbTaTu pospa-
XYHKY An1si 'pyHTY Tuny Q. ¥YMOBHI NO3HAYeHHS aHanori-
YHi puc. 1.

3a pesynbTaTamm MOJEN0BaHHA 4Na TPYHTY Tuny Q
6aummo, wo nuwe crnoci6 Nel moxe 6yTW 3acTOCOBaHUIA
[N po3paxyHKy Hanpyru [O0TUKY B LeHTpI Ta 3 kpato 3I1
(noxmbka nexxnTb B fianas3oHi Big —4,2 % a0 5,6 %), Ha-
npyru Ha 3l Ta onopy 3 (noxubka — Big 22 % 1o 4,3 %).
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Puc. 2. Moxnbka BU3Ha4eHHS! HOPMOBAHUX NapaMeTpiB 3a/1eXHO
Bifl nnowi 3 Ta cnocoby ekBiBaNeHTYBaHHA IPyHTY TUny H:
a — cyuinbHa kpuea — Uy; NyHKTUPHaA KpyBa — Uy
6 — cyuinbHa KpmBa — Rg; NnyHKTMpHa Kprea — Ug
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Puc. 3. Moxunbka BU3Ha4YeHHs HOPMOBaHMNX NapaMeTpiB 3a/IeXKHO
Big nnowi 3N Ta cnocoby ekBiBa/IeHTYBaHHA I'PYHTY Tvny Q:
a — cyuinbHa Kpuea — Uye; NYHKTUPHaA KpnBa — Uy
6 — cyuinbHa Kpmea — Rg; NyHKTMpHa Kprea — Ug

Ha puc. 4 HaBefleHO aHa/oriyHi pe3ynbTaTt pospa-
XYHKY Ans rpyHTy Tvny K. YMOBHI MO3HAYeHHs aHaIori-
yHi puc. 1. Ha puc. 4,a cnoci6 Ne2 He nokasaHwiA, OCKi-
NbKW BiH ae NoxXnoky noHag —500 %.

3a pesynbTatamMu MoLentoBaHHsA Ana rpyHTy Tuny K
6aunmMo, Lo cnocobu eksiBaneHTyBaHHS Nol Ta Ne3 mMo-
XyTb 6yTI 3aCTOCOBaHI Ana PO3paxyHKy Hanpyru fOTUKY
B LeHTPi Ta Ha kpato 31 BiANOBiAHO MpW MAOLLI MEHLLIi

3a 2000 M* (MoxubKa NexwuTb B AianasoHi Big —10 % Ao
15 %). BMKOpPWUCTaHHA MeTOAy EKBiBafIEHTYBaHHA Ans
po3paxyHKy Hanpyru Ha 3l Ta onopy 3I1 He pekomeHzay-
€TbCSA, X0Ya TEHAEHL|i 3MEHLUEeHHSI MOXMOKM 3i 36ib-
LUEHHAM M/0LLi Tak caMo 36epiraeTbes.
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Puc. 4. Moxnbka BU3Ha4YeHHS HOPMOBaHKX NapaMeTpiB 3a/1eXHO
Big nsiowi 3N Ta cnocoby ekBiBaseHTyBaHHS rpyHTY TUny K:
a — CyUinbHa KpnBa — Uy, NYHKTUPHA KpnBa — Uy,

6 — cyuinbHa KpuBa — Rg; NyHKTUpHA KpuBa — Ug

3a pesynbTaTamu aHanisy puc. 1 — 4 Moxemo ceop-
MyBaTW HacTyMnHWUIA anropuTMm B1GOpPY crnocoby ekBiBase-
HTYBaHHS [N PO3paxyHKy NeBHOro HOPMOBAHOro napa-
meTpy 3I1 3aneXHO Bifg Tuny rpyHTYy (aMB. Tabn. 5).
MpuHUMN opmyBaHHsA Tabn. 5 nonsras y HacTyNnHOMYy:
AKLLO 415 NEBHOIO TUMY I'PYHTY NPW PO3PaxyHKy O4HOT0
3 HOPMOBaHUX NapaMeTpiB JOCATaETLCSH YMOBa
[3|< 10 %, 3)
TO BKa3yeTbCA HOMEP BiAMOBIAHOIO CNOCO6Y eKBiBaNEHTY-
BaHHSI Ta BiH BU3HAETLCA NMPUAHATHAM 10 BUKOPUCTaHHS.
AKWO € neBHi 0OMexeHHs wogo nnowi 3M, ans
SKOI  [l0CAraeTbcs yMoBa (3), TO choci6 npuiiMaeTbCs
YMOBHO MPUIAHATHWM, & 0OMEXEHHS HaBeAEeHO B MPUMIT-
ui. Akuo ymosa (3) He BMKOHYETLCS, TO CMOCi6 BBaXa-
€TbCS HEMPUAHATHMM, a B Tab/. 5 BKA3yETbCS «—».
Tabnuus 5
PekoMeHAaLii LLLOAO anropuTMy BUGOPY COCco6Y eKBiBa/IEHTYBaHHS

Tun rpyHTy / Mapametp 31 Usc Uy Rg Ug
Tun A (pl <P2< pg) 3 1 2* 2*
Tun H (p1> 2 < p3) - - - -
Tun Q (p1>p2 > Ps) 1 1 - -
Tun K (p1< py > p3) 1 3 - -

MpumiTka: * — gonyctumo npu S > 1000 m*;
** _ 1onycTumo npu S > 2000 Mm%,

3acTocyBaHHS 3arMpoNOHOBaHOr0 anropuTMy BU60pY
Cnocoby eKBiBaIEHTYBaHHA PO3rASHYTO Ha MpvKAagi
B Jogatky 1.

BucHoBKw.

1. Ha ocHoBI cepii po3paxyHKOBUX EKCMEPUMEHTIB
Ta aHanisy oTpYMaHuX 3Ha4yeHb HOPMOBAHUX NapameTpiB
3a3eM/10Ba/TbHOM0 MPUCTPOI0 BCTAHOB/EHO:

— ona rpyHTy TNy A crnoco6u Nel (BepxHild Lwap pea-
NbHOT reoeeKTPUUHOT CTPYKTYPW — NEPLUNIA Lap eKBiBasleH-
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THOT [1BOLLIAPOBOI, & HACTYNHI Lapy eKBiBa/leHTOBaHI y Apy-
ruin) Ta Ne3 (BCi BepxHi Luapy peasbHOi CTpykTypy o 3M1 i
noaatkoBi 0,1-0,2 M — nepLumiA LWap eKBIBaIEHTHOT CTPYKTY-
pW, @ HacTynHI — APYrWiA LWap) MOXHa 3aCTOCOBYBaTW Mpw
BM3HaYeHHI Hampyru A0TWKY, Ae cnoci6 Ne3 kpawmii ans
ueHTpy 3IM (noxmnbka go —10,5 %), a croci6 Nel — ans Kparo
3 (noxmbka fo 9 %). Cnoci6 Ne2 (BepxHi Lapn peasibHoi
CTPYKTYpW — NEPLUMIA LIAp EKBIBAIEHTHOI CTPYKTYpH, @ HU1-
XHIA — gpyruin) ona pospaxyHKy Hanpyru Ta onopg 30
[0MYCKaeTLCA 3aCTOCOBYBATU MpK NoLi noHas 1000 Mm%

— ONA 'PpyHTY TUny H >kogaeH 3i cnocobiB ekBiBaneH-
TYBaHHA He [03BO/ISIE BUKOHATY PO3PaxyHOK 3 NOXMOKO
meHLe 10 %;

— ana Tvnie rpyHTiB Q Ta K MeToA eKBiBaneHTyBaH-
Hsl MO>XHa 3aCTOCOBYBATU /MLLIE A4/151 PO3PaxyHKy Hanpyru
JoTuKy. Mpn ubomy ans Q cnif BUKOPUCTOBYBATM cnocib
ekBiBaieHTyBaHHS1 Nel (moxubka Big —4,2 % fo 5,6 %).
Ana Trny K cnoci6 Nel kpaumii ans ueHTpy 3I1, a cnoci6
Ne3 — ansa kpato 3l npu nnowi noHag 2000 M2,

2. HeszanexxHo Big Tvny IpyHTY Npu BU3HaYeHi Ono-
py 30 Ta Hanpyru Ha 3I1 y BCiX BUNaaKax CrocTepiraeTb-
CSl 3MEHLLEHHs1 NoXmnbkn 3 pocTom nnowi 3I1, Wwo cBif-
UUTb MPO MOXJIMBICTb NOMIMLIEHHS TOYHOCTI PO3paxyH-
KiB 4ns 06’eKTiB nnoLero noHag 10 000 M.

3. Ha ocHoBi aHanisy pesynbTaTtiB MOAENOBaHHSA
chopMoBaHO anroput™M BKMOOPY CMOCOOY eKBIBA/IEHTY-
BaHHS 15 pO3paxyHKY NeBHON0 HOPMOBAHOIO Napamer-
py 3I1 3aneXHO Big TUNY I'PYHTY. AK KpUTEPIl NPUIAHAT-
HOCTi 06paHO BigHOCHY NMOXubKy B Mexax 10 %. Mpu
LibOMY 3aN€XHO Big Tuny rpyHTy Ta napameTpy 301, wwo
BM3HAYAETbCSA, CMOCOOM PO3NOAINEHO Ha MPUAHATHUIA,
HENPUIAHATHWIA Ta YMOBHO MPUIAHATHUIA (3 ypaxyBaHHAM
06MexXeHHs Lwofo naowi 311).

4. 3Baatoumn Ha Te, L0 MOBHOLIHHUIA pO3paxyHOK
YCiX HOPMOBaHMX NapameTpiB 3 BUKOPUCTaHHAM MeToay
eKBIB&/IEHTYBaHHSI MOXHa BWKOHATW nuLe AN TPYHTY
™My A, TO HalibinblW JOUIMIbHAM € BUKOPUCTaHHS Mpo-
rpamHMX KOMMJIEKCIB, AIKi [O3BOMAKOTHL BpaxyBaTu Tpu-
LLIapoBY CTPYKTYPY I'PYHTY, B MPOLECi BU3HAUYEHHS HOp-
MoBaHuXx napameTpis 3.

OOAATOK 1

MpuKnaz 3acToCyBaHHS 3anporoHOBAHOrO anropu-
TMy BUGOpPY cnocoby eKBiBaJIeHTyBaHHA. BuxigHni
06’eKT Mae po3mip 120x65 M? 3 FIMOUHOIO PO3TaLLYyBaH-
Ha 3M — 0,6 m. MapameTpu rpyHTY: p; = 53,9 OMm Mm;
p2 =117 OM Mm; p3 =123 OMM; hy = 1,2 m; h, = 12,3 m.
BignosigHo, 3l po3TalloBaHuid y NepLUIOMy Lwapi.

HaBefeHi napameTpu rpyHTY BifgnoBifaloTb rPyHTY
Tuny K, a nnowa 31 cknagae 7800 m° i1 Bignosiaae ymo-
Bi S > 2000 M2 OTXe, ANA BU3HAUEHHS HaNpyrW JOTUKY B
ueHTpi 3N (Uy) cnif ckopmuctatmuca cnocobom ekBiBasieH-
TyBaHHA Nel 3a Bupasamu (1) i (2), 3a pesynbTatamu
3aCTOCYBaHHSI SIKOr0 MapamMeTpu €eKBiBaJIeHTHOI Mogeni
byayTb cknagatn: pe = 53,9 OM M; pye =32,18 OM M;
hie = 1,2 M. 1N BU3HAYEHHA HANpyry JOTUKY Ha kpato 31
(Ug) cnocobom eksiBaneHTyBaHHA Ne3: pe = 53,9 Om M;
P2e = 32,32 OM M; hye = 0,8 M. Y BUNAAKy Heo6XigHOCTI
BM3HAYeHHA Hanpyru Ha 311 Ta onopy 3M1 cnig BUKopuc-
TOBYBaTV TPULLIAPOBY MOJENb IPYHTY.

KoH(NiKT iHTepeciB. ABTOpKM 3asBASHOTb MPO Bifd-
CYTHICTb KOH(NIKTY iHTepeciB.
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Application of the multilayer soil equivalence method in
determining the normalized parameters of the grounding system.
Introduction. Normalized parameters of the grounding system, such
as touch voltage and resistance, are critically important for ensuring
electrical safety and reliability of power plants and substations. The
complexity of the multi-layered soil structure makes it difficult to
determine mentioned parameters. This is due to the fact that real
soils on the territory of energy facilities of Ukraine have three or
more layers, and the specified parameters are determined by soft-
ware with two-layer calculation models. Therefore, the need to
provide multilayer geoelectric structures into equivalence two-layer
models for practical application is an urgent task. Goal. Determina-
tion of the application limits of the multilayer soils equivalence
method based on the calculating results analysis of the grounding
system normalized parameters. Methodology. The study considered
a three-layer model for four soil types (A, H, Q, K) common in
Ukraine. The calculations were performed using the LiGro software
package, which is based on the method of integro-differential equa-
tions, applied to the analytical solution of the problem of the electric
field potential of a point current source in a three-layer conducting
half-space. As a criterion for the possibility of applying the equiva-
lence method, a relative error value of 10 % was chosen when de-
termining the normalized parameters of a grounding system of the
given topology and soil type. When determining the error, the calcu-
lation results in the original three-layer soil structure for the given
topology of the grounding system were taken as the true value. The
results show that the effectiveness of equivalent technique signifi-
cantly depends on the type of soil and the area of the grounding
system. In particular, for soil type A, replacing the upper and middle
layers with the equivalent first layer (the lower layer with the second)
provides a smaller error in the calculations of the grounding resis-
tance than representing the upper layer as the first, and the middle
and lower layers as the second equivalent layer. At the same time,
there is a tendency for the error to decrease with increasing area of
the object: from 225 m? to 14400 m?, for the first case, the error
decreased from -14.6 % to —2.6 %, and for the second case, it
changed from —-9.3 % to 14.6 %, respectively. Originality. For the
first time, the results of the methodical error evaluation of the equiva-
lence techniques of multilayered soils of different types when calcu-
lating the normalized parameters of grounding system are presented.
Practical value. Determination of the conditions and limits of the use
of the equivalence method when calculating the normalized parame-
ters of grounding system by software complexes can be used in the
design of new or reconstruction of existing energy facilities of
Ukraine. References 20, tables 5, figures 4.

Key words: grounding system, touch voltage, resistance of
grounding, method of equivalence, multi-layered soil.
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tOBinei

BAPCbKIVI BIKTOP OJIEKCINOBWY
(8o 90-pivus 3 oHA HAPOKEHHS)

17 uepBHs 2025 poKy BMMNOBHIOETLCA 90 POKIB Bif
[HSA HapoKeHHA Ta 68 pOKiB iHXeHepHOT Ta HayKOBOI
[IANLHOCTI BiJOMOMY BYEHOMY-e/eKTPOTEXHIKY, BUAHO-
My creuianicTy B ranysi eneKTponpueoay Ta nepeTBopto-
Ba/IbHOT TEXHIKW, TOIOBHOMY
KOHCTPYKTOPY, rof10Bi Npas/iH-
HS Mi>KHapOAHOrO KOHCOPLIIYMY

«EHeprosbepiraHHs», AOKTOpY
TEXHIYHUX HayK, npodecopy,
uneHy IHCTUTYTY iHXeHepiB-

enekTpukis CLLUA, novecHomy
uneHy YKpaiHcbKoi acouiauil
iH)XeHepiB-eNeKTPUKiB, acouia-
Uil «ABTOMaTU30BaHWIi €/eKT-
ponpuson» bapcbkomy BikTopy
OnekcinoBuuy.

TanaHT  nepeTBOPHOBATU
pesynbTaTh  HayKoBWX  AOCAi-
[PKeHb Ta po3poboK Ha peansHy
NpoAyKLito BUsSIBUNacs y toBins-
pa BXe Micns 3aKiHYeHHs HUM
y 1957 poui XapKiBCbKOro no-
NITEXHIYHOTO IHCTUTYTY. Y AUNIIOMHOMY MPOEKTI HUM
6yB pO3pO6NEHNIA CTapTEPHWIA MEXaHiYHWIA BUMPAMAAY
An1s rasoBux Typ6iH Kopabnis BM®, sikunii He maB aHano-
rig, i 3 1958 pokKy cTaB BUPOGSATMCA MPOMMCIOBICTHO.

Lito BMAaTHY 3[aTHICTb epeKTMBHOrO [0BefeHHS
CBOTX PO3p06OK A0 MPOMWCNOBOr0 BMPOOHMLTBA HOBI-
NnAp AEMOHCTPYE MPOTArOM BXe Oinblie NiBCTONITTA,
aKTMBHO BMKOHYHOUM HAYKOBI AOCNIMKEHHS i Npomuc-
NOBi PO3pP0O0OKM 3a HalibinbLL aKTyaNbHUMK HaNpAMKaMm
PO3BUTKY eNeKTPonpuBOLY i NepeTBOPOBaIbHOT TEXHI-
K1. BaXXKO MepeoLiHNTK Oro CyTTEBUIA i MacLUTabHMIA
BHECOK Y CTBOPEHHS Ta BUPOBHMLTBO HOBOT eNeKTpoTe-
XHIYHOT NPOAYKLiT NPOTArOM YCiX YOTUPLOX €NOX Po3-
BUTKY €/IEKTPOMEXAHIYHMX CUCTEM: 3 KOHTaKTHMMMU,
eNEeKTPOMALLVHHMMM, TUPUCTOPHUMMK Ta TPaH3MCTop-
HVMMK nepeTBOptoBaYamu. Lie i po3pobnieHa 3a aKTUBHOI
yyacTi toBindpa i BnpoBamkeHa Ha 3aBodi XEMS3
cepis TUPUCTOPHMX MepeTBOPtOBaYiB MOTYXXHICTIO [0
12000 KBT, Ha OCHOBI SIKUX 6ynV NepeoCHaLLeHi eneKT-
POMPVBOAM B YOPHIii Ta KOMbOPOBI MeTanyprii, ripHu-
YOLLaXTHI MPOMMUCNOBOCTI Ta iH. Lle i peBepcuBHi ene-
KTPOMPVBOAM 3 PO3AiMbHUM YNPaBAiHHAM, a TakKoX ne-
pwi B CHA npomwucnosi nepeTsoptoBayvi 4acToTW Ha
IGBT TpaH3ucTopax.

BigMiHHOIO pUCOID NPaKTUYHO KOXHOT iHXEeHepHOoi
po3pobkmn bapcbkoro B.O. € pauioHanbHe NoegHaHHsA rn-
OOKMX TEOPETUYHMX | eKCrepUMEHTalbHUX AO0CAIAXKEHD.
BiH BMie mo6aunTV HOBI 3aBaHHS i 3amMpOMOHYBaTU He-
CrnojiBaHi pilleHHs], WO BMKINKAIOTbL iHTEpeC Y (haxiBuib,
MPOSIBUTY CTIMKICTb Y HEMPOCTUX CUTYaLifX | 3aBXaun Bip-
HWIA cnpaBi CTBOPEHHS! AKICHO HOBOT BITUM3HSAHOI TEXHIKW.
Takwii nigxig toBiNsap 3ymis 30epertv i B CKagHiin eKOHOMI-
YHIl cuTyauii nicng 1991 poky, Lo A03BOAUMO MOMY CTBO-
put  MDKXHapOAHWIA  KOHCOpLiyM «EHeprosoepiraHHs,
Wo o6’efHaB KONEKTMB OAHOLYMLIB, pO3pobUTU Ta

BNpoOBaaUTU B YKpaiHi Ta KpaiHax CH/J] KOHKypeHTOCMH-
POMOXHI TPaH3UCTOPHI NepeTBOptOBaYi 3 MikponpoLe-
COPHUM YNpPaBAiHHAM.

Mig 6GesnocepefdHiM KepiBHULTBOM OBifisipa Oynm
BYKOHaHI po60TK 3i CTBOPEHHS,
.~ BWUTOTOB/IEHHA  Ta  BBEJEHHA
14t B eKCMnayaTtauito YHiKa/bHOro
— BUNPOOYBA/ILHOTO  KOMI/IEKCY
019 eNeKTPUYHMX MalLWH JIOKO-
MOTMBIB, IO He Mae aHanoris
y €Bponi, NOCTaB/eHO Ta BBefe-
HO B eKcnjyarauito noHag
1000 KommMnekciB KniMaTUYHUX
yctaHoBoK tumny KKJT ans
NOKOMOTMBIB  Ta  YCTaHOBOK
KB-1-28, po3pobsieHi i Brposa-
[DKEHi HOBi TAroBi 6araTtokaHa-
NbHI  TUPUCTOPHI  BUNPAMAAYI
™mny BYTI gna marictpanbHuX
Tennososis  Tunis  2TE116Y
i (2-3)TE25KM,  Bupo6neHO
6inbwe 40 eHeprosb6epiraoumx
cuctem EKO-3 ans koTenbHUX cepefHbol i BEMKOI Mo-
TY)XHOCTI TypbomexaHi3miB. BBefeHi B eKcniyaTtauito
3pasku Ana ABUTYHIB NOTY>HicTio go 8000 kBT. Po3po6-
NeHi, BUTOTOB/EHI Ta BBEJEHI B eKcryatauito 4 npusogu
LAXTHUX MIAOMHMX MalWWH BeAMKOT MOTYXHOCTI Ta
iHLWe o6nafHaHHs.

B paHwii uyac mig HayKOBMM KepiBHULTBOM Ta
6e3nocepeHbOI0 yyacTio B.O. bapcbKoro po3pobnstoTb-
CA HOBI €/IeKTPOMEXaHiYHi CUCTEMU Ha OCHOBI CUHXPO-
HHWX OBUIYHIB 3 MOCTIHUMM MarHiTamnm Aas MiCbKOro
i 3ani3HMYHOro TpaHcnopTy, npomwucnosocTi, XKI Ta
IHLWMX Tasy3eid, HOBI eMeKTPOMPMBOAM 3 BOYAOBaHUMMU
HaKomuuyBayamm eHeprii ans pisHWX ranyseii, Npogos-
XYHOTbCA PO60TM 3 BNPOBaAKEHHS paHille po3pobaeHoro
e/1eKTPoo61agHaHHS.

PesynbTaT HaykKOBUX [AOCNIAKEHb Ta MPaKTUYHMX
po3po6oK toBinspa onyonikoBaHi B 6ibLl HixX 360 Hayko-
BMX Npausix, BUHaxofax i nateHTax, a ioro 6aratopiyHa
negaroriyHa AisNbHICTb cnpusana MigBULLEHHIO PIBHA
BITUM3HAHMX HAYKOBUX KafpiB BULLOT KBaTighiKaLlii.

3aBAsiky CTBOpeHili npodecopom Bapcbkum B.O.
MOTYXXHI HayKOBO-iHXEHepHiln LwKoni 6yna BMXxoBaHa
uina nnesga MonoauMx yYeHUX-AoCniaHVKIB, AKi npaLo-
B/ Mig ioro 6esnocepesHim KepiBHMLTBOM. HUHI BOHM
CTa/In BUCOKOKBai(hikoBaHUMU (haxiBUAMU Ta opraHisa-
TOpaMmn HaykW, L0 pobnsiTb BaroMuii BHECOK Yy PO3BUTOK
€/1IEKTPOTEXHIKW Ta N1IEKTPOTEXHIYHOT ranysi.

Pektopar HTY «XIl», YkKpaiHcbka acouiauis
iHXXeHepiB-eNeKTPUKiB, Apy3i, KONern Ta y4yHi BiTalOTb
Biktopa OnekciiioBnya 3 IOBINEEM, OaXarOTb OMY
LLACT#, 340POB’A, ONTUMI3MY Ta HOBUX TBOPYMX YCMIXIB.

PepakuiiHa Koneris >XypHany «EnekTpoTexHika
i eneKTpoOMexaHika» MPUERHYETLCA [0 LUX  LUMpUX
nobaxaHs.
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BOMKO MNKO/A IBAHOBWY
(8o 70-pivus 3 oHA HAPOKEHHS)

JoKTop TexHiYHUX Hayk, npoecop, npogecop Kade-
Opv  iHXKeHepHOT  enekTpodisvkn  HTY  «XTI»
boilko Mwkona IsaHoBMY Hapoamecs 21 nmnHs 1955 p.
B MiCTi XapkiB. [Micna 3aKiHYeHHSI CepeAHbOi LLKOMIN
Ne 47 y 1972 p. Mukona IsaHoBMY Mo-
CTYNuB y XapKiBCbKWIA NOAITEXHIYHNIA
iHcTMTYT (XMI), SKilA 3aKiHYMB 3 Bif-
3HaKot B 1978 p. 3a haxom «IHxeHep-
Ha enekTpo®isvka» Ta OTPUMAaB Keasli-
(hikauito iH)XeHepa-enekTpogisnka.
Micna 3akiHYeHHs iHCTUTYTY 6YB Ha-
npaeneHnin o HaykoBo-gocnigHot
nabopatopii TeXHIKN BMCOKUX Hanpyr
Ta nepetsoptoBadis ctpymy XII (Ha
faHuin vac — HAMKI «MonHis» HTY
«XMl»), ge npautoas no 2013 p. Ta
MPOJLLIOB LWAAX Bif iHXeHepa A0 Kepi-
BHMKa BIifA4iny enekTpoqisnyHmMX Tex-
HOMOTiiA, FONOBHOTO HAyKOBOro CMiB-
po6iTHMKA. 3 NOYaTKy HayKOBOro Tpy-
[OBOTO LUAAXY | MO TenepillHiin Yac
Boiiko M.l. BuKnagaB Ha pigHiin Kade- 4
Api iHXeHepHoT enekTpodisvkn HTY «XMMi». Y 1982 p.,
6e3 BigpuBy Big npaui, Mukona IBaHOBMY 3aKiHYMB 3
Bifj3HAKOK pafiothi3nyHWn  (hakybTeT XapKiBCbKOro
[EPXXaBHOI0 yHiBepcuTeTY (Ha JaHuil yac — XapKiBCbKui
HalioHaNbHWIA yHiBepcUTeT iMeHi B.H. KapasiHa).

Y 1989 p. M.1. B0I1KO 3aXV1CTUB KaHAUAATCbKY Ancep-
Tauito B criewianizoBaHili BueHii pagi MOCKOBCHKOIO eHep-
reTUYHOro iHCTUTYTY. Y 2003 p. Yy creuianizoBaHili BueHiit
pagi HTY «Xl» M.l. Boiiko 3axmcTvB [OKTOPCbKY Aucep-
Tauito. Mukona IBaHOBMY Ma€e BYEHI 3BaHHS CTapLLOro Hay-
KOBOTO CMiBPOOITHMKa, AOLEHTa Ta Npodecopa.

HaykoBi iHTepecu t0Bifsipa NoB’A3aHi i3 CTBOPEHHSIM
eNeKTPOMI3NYHNX TEXHOMOTiA 06POBKM PI3HOMaHITHUX
maTepiasiB 3a [LOMNOMOIol CUbHUX eNIEKTPUYHKUX Ta Ma-
THITHUX NONIB, @ TAKOX BUMPOMIHEHHS LLIMPOKOCMYTOBUX
NOTY>XXHUX eNeKTPOMarHiTHMX iMnynbeiB. BoHW € 6a30t0
HayKOBOT KO, Ky CTBOPYB npogecop Boiiko.

Y 1999 - 2002 pp. KONEKTUB HayKOBO-A0OCAIAHOMO
BigAiNy enekTpodhisnyHmMxX TexHonoriin (BE®T) HAMKI
«MonHis» HTY «XMl» nig kepisHuuteom M.I. Boiika
BMUrpaB Mi>KHAPOAHWI KOHKYPC i BUKOHaB MpoekT Ne 1120
B HayKOBO-TEXHOMOMYHOMY LIEHTPI YKpaiHW, CTBOPUBLLN
YHiKaNbHY YCTAHOBKY 3 0OPOOKM Pi3HOMaHITHUX PifKMX
maTepiafiB 3a AONOMOIrOK CUMAbHUX IMNY/IbCHUX €NeKT-
pOMarHiTHUX Nofis. Y nofanblloMy Nif KepiBHULTBOM
npodecopa bolika po3pobeHi HayKoBi MeTogm Ta CTBO-
PEHO HU3KY HOBUX eNeKTPOMI3NYHUX TEXHOMOMYHUX
ycTaHOBOK. OcCb fieKifibKa NpuKnagis.

CtBopeHe y BE®T BMCOKOBO/IbTHE [KEPENo CTpy-
My MeraamnepHoro AianasoHy [03BOMWAOC B HayKOBIi
nabopartopii eneKTpoauHaMIYHUX JOCNiLKeHb MiANPUEM-
ctBa «IMpoTOH-21» (M. KuiB) CUHTE3yBaTV [OBrOXMBYMI
HOBI HafBaXKi TPaHCYpaHOBi efleMeHTU Ta HabnuamTmCcA
[0 CTBOPEHHS NMPUHLMMNOBO HOBWX, €KONOTIYHO YUCTUX,
6e3neyHMX eHepreTMYHNX YCTaHOBOK.

3a YCTaHOBKY [A/11 OYULLEHHS ra30BUX BWKWUAIB
iMIY/IbCHUM KOPOHHUM pO3psgoM, fka Oyna CTBOpeHa

y BE®T, HTY «XIll» 6yB HaropomXeHWiA AMNAIOMOM
«3a KpaLLuii BiTunM3HaHWA ToBap 2008 poky».

Anapat And LUMPOKOCMYTOBOi  €1eKTPOMarHiTHOT
imnynbcHoi Tepanii (ALLEMIT) npoiiwoB KAiHiYHi Bu-
NpobyBaHH Yy [JEKISIbKOX MeANYHNX
3aknafax. CTBOPEHO i BMPOBaMXEHO
MOTYXHI YCTAHOBKM ANs reHepauii ak-
TUBHUX MiKPOYaCTUHOK, B TOMY YMCHi
pagukanis OH i 030HY, Ta LUMPOKOCMY-
rOBOr0 BWMPOMIHEHHA [NA  3He3apa-
YKEHHSA NPOMMWCOBMX Fa30BMX BUKUAIB.
B ycix HaykoBux po3pobkax Mukona
IBaHOBMY He TiNbKW KepyBaB HayKOBU-
MU po3pobkamu, ane i 6paB HainakTuB-
HiLLy y4acTb.

Mpodecop Boiiko po3pobus meTo-
VKW, NiAroTyBaB Ta BUKIagae OCHOBHI
AMCUMNAIHM - UMKy npodeciiiHol  Ta
NpaKTUYHOT NiAroToBKM GakanaBpam Ta
Mmarictpam crieuianbHocTi 141 «EnekT-
POEHePreTnKa, eNeKTpoTeXHiKa Ta ene-
KTpOMexaHika» 3a  cneyianisayieto
141.13 «Bl,qHOBnrOBaHl [okepena eHeprii Ta TexHika i
eM1eKTPO(i3nKa BUCOKMX HaMpyr», B TOMY YMC/i aHriii-
CbKOIO MOBOHO iHO3EMHUM CTYfieHTaM.

Cepep, koner i cTyfeHTiB Mukona I1BaHOBUY Kopuc-
TYETbCA aBTOPUTETOM Ta MOBarok 3a NpoMecioHanism,
TaKTOBHICTb, OOPOTY, YYNHICTb | FOTOBHICTb AOMOMOITH.

Mpodhecop boliko € aBTopoM noHag 250 ny6nikauii,
cepef SKMX 2 MoHorpagii, 30 aBTOPCbKMX CBigoUTB Ta
naTeHTiB Ha BUHaXif, nabopaTopHMI NPaKTUKYM, a TakoX
HaBYa/IbHWIA NOCIGHMK Y CNiBaBTOPCTBI.

AK HaykoBuii kepiBHMK M.l. Boiiko nigroTysaB
3 KaHAMpaTiB TEXHIYHMX HayK Ta 1 fokTopa dinocodi.
Mpodecop Boiiko BXxoAWTb A0 CKMagy ABOX Cneuianiso-
BaHWX BYEHWX Paf, i3 3aXMCTy JOKTOPCbKMX AMcepTaLiid.

Mpodecop Boiiko 6epe akTUBHY y4acTb Y Mi>KHapo-
[HUX Ta HauiOHa/IbHNX HAYKOBO-TEXHIYHUX KOH(epeHL,i-
AX, NMOB’A3aHMX i3 NPO6IeMaMm Cy4acHOi eleKTPOTEXHIKK
i eHepreTVKuM, yAO0CKOHaNEHHAM HOBUX PO3P0O6OK, NiaBu-
LLEEHHSAM e(heKTUBHOCTI eNeKTPOGi3NYHNX TEXHONOT IYHNX
YCTaHOBOK.

FOBiNAp  HaropokKeHWin  MOYECHMM  3HAKOM
«W306peTaTtens CCCP» (1990 p.). HaropogkeHuii nove-
CHOO rpamoTor0 XapKiBCbKOT 06/1aCHOT AepyxaBHOT agMmi-
HicTpauil Ta XapkiBCbkOi 06M1acHOI pagn 3a BUCOKWMIA
npodecioHaniam (2004 p.). Mpodecopa Boiiko BKIOYEHO
[0 eHumknonegii «Who is who in the world» (2005 p.),
o BuaaeTbea y CLUA, ik BYEHOrO, L0 3p06KB 3HAYHWIA
BHECOK B HayKy.

Becb konektue HTY «XII», kadegpa iHXeHepHOT
enektpoisnku Ta HAMKI «MonHis» HTY «XMl» wupo
BiTa€ LWIAHOBHOro Mukosny IBaHOBMYaA 3 HOBINEEM, OaXkae
LLacTs, 340pOB’S, HEBMYEPMHOI €Heprii, HaTXHEHHA Ta
HOBWX HayKOBWX JOCATHEHb Ha [OBIi POKM.

PepakuiiiHa Konerisi >XypHany «EnekTpoTexHika i
efleKTpoMexaHika» MPUESHYETbCA A0 LMX  Tenamx
nobaxaHs.
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KOMNIYLUKO FEOPI I MUXAINTOBY
(8o 85-pivus 3 oHA HAPOKEHHS)

BunosHmnocb 85 pokKiB 3 AHA HapOKEHHS BifOMO-
ro BYeHOro Ta haxisus y rany3si TeXHIKU BUCOKMUX Hanpyr
Ta [AiarHOCTMKM CTaHy 3a3eM/toBa/lbHUX MPUCTPOIB,
MouecHoro eHepretMka Ykpaiim (2010 p.), naypeata
[epxaBHOT npeMil YKpaiHn B 061acTi HayKu i TeXHiKu
(2004 p.), naypeata npemii Pagu MiHictpis CPCP
(1988 p.), kaHAnAaTa TEXHIYHUX HayK
"eopris Muxaiinosmya KoniyLuka.

leopriii MuxaiinioBuy HapoauBcs
1 uepBHsA 1940 p. y M. BiHHMUA. Ticna
3aKiHUYeHHs y 1963 poui enekTpoma-
LUMHOOYAIBHOrO (hakynbTeTy XapKiB-
CbKOF0 MOMITEXHIYHOMO IHCTUTYTY 3a
po3nogisiom 6yB HanpaeneHWin go Hay-
KOBO-A0CNIAHOT nabopaTtopii TexXHiku
BMCOKMX Hampyr Ta MepeTBOplOBaYiB
ctpymy XMl (Ha paHuii yac HAMKI
«MosHis» HTY «XMl»), ge nponpa-
LtoBaB Maibke 60 poKiB Ha mocajax Bif iHXeHepa A0
3aCTyrnHUKa AUpeKTopa.

leopriin Muxaiinosny Koniywko € BU3HaHUM aBToO-
pUTETOM B 061acCTi pO3pPO6KN YHiKabHUX BUCOKOBOMbT-
HMX BUNPOOYBa/IbHUX YCTaHOBOK, AesAKi 3 SKMX i AOHWHI
He Mal0Tb aHasoriB y CBiTi. 1oro po6oTu LWMPOKo BigoMmi
He TiNbKW B YKpaiHi, a Ii 3a kopgoHom. Iig iioro kepis-
HMLTBOM Ta 3a 6e3nocepeHbOT y4yacTi 6yno po3pobsieHo
6arato BMNPOOYBa/IbHNX  BMCOKOBOMbTHUX  CTEHAIB,
AK-0OT: BUCOKOBOMbTHa BMMNPOGYBa/bHA YCTAHOBKA [/
BUNPO6YBaHb aBTOMATUYHUX CUCTEM KepyBaHHS TeXHO-
NOTIYHUMM MPOLIECaMM Ha BM/IMB €M1EKTPOMArHiTHUX Mo-
nis 3a FOCT 29280 («XAPTPOH>», M. XapkiB), ycTaHOB-
Ka Ans OLUiHKM GNMCKaBKOCTIKOCTI 6opToBOro 06naf-
HaHHA niTaka AH-140 0 iMNYNbCHMX HaBefeHb, iHAYKO-
BaHUX B 6OPTOBUX enekTpuyHux konax AHTK-1 (AHTK
«AHTOHOB», M. KuiB), koMnaekcn enekTpotisnyHmx
YCTaHOBOK, fKi 3a0e3MeyyoTb NPOBELEHHS HOPMATUBHMX
BUNPOOYBaHb €MEMEHTIB 06MeXyBayiB MepeHanpyr B
eNIEKTPUYHNX MepeXkax LUMPOKOro Kfacy Hanpyr, Lo
BUMycKatoTbes cepitHo (HAI BH M. CnoB’siHCbK), ycTa-
HOBKU «TUP-2», EHE-320 k[, EHE-1500 kX «Jlyu,
«/Jlipa», reHepatop iMnynbCiB cTpyMy yctaHoBke IEMI-6
«CnnaB», «OkcamuT» (6 M/UK) Ta BMNPOOYBa/IbHOrO
komnnekcy IEMI-12 «kEDEC».

Jlo 0c06/1MBO BM3HAYHWUX [OCATHEHb B C(pepi TEXHI-
KW BUCOKMX HAMpyr cnif, BigHECTW po3pobKy Ta BBELEHHS
[0 eKcnyaTtauii AeKiflbKOX BUCOKOBObTHUX YCTaHOBOK,
AKi BHeCeHO 0 MiXXHapO4HOrO PEECTPY YHiKalbHUX BU-
npobyBasibHNX CBITOBMX LieHTpiB EMI (IEC 61000-4-32).

Mig kepisHmuTBOM .M. KOniyLiKo B Mexax cniB-
pob6iTHULTBA 3 KUTaem Haj MpoekToM «Benuka cTiHa»
CTBOPEHO KOMMNEKC iMIiTaTopiB iMNy/bCiB Hampyr Ta
CTPyMiB rpo3oBux po3psgiB «KIHC-M», KoMnneKcHui
CTEHJ, AN MOENIOBaHHS e/IEKTPOCTaTUYHMX BM/IMBIB Ha
006’€KTW aBiaLl|iiHO-KOCMiYHOT TeXHiKM «EncTaT», KoMm-
nnekc imiTaTopiB iMMNyNbCiB €NeKTPOMAarHiTHUX Monis
rpo3oBux po3psgis «KIEMI-M».

eopriii MunxannoBny € 3aCHOBHWMKOM HOBOFO Hay-
KOBOFO HanpsiMy, aKTya/lbHOr0 B EeHepreTWUYHiin ranysi

YKpaiHN — [iarHOCTMKW CTaHy 3a3eM/0Ba/lbHUX MpU-
CTPOiB eHeproo6’eKkTiB, AKWIA JO3BOMSE ONTUMAILHO MO-
€[lHYBATW 3axX0aM i3 3ab6e3neyeHHs 6e3nekn nNepcoHany Ta
€M1EKTPOMArHiTHOT CYMICHOCTI Ha 06’ €eKTi.

Mig kepisHUYTBOM Koniywika I'.M. KONnekTus cris-
POGITHWKIB PO3PO6VB TP BUMIPIOBaSIbHI  KOMIM/IEKCH
«KO3-1Y», «IK-1¥» T1a «IKIM-1¥Y» T1a
NpoBiB X AepXKaBHi BMMNPOOYBaHHS, SKi
[03BONMIN BBECTWU X [0 [ep)kaBHoro
peecTpy 3aco6iB BUMIpHOBa/IbHOT TEXHIKK
YKpaiHu.

leoprieMm MwuxaiinoBuyem 3aknage-
HO (hyHAaMeHT Ans NAigHoI cnisnpaui B
obnacti MigBuLLeHHs 6e3nekn poboTu
06’eKTiB 3 (haxiBLUAMM BCIX aTOMHUX ene-
KTpocTaHuih, HEK «YkpeHepro», MAT
«YKpHathTa» Ta O6ifbLIICTIO 06/1eHepro
YKpaiHu.

FOBinsp € ogHuM 3 aBTOpIB NaB 1.7 Ta 4.2 «[paBun
YNalTyBaHHS e/IeKTPOYCTAHOBOK», & TaKoX 6paB aKTuB-
HY y4acTb Y po3po6Li A0BiAKOBO-METOANYHOIO MOCIiOHM-
Ka «TexHi4yHe AiarHOCTYBaHHS, BUMPOOYBaHHA Ta BUMi-
PHOBaHHA eN1eKTPO06afHaHHA B YMOBaX MOHTaXy, Hana-
ropKyBaHHs i B ekcnnyatauii. YacTuHa 2 3aranbHi MeTo-
[V Ta 3aco6u AiarHOCTyBaHHS, BUNPOOyBaHb Ta BUMIpHO-
BaHb €/IeKTPO061afHaHHSA, BMBEAEHOr0 3 poboTu». 3a
oro 6esnocepefHbOT Yy4acTi po3pob/ieHO neplunii B
YKpaiHi HOPMaTUBHWIA AOKYMEHT, SIKUA pernameHTye
npaBuia BUNPOBYBaHHS | KOHTPO/O CTaHy 3a3em/toBa-
NbHUX npuctpois COY 31.2-21677681-19 «Bunpoby-
BaHHA Ta KOHTPO/b NPUCTPOIB 3a3eM/IEHHS eNeKTpoycTa-
HOBOK», 3aTBEPMKEHWIA Haka3oM MiHnaiMBeHepro
YKpaiHu, SKuii BUKOPUCTOBYETLCA (haxiBLAMM BCIX iCHY-
FOUNX eHeprocucTeM YKparHu.

eoprii Muxainosny — asTop noHag 300 apykoBa-
HUX POO6IT, 25 BUHAXOMiB Ta NaTeHTIB, HU3KW HOPMaTMB-
HUX JOKYMEHTIB.

Cepep Koner Ta (paxiBuiB YCTaHOB, SKi criBrpaLo-
toTb 3 HAMKI «MonHis» HTY «XIMl», eoprii Muxaii-
NOBWY KOPUCTYETLCA aBTOPUTETOM Ta MOBArol 3a BUCO-
Kuii npodecioHaniam, TaKTOBHICTb, [0OPOTY, YYMHICTb i
FOTOBHICTb  AOMOMOrTM. A  [AN18 MOMOAMX  BYEHUX
.M. Koniyllko € npuknagom Yy LinecnpsmMoBaHoCTI,
BMiHHI BMpiLlyBaTK NOCTaB/eHi HayKOBi Ta TeXHIYHI 3a-
BAAHHS, 6aXKaHHI He 3yMNUHATUCS Ha AOCATHYTOMY Ta Bif-
KpuBaTy HOBI Hanpsimm B po6OTi.

leopriii MuxalifioBuy € 3pasKOBUM CIM’SIHUHOM i
pasoMm i3 Apy>XuHot, anuHow IBaHIBHOH, 2 YepBHS
2025 p. cBATKYIOTb 65-TYy pivHULEO BeCINS.

Becb konektme HTY «X[Ml», cniBpo6iTHUKM
HAMKI «MonHis» HTY «XIMl», konern Ta gpysi Wwupo
BITAIOTb LUAHOBHOrO eopris Mwuxaiinosuya 3 tOBINEEM,
6aXae MiLLHOro 340pOB’S, HEBMYEPNHOI eHeprii, LwacTs,
HaTXHEHHS Ta HOBUX HAYKOBUX JOCATHEHD.

PefakuiiHa Koneris >XypHany «ENeKTpoTexHika i
efleKTpoMexaHika»  MNPUESHYETbCA A0  LMUX  Tenamx
nobaxaHs.
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Aryn BANEPIA FPUTOPOBWY
(8o 80-pivus 3 oHA HAPOKEHHS)

Mpodiecop kadeapn KOMM'HOTEPHUX HayK i iHgop-
MaLifiHMX cucTeM XapKiBCbKOro HallioHa/IbHOro aBTOMO-
6iNbHO-A0POXXHLOrO YHiBepcuTeTy (XHALY), [OOKTOp
TexHIYHMX HayK, npodecop Aryn Banepiit Npuroposuy
Hapogmeca 29 nunHa 1945 p. B micTi Mapiynoni JoHelb-
Koi obnacTti. B 1962 p. BCTynuB A0
XapKiBCbKOro MONITEXHIYHOrO iHCTU-
TyTy (XMI) 3a cneuianbHicTio «MpomMu-
C/10Ba eNeKTPOHIKa».

Mig uvac HaBuyaHHs Banepiini 6yB
Ha[3BMYallHO BPAKEHWIA  NEKLUisMM 3
aHaslizy eneKTPOHHMX CXeM TOMonoriy-
HUMW MeTodamu, siki umtas B.T. [Jon6Hs,
o 6yB Ha TOI Yac AiAiCHO NPOBIAHMM
BYeHMM B COlO3i 32 LMM HanpsaMom.
B 1967 p. Banepiit MpuropoBny oTpm-
MaB AMNIOM 3 Bif3HaKol i 6yB po3mno-
JineHWn Ha Kadeapy nNpOMMCNOBON
enekTpoHikn ~ XMl. Y 1968 p.
B.T. [on6Ha noroguecA NpUAHATK
B.I'. Aryna fo 3a04HOT acnipaHTypy i
BM3HauMB VioMy Temy AucepTauii, fika 6yna npmcsﬂqua
[OCIIXKEHHIO NepexifHMX MPOLECIB Y BEHTUIbHUX KOMaxX
Ha OCHOBI HampasneHMX rpadis. B xomi AoChimKeHHs
B.. Aryn 3anponoHyBaB OnepaToOpHO-PEKYPEHTHMIA
METOZ, nepexofy [0 AUCKPETHOro rpada Ans po3paxyHKy
MpoLeciB 3a YHiBEPCAIbHUM aJITOPUTMOM [N BEHTWUb-
HMX CXeM abCOMTHO AOBINLHOT TONOAOTIT. 3aXMCT guce-
pTauii Bigdysca y 1974 p., npuyomy 3a peKoMeHAaLiero
BueHoi pagn 3a maTepianamu guceprauii B.I. Aryn
BMAaB HaBYa/bHUIA MOCIOHVWIK, AKWIA, 30KpeMa, 3a 3arn1MToMm
6yB nepegaHuii ansa sukopuctaHHsa B IEL AH YPCP. 3a
TEMOH AucepTauii 6yna nogaHa poboTa Ha KOHKYPC MO-
NOAMX BYEHMX, AKa HaropomkeHa [pamotoro [Mpe3ngii
AH YPCP. B 1979 p. B.I'. Arynom y cniBaBTOPCTBI Ta 3a
pepakuieto B.T. [on6Hi BMAAHO NigpYyYHUK 3 FpUdom
MiHBY3y, MNPUCBAYEHUI BUBYEHHIO ENIEKTPOHHUX Mpu-
CTPOiB 3 BUKOPUCTaHHAM TOMOMOM YHUX METOLIB.

3 1972 p. npotarom 15 pokis B.I". Aryn BUKOHye
060B’A3KMN BYEHOI0 CekpeTaps cemiHapy «luTaHHs Teo-
pii, pO3p0O6KM i JOCNIIKEHHSA BEHTUMbHUX MepeTBoploBa-
4iB» nig kepisHMUTBOM B.T. Hon6Hi i B.M. Luninno.
Y 1986 p. B.I'. Aryn Buaas MoHorpagito «ABTOMaTH30-
BaHWi PO3pPaxyHOK TUPUCTOPHUX CXEM».

31990 p. no 2002 p. B.I". Aryn npautoe B YKpaiH-
CbKili iH)XeHepHO-MeparoriyHiin akagemii. Ha nocagi
3aBigyBaya Kaeapu aBTOMATMKW Ta pPadiOeneKTPOHIKM
BiH MpuiAiMae y4acTb Y CTaHOBNEHHI HOBOI creLianbHOCTI,
a TaKkoX 3aBepLuye JOKTOPCbKY AucepTaLito, Ky nofae
[0 BYeHOl cneypaan IEL HAHY HanpukiHui 1996 p. 3a
cneyianbHicTio 05.09.12 — HaniBNpOBIAHMKOBI NepeTBO-
proBayi enekTpoeHeprii. B gucepTauii BUpiLLeHi NUTaHHA
MOBHOI aBTOMAaTU3aLiT PO3paxyHKiB NPOLECIB B BEHTW/b-
HUX cucTemax 6yab-AKOi TOMOMOTiT, BKIOYAKUN NMUTAHHA
aBTOMaTUYHOro (HOPMYBaHHA PIiBHSHb AMHAMIYHUX NPO-
uecis. lMpy LpOMY Ha BCiX eTanax 3acTOCOBYHOTbCA Opu-
FHa/IbHI anropuUTMI KOMMN’HOTEPHOT 06POBKUN CUTHAMBHMX
rpachiB CTaHiB MepeTBOptoBadiB. BupilleHa npobnema

MPUCKOPEHOr0 3HAXOMKEHHS YCTaNeHNX PeXxKnmia, Aochi-
[PKEHHA PEXUMIB KOB3aHHS Yy KOMM'HOTEPHUX MOAENsX
TUPUCTOPHUX  nepeTBOptoBadiB.  CTBOPEHWUIA  HUM
Komn’toTepHuin  komnnekc CIMIMAT, nepefgaHuii  ans
BUKOPUCTaHHA HU3L YCTaHOB. 341 NPOBefEeHHSA HayKo-
BOI pobotn B.I. Aryn onaHyBaB npo-
rpamMyBaHHs Ha anropuTMiYHMX MOBax
Fortran, ALGOL, PL/1, Pascal, C++,
VBA, a TakoX, KpiM HiMeLbKoi, BU-
BUMB [pyry iHO3eMHY MOBY. Y 1982 p.
BiH 3aKiHuMB [lepXaBHi TpUpiUHi Kypcu
iHO3eMHMX MOB i Aani chiBnpawtosas 3
TopriBefibHO-NPOMWC/IOBOIO MaNaToro B
SKOCTI nepeknagaya 3 aHrNiACbKOI,
[icTaBlIM  piBEHb  CepTUDIKOBAHOIO
nepeknaaya 3 TEXHIYHOT aHTTiIACbKOT.

3 2002 p. B.I'. Aryn npautoe Ha
Kaeapi  enekTponoctayaHHs  MiCT
XHYMI im. O.M. BekeToBa. 3aBasku
cnisnpayi 3 3asigyBayeM Kadegpu
O.I'. Ipubom, B.I'. Aryn pgocnigxye
MUTaHHA KOMMeHcalil peakTUBHOT MOTY)XXHOCTI B CUCTe-
Max enekTpornocTayaHHsa. Ha upoMy eTani y cnisnpaui 3
BUMYCKHWLEKD HXEHepHO-(i3nyHoro akynbtety XII
K.B. Aryn 6yno po3po6ieHo anroputMm aHanisy i CUHTe-
3y KOMMeHCyBa/lbHUX NpUCTPOIB Ha OCHOBI
KOMMN’tOTEPHMX MOZEseit i MeToZiB NOLLYKOBOT ONTUMI3a-
LT, Lo [03BONSE BU3HAYMTY NapameTpu NPUCTPOIB 3348
MOBHOI KOMMeHcaLiT PeakKTUBHOI MOTYXXHOCTI MpU Hecu-
METPUYHMX HaBAHTaXKEHHSX.

MpoTarom ocTaHHiX fdecATunite B.I'. Aryn 3a 3a-
MPOLLEHHAMU CriBMpaLoBaB 3 HU3KOK TeXHIYHUX BY3iB,
JornomaraloumM B MOCTaHOBUi B HMX  AUCLMUNIH,
MoB’A3aHNX 3 MOZE/OBaHHAM cuctem. [pu LbOMy BiH
HeoIMiHHO NponaryBsas i BTI/IFOBaB Cy4acHi cnewianbHi Ta
TOMOJIOTiYHI METOAM 3 IX KOMM’HOTEPHOIO peasisalli€to.

B.I. dryn onybnikyBaB noHag 230 HayKoBUX
npaub, B TOMY uuncni 3 MoHorpadii Ta 5 HaBYa/bHUX
NOCi6HMKNW. BiH BYB UieHOM [BOX [OKTOPCLKMX crieupag,
UfIeHOM PeAKONEriii HayKOBO-TEXHIYHUX XYpHaniB, Kepi-
BHMKOM MOCTiliHO Aito4oro cemiHapy HaykoBoi pagu
HAH YkpaiHn «HayKoBi OCHOBU eeKTPOEHEPreTUKN».
3a piweHHaM BuyeHoi pagu oMy NpUCBOEHO 3BaHHSA MO-
yecHoro npogecopa XHYMT im. O.M. bekeToBa.

Caii1 BifbHWiA Yac Banepili Mpuroposmy npucesyye
nitepatypi, waxam, rpi Ha gopTeniaHo. barato pokis
npuiiMaB y4yacTb Yy XYAOXHil camogisinbHocTi XII, y
1966 p BMi3aAMB Ha BcecotosHi 3MaraHHs y cKnagi 36ipHoOT
kKomaHau KBK M. Xapkosa.

Pektopat XHALY i KonektuB  Kagegpu
KOMM’tOTEPHMX HayK i iHopMaLiliHAX CUCTEM LLMPO
BiTalOTb Banepia puropoBuya 3 OBiNEeEM, 3M4aTb Momy
MILHOrO 340POB’A, NOAA/IbLUNX TBOPYMX YCIXIiB Y #Oro
GaratorpaHHiii Ta nNAigHIA HaykoBil | megarorivHii
LiSNbHOCTI.

PepakuiiHa Koneris xypHany «ENeKTpoTexHika
i eneKTpoMexaHika» MPUESHYETCS O LUX  WMpUX
nobaxaHs.
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