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The authors propose and substantiate the functionality of a magnetic-pulse installation consisting of two blocks, the
first of which is a resonant double-circuit charger of a capacitive energy storage, and the second block is a discharge
circuit with an inductor-tool for performing a given production operation. It is shown that the voltage changes in time
according to an exponentially growing harmonic law. It was found that the amplitude of the voltage across the capaci-
tor can be regulated by varying the characteristics of the coupling transformer between the circuits and the character-
istics of the circuit of the reactive power conversion unit. Numerical assessments of the characteristics of the charging
process showed a high efficiency of voltage formation on the capacitive storage due to resonance phenomena (the
transformation ratio is equal to the Q-factor of the circuit ~ 20), which is not comparable with the well-known tradi-
tional indicators of induction methods. In terms of phase — the length in time to the maximum charge in the adopted
circuit of the active electric power amplifier is set by the inequality - That is, after ~ 30 periods of charging current, the
excited voltage reaches a maximum (~ 20 times higher than the source voltage), which will correspond to the end of the
transient process and the establishment of a steady state of operation. An example of calculating the characteristics of
an elementary resonant base illustrates the effective capabilities of a magnetic-pulse installation, consisting of a reso-
nant charger of a capacitive energy storage and a load in the form of an inductor-tool for flat stamping of metal prod-
ucts. It was _found that the square of the ratio of operating frequencies in the load unit and the reactive power amplifica-
tion unit quantitatively determines the fundamental possibility of resonant amplification of the active electrical energy
of a harmonic signal. References 12, figures 5.

Key words: magnetic pulse punching, series circuits, voltage resonance, active electrical power amplification, capacitive
energy storage, discharge circuit, inductor-tool, harmonic law, stamping of metal products, harmonic signal.

Introduction. The level of technical support of any industrial production characterizes its fundamen-
tal practical capabilities. So, the achievements in the field of creating magnetic-pulse installations (MIP), as
powerful energy sources, determine, in the end, the prospects for using pulsed electromagnetic fields in the
implementation of modern environmentally friendly, resource-saving and high-performance technologies for
the processing of metals by pressure. Without going through the numerous publications devoted to this topic,
one can single out the main scientific publications that sufficiently extensively disclose and generalize in-
formation on the development of equipment for field technologies and at the present stage of technological
progress [1 — 3]. So, the authors of the scientific publication describe in some detail examples of magnetic-
pulse installations created at different times by world electrical manufacturers. The successes in the devel-
opment of MIP by firms in Germany (Siemens), Great Britain (Wick men Machine Tools), USA (General
Dynamics Corporation), etc. are highlighted. Monograph, presented by a large group of authors from various
organizations in Germany, is mainly devoted to the description of the development of technical aspects in the
implementation of various stamping, assembly and welding production operations.

As is known, physically, resonance effects are manifested upon excitation of exclusively harmonic
oscillations. But the creation of real resonant electrical systems is possible with other methods of excitation.
So, from a practical point of view, it is of interest to excite a voltage resonance using a generator of rectangu-
lar pulses with a repetition rate equal to the natural frequency of the excited resonant circuit. The publication
is devoted to the calculation of current modes when feeding with bipolar and unipolar voltage pulses. It is
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shown that, in the latter excitation method, the contribution of higher harmonics to the formation of a reso-
nant harmonic current is significantly lower than in the case of bipolar excitation.

Theoretical and experimental attempts to amplify reactive electrical power at voltage resonance are
highlighted in. Its conclusions make it possible to formulate the direction of further scientific research, one of
the final goals of which can be called the proposal and substantiation of the efficiency of a high-voltage charger
of a capacitive storage, as a power source in magnetic-pulse processing of metals, which allows to obtain at the
output a given level of stored energy of electromagnetic energy at a certain value of the charging voltage. An
undoubted and significantly significant advantage of the proposal to use the resonant effect in series active-
reactive circuits instead of the bulky power equipment of traditional charger circuits is the possibility of in-
creasing the voltage due to the variation of the characteristics of the charging circuit (quality factor). Moreover,
the gain in the resonant circuit will be incomparably higher than in the traditional charger circuit.

In conclusion of this analysis of modern publications, we can add a phenomenological consideration
about the possible next step in the development of the conclusions of publication and this work. Their gener-
alization can result in the solution of vital problems of the modern electric power industry, and not only of
electromagnetic technologies. We are talking about the creation of amplifiers of already active electrical
power of currents and voltages. By the way, from a physical point of view, a resonant magnetic-pulse instal-
lation, combining the amplification of reactive power and its transformation into active electrical power, ul-
timately already represents a resonant generator of active electrical energy.

The purpose of this work is to propose and substantiate the functionality of a magnetic-pulse installation,
consisting of two units, the first of which is a resonant double-circuit charger of a capacitive energy storage, and
the second unit is a discharge circuit with an inductor-tool for performing a given production operation.

1. Scheme, principle of operation. Formulation of the problem. In Fig. 1 shows a schematic dia-
gram of a resonant magnetic pulse installation, which, from a physical point of view, is a pulsed resonant
amplifier of active electrical energy: a — shows the equivalent circuit of the amplifier; b — shows a reactive

power conversion unit; ¢ — load block — series circuit with active load — R; .
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Note. In view of the equivalence, the object of this study in the further presentation of the material
can be called either a resonant amplifier of active electrical energy, or a resonant magnetic pulse installation.

In general, the amplifier circuit consists of two blocks (Fig. 1, ). The first of them is a reactive elec-
trical power conversion unit, which, in turn, consists of two consecutive active-reactive circuits — / and 2.

The second is a load unit, consisting of one series circuit — 3 and containing a load — R;, where in the gen-

eral case, the active electrical power of the excited signal is allocated.

The components of the reactive power conversion unit (in fact, this unit is an MIU charger) Are
formed by circuits / and 2 (Fig. 1, b). They are interconnected by means of a coupling transformer, the in-
ductance of the windings of which — L;r, Lyt is, respectively. Circuits 2 and 3 are connected by a common
capacitive energy storage — Co;3.

Reactive electricity conversion unit (Fig. 1, b). Circuit / — is a series R|L,1C, — circuit where, in the
voltage resonance mode, the excited signal is transformed into circuit 2. Here R; — the active resistance of the

30 ISSN 1607-7970. Texn. enexkmpoounamixa. 2022. Ne 3



connecting conductors, including the primary winding of the communication transformer and the internal
resistance of the power supply — E(t), Li1, LT — inductance, C; — capacitance.

Circuit 2 — is sequential R,(L,1+L,)Cy; — circuit, where in the voltage resonance mode the capacitance
is charged — C,;. Here R, — total resistance of all circuit elements, (L,1+L,) — total inductance, Cy; — capacity.
Electromagnetic processes in the circuits of the reactive power conversion unit occur with a closed electronic
key — ES; and an open key — ES; up to the capacity charge — C,3 according to a given voltage level — Ugy.
Then the electronic key — ES is opened, and the key — ES; is closed.

Amplifier load block (Fig. 1, b). Circuit 3 — is sequential (Rs+R;)L3Cy; — circuit, where, in the voltage
resonance mode, a pre-charged capacitance — Cy; is discharged to the active load of the amplifier — R;. Here
(R3+R)) — total active resistance of connecting conductors, including load resistance — R), L; — inductance, Cy;
— capacity. Electromagnetic processes in the circuit of the amplifier load unit occur with a closed electronic
key — ES, and an open key — ES) until the end of the capacity discharge — Cy; After that, the electronic key —
ES; is opened, and the key — ES; is closed.

The «charge-discharge» process in the blocks of the proposed amplifier circuit can be repeated cycli-
cally with a frequency not less than the time of charging the capacitive storage in circuit 2.

We emphasize that, from a physical point of view, the reactive power conversion unit (circuits — /,
2) is an amplifier of reactive energy [7], and the load unit (circuit — 3) is a reactive-to-active current power
converter at the output of the proposed amplifier.

Formulation of the problem. According to the principle of operation of the proposed scheme of the
active electric power amplifier, the theoretical description of its capacity allows consideration of transients
separately in each of the selected blocks (Fig. 1, b) — reactive power conversion unit — circuits /, 2 and (Fig.
1, ¢) — load unit —circuit 3).

Natural resonance frequencies of circuits / and 2 are equal to each other:

O :1/\/L1T -C) =0y :1/ (Lyr +Ly)-Cypy =0 .

The active resistances of the element base of the amplifier are quite small, which is due to the desire
to minimize energy losses, R 3<<®oLir2723 load resistance R| — arbitrarily.

The first amplifier circuit — / is excited by sequences of unipolar rectangular voltage pulses with an
amplitude — E,,,, repetition period — T and duration equal to — 7/2 (Fig. 2). In Fig. 2 presents the time depend-
ence of unipolar voltage pulses with a repetition period ~ 7 and duration ~ 7/2.

The frequency of the voltage pulses is

Em equal to the fundamental frequency of the spec-
1of 1 tral decomposition of the exciting signal and the
08 natural resonance frequency of the amplifier cir-

cuits — .
0.6 2. Calculation results. According to
the adopted formulation of the problem, we
04 separately consider and analyze the transient
0.2 processes in each of the amplifier blocks.
Reactive electric power conversion
0'0'0_0 R R Y (s S unit (charger of the proposed magnetic-pulse
installation) (Fig 1, b).
Fig. 2 The amplitude-time dependence of the

exciting voltage in Fig. 2 is represented by the
spectral Fourier expansion [6 — 10]:

E()=E,- [1/2 (of)- 3 Sl 202 1)2) sm(@,,t)j, (1)

s 2n +1

where @, = (2n/T-(2n+1) are the harmonic frequencies of spectral decomposition, ®,=0 = wy = 2n/T is the
fundamental frequency.
When deriving the necessary design ratios, we will use the individual results of [7], where a similar
problem was considered for a circuit of two inductively coupled circuits in a steady-state time regime.
According to the cited work, the time dependence for the resonant current at the output of the unit
under consideration with equal damping coefficients and operating frequencies in its circuits will be written
in the form of a convolution of functions [10]:

ISSN 1607-7970. Texn. enrexkmpoounamixa. 2022. Ne 3 31



L()=k Ly /Ly A(Lyr +L,)- J.e_s(t_x) cos(w, (¢ - x))- E(x)dx, (2)

0
where k € [0, 1] is the coefficient of electromagnetic coupling between circuits / — 2, relative, 6 =

Ry/2(Lot+L,) is the attenuation coefficient — current time, £ (x) =F (Z)L_x , x is the variable of integration.

Addiction (1) should be substituted into the integrand from (2). Integrate the result. Using the found
relationship for the current, you can determine the voltage across the capacitance — Cy;
Omitting cumbersome mathematical transformations, taking into account the smallness of the quanti-

ties ~ & and mal in the end, after introducing the main characteristics of the process under study, we obtain
the following dependence [10]:

Ue, 0= Ct [ 1n(ote~ E, (kT Ty -0, =200 ) sino. 3)
0

where Oy = 1/®0y- Cp3R, =0 (Lo7+Ly)/R, — series quality factor 2.

Let's analyze the obtained result (3).

First — the charging voltage changes over time according to an exponentially increasing harmonic
law. Second — the amplitude of the voltage across the capacitance can be regulated by variation characteris-
tics of the coupling transformer between the loops — /, 2 and the characteristics of the loop — 2 reactive
power conversion units.

Physically, this conclusion can be easily substantiated as follows.

The coefficient in (3), which determines the maximum growth of the charging voltage across the ca-
pacitor with respect to the voltage of the external source, is represented by two factors. The first is the trans-

formation ratio of the coupling transformer between / u 2 contours ~ k - y/L,; /L,y [6— 9], and the second is

the quality factor of the output circuit 2 — O, such way.

The adopted double-circuit diagram of the reactive power conversion unit allows a significant in-
crease in the charging voltage due to inductive coupling between the circuits and an increase in the quality
factor of the second circuit due to a decrease in its active resistance. Note that in the first circuit, the value of
its active resistance is limited from below by the value of the internal resistance of the external power source.

The third generalizing — the introduction of this unit, as a component of an active electric power am-
plifier, allows its very effective use as a charger for a capacitive energy storage of a resonant magnetic-pulse
installation.

Next, we illustrate the charging process by using numerical values of the characteristic parameters of
the investigated object [3 — 12]. Let us assume that the coupling transformer is a step — up transformer with a

coefficient — k = 1.0 and, /L, /L,; =2.0, quality factor of the second circuit — Oy = 10.0. In this case, the

voltage on the capacitive storage in comparison with the voltage of the external power source can increase
e, 0/E,

(0)>>20, = 20.0. That there is, after the incident ~ 30 periods of the charging current, the excited voltage
reaches a maximum, which will correspond to the end of the transient process and the establishment of a
steady state of operation.

Load block (discharge circuit of the magnetic-pulse installation, Fig.1, b). Let us emphasize that the
discharge circuit of a magnetic-pulse installation is considered as a load unit, where all circuit elements are
actually present — 3 [10].

Let the capacity discharge occur immediately after its charge. The current, as shown in well-known
works, will be described by the following exponentially decaying harmonic time dependence [6 — 9]:

=20 times. In terms of the phase, the extent before maximum charge is set by the inequality —

J3(t) ~—Upy- @3- Cn3 ,6—63-(t—to) -sin(0)3 ‘(f—fo))s = 4)
where is the charging voltage across the tank, ¢, is the moment of the end of the charge of the capacity and

the beginning of its discharge, ¢ is the current time, ®; =, -\/1—(63 / wo)z operating frequency and &; =
(R5+R))/2L; is the attenuation coefficient of the current excited in the circuit — 3.
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It should be noted that the temporal shape of the excited current (4) in practice is regulated by the in-
clusion or exclusion of an additional resistor (in this case, this is a variation of the value R;3). Thus, with the
help of such an operation, it is possible to obtain both an oscillating and a periodic signal in the considered
amplifier circuit [3 — 11].

In the further consideration, we restrict ourselves to the choice of the parameters of the contour 3
such, what o <<, =1- (L3 -Cyy )71, (R3 + R,)<< o, - L, in voltage resonance; accordingly, the integral volt-

age across the reactive elements is zero. The voltage drop takes place only on the active resistance of the cir-
cuit element base — R; and load resistor — R|. In the case when R>>R; the current in the load, taking into ac-
count the charging voltage on the capacitor from (3), using dependence (4), can be represented by the follow-
ing expression:

JH(t)z—EmRz‘l'(kVLzr-L;%](ws-wal)(l—e°’°’°'(ZQ“” Kin(oqf 020 in( 1= 1)) 21, (5)

where O; = 1/my-Cy;° R, is the contour quality factor 3.

The gain, as the ratio of the instantaneous power in the amplifier load to the instantaneous power of
an external source of rectangular voltage pulses, taking into account (5), can be represented by the following
dependence [6 — 9]:

KO (t) OTH (t) P (t) Omax - J: (t)RH ( /R ) R (k2 : L2T /LIT)><
x (@, /o, ) (1 — e )Z sin®(wyty Je 2" sin’(o (z —1,)): t>1,.

From expression (6) follows, that:

— the square of the ratio of the operating frequencies of the circuits in the selected blocks ~ (w3/m)*
quantitatively determines the fundamental possibility of resonant amplification of the active electrical energy
of a harmonic signal;

— introduction of a double-circuit reactive power converter into the amplifier circuit and the appro-
priate choice of its parameters ~ R /R, (ky-Lo7/Li7) lope up additional possibilities florin creasing the effi-
ciency of the amplifier as a whole.

An example of calculation of a resonant magnetic-pulse installation.

3. Originality. In contrast to the known traditional analogues [3 — 11], the principle of operation of
the proposed resonant magnetic-pulse installation for metal boxes is based on the resonant voltages used in
the studied active reactive circuits. Its charger, as defined previously, is a resonant reactive power amplifier
[8] ("Reactive power conversion unit"). Its distinctive feature is the presence of two circuits with an induc-
tively coupled circuit, where education due to a sufficient amount of active resistance can increase the qual-
ity factors and, consequently, a significant increase in the electrical signal, we emphasize, without the use of
induction voltage. It should be noted that the use of one of the studied circuits does not allow to obtain a suf-
ficiently high resonant gain due to the limited quality scheme with the help of the internal support of the ex-
ternal power supply.

The presentation of this issue is presented by an example of calculating the characteristics of the
element base of equipment for flat magnetic-pulse stamping of metal products, consisting of a resonant
charger, capacitive energy storage and a load in the form of an inductor-tool [2 — 11]. The structural diagram
of the object of calculations, corresponding to the schematic diagram in Fig. 1, is shown in Fig. 3, where the
main basic element — is the «Reactive power conversion unit» is introduced with the addition — «Frequency
converter». The latter, when powered from an industrial network, can include a rectifier and a square-wave
voltage pulse former (according to the problem statement of this work). In this case, the input circuit of the
unit — 1 performs the task of resonant formation of a harmonic signal for transformation into the output cir-
cuit — 2 «Reactive power conversion unit». (Fig. 3) shows a block diagram of magnetic pulse equipment.
Where a — is the magnetic impulse setting, the reactive power converter, b — is the load node of the tool in-
ductor.

(6)
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Reactive power conversion unit

Eﬂ =311V, o Input circuit | I Output circuit B ——
s | Freguency converter Im Inductor-tool
fo=50Hz e e @ o——e

“

Load block

Fig. 3

Reactive power conversion unit.

Assigned.

Working frequency: fo = 1500 Hz. The reference frequency — is the operating frequency of the har-
monic electric signal in the second (output circuit) according to the block diagram in Fig. 3. Energy, stored
by a capacitive storage: W, = 4000 J. Amplitude of voltage source — industrial network:

E, =220-/2~311V.

Calculations.

1. First circuit (input)

1.1. Communication transformer (parameters can be set arbitrarily): ¢ the level of electromagnetic
coupling between the windings — ki, = 1.0; « inductance of the primary winding — L,7= 5.0 uH; ¢ secondary
inductance — L,7=10.0 uH.

1.2. Capacitor capacity: C, = 1/((03 ‘L1T)= 2252 pF.

1.3. Power consumption: P, = 2000 W (choice is arbitrary).

1.4. Current limiting resistance: R, = E. / P, =48470Q.

1.5. Loop current: Jy,, = E/R; = 6.48 A.

2. Second circuit (output.)
2.1 Total loop inductance:

Ly =2W,/ ((Em IR,)-kyy /Ly /LIT)Z =10.32061 H. 7

Formula (7) is a consequence of the well-known expression for the energy of a capacitive storage
[5 — 8] and formula (3) for the charging voltage in a steady state.

2.2. Additional inductance: L, = Lys-Lot = 10.3206 puH.

2.3 Active loop resistance (experimental experience): R, = 0.5 Q.

2.4. Storage capacity: C, = 1/(@3 -LzS)z 1.0877 uF.

2.5. Quality factor of the contour: O, = 1/wyCoR, = 194.727.

2.6. Charging voltage: Uy, = EnQ> = 60584 V.

2.7. Charging voltage: Jy, = Usy 00Cy = 622 A,

Figure 4 shows typical graphical illustrations of the electromagnetic process in the second (output)
circuit of the calculated charger.

20 : 0-41 N h| ;?
Loa | b ) i [ Il
10 R T L. _ Lzm 02 -I:-IE 1 I:-- + :. i
| VY E |} | |
0.0 0.0 YEY 1T 1 1 T g f
v | AT | 1y
-10 —u 0.2r LS/ Y |.|: v} | |' I‘ t
v y 1 o il. I | _I 1]
20 |- e | EII
it s 04 {ir.s
0.0 00001 00002 0.0003 00004 0.0 00001 00002 00003 00004
a b
Fig. 4
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4. Summary.

Output data of the reactive power conversion unit

(magnetic impulse charger): stored energy ~ 4.0 kJ; charging voltage ~ 60.6 kV.

Load block

Assigned. The characteristic value of the current in the inductor-tool, the excitation of which allows
realize flat stamping of thin-walled metal products: J3,, = 60000.0 A [3 — 11].
Area of the deformable area: S = 0.06x0.06 m”. Voltage on the capacitive energy storage: Usy, = 60584 V.

Storage capacity: C, = 1/(033 -L25)= 1.0877 uH.

Calculations.

Working frequency: f; = 1/2n-J5,/ U, C;, = 144635 Hz. Required inductance of the discharge circuit:
Ly=1/Q2n£3)*C, ~ 1.11 pF. Maximum developed magnetic pressure force: P,, = 628 MPa.

Summary:

— load blocks output (discharge circuit of the magnetic-pulse installation);

— the discharge frequency is ~ 144635 Hz, which provides an almost absolute skin-effect for most
metals and a maximum magnetic pressure;

— maximum magnetic pressure ~ 628 MPa;

— oscillograms in Fig. 5 illustrate the possible forms of currents in the inductor-tool, depending on
the value of the active resistances of the discharge circuit [3 — 12]. Fig. 5 shows typical samples of oscil-
lograms of currents at various values of active resistances in the discharge circuits: / — exponentially decay-

ing signal, (R, + R,)<+/L;/Cy; ; 2 is the aperiodic signal, (R, +R,)>+/L;/Cy; -(R;+R,).

Conclusions.

Proposed and substantiated the functionality of a magnetic-
pulse installation, consisting of two blocks, the first of which is a reso-
nant double — circuit charger of a capacitive energy storage, and the
second block is a discharge circuit with an inductor-tool for performing
a given production operation.

1. Numerical assessments of the characteristics of the charging
process showed a high efficiency of voltage formation on the capacitive
storage due to resonance phenomena (the transformation ratio is equal
to the Q-factor of the circuit), which is not comparable with the well-
known traditional indicators of induction methods.

2. It has been shown that the presence of two resonant circuits
makes it possible to increase the transformation ratio in comparison
with the single-circuit version of the charger.

3. An example of calculating the characteristics of the element base illustrates the effective capabili-
ties of a magnetic-pulse installation, consisting of a resonant charger, capacitive energy storage and a load in
the form of an inductor-tool for flat stamping of metal products.

Fig. 5
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3anpononosaro ma 0O6IpyHMo8aHo YHKYIOHATLHICTIND MACHIMHO-IMNYIbCHOL YCMAHOBKU, WO CKIAOAEMbCSL 3 080X 010~
Ki6, nepuiuii 3 AKUX € pe30OHAHCHUM OB0OKOHMYPHUM 3APAOHUM NPUCPOEM EMHICHO20 HAKONUYY8aAYa eHepaii, a opyauti —
PO3PAOHUM KOHMYPOM 3 THOYKMOPOM-IHCIMPYMEHMOM OISl GUKOHAHHS miel uu iHwoi eupobnuyoi onepayii. Ilokaszaro,
Wo Hanpy2a 3MIHIOEMbCA 8 YACi 3a eKCNOHEHYIANbHO 3POCMAIOYUM SAPMOHIYHUM 3aKOHOM. Becmanoeneno, wjo amnii-
myoy Hanpyau Ha KOHOEHCAMOPI MOJCHA Pe2yliosamu, 3MIHIOIOYU XAPAKMEPUCMUKY MPAHCHOpMamopa 36 's13Ky Midc
JAHYI02AMU MA XAPAKMEPUCMUKU cXeMU OJI0KY nepemeopeHHs peakmusHoi nomyoicnocmi. Hucenvui oyinku xapaxme-
PUCmMUK npoyecy 3apsaoKu NoKa3auu 6UCOKY eqheKmueHicms (hopMy8aHHs HANpyau HA EMHICHOMY HAKONUYY8adi 3a pa-
XYHOK pPe30HaHCHUX Asuuy (Koe@iyienm mpancgopmayii dopieuroe 0obpomuocmi nanyoea ~ 20), wo He nopisHamu 3
8I0OMUMU MPAOUYTUHUMU NOKAZHUKAMU THOYKYItIHUX Memo0i8. I1o ¢hazi — 008xcuna 6 4aci 00 MaKCUMATLHO2O 3apsA0Y 8
NPUTTHATNOMY JIAHYIO3] AKMUBHO20 NIOCUTI08AYA eJIeKMPUYHOI NOMYNCHOCHI 3a0AEMbCs HePIBHICMIO — MOOMo uepe3 ~
30 nepiodie 3apadHozo cmpymy 30y0diceHa nanpyea docaeac makcumymy (~y 20 pazie suuje Hanpyau 0dicepena), ujo
6y0e gionosioamu 3a8epuieHHI0 NepexioHo20 npoyecy ma 8CMAaHO8IeHHI0 CMIliKo2o pexcumy pobomu. Ilpuxnad pospa-
XYHKY XApaKmepucmux eieMeHmapHoi pe30HancHol 6asu inocmpye eqhexmugni MONCAUBOCHE MASHIMHO-IMNYIbCHOT
VCMAHOBKU, WO CKIAOAEMbCSL 3 PE3OHAHCHO20 3APSOHO20 NPUCIPOIO EMHICHO20 HAKONUYY8Aud eHepeii ma Hasanma-
JHCeHHs Y GUeNAOL IHOYKMOpA-iHCmpymMenmy OJisl NIOCKOT Wmamny8anHs memaieeux upobis. Bemanoesneno, wjo xeao-
pam GIOHOWEHHs. POOOYUX YACTOM 8 OAOYL HABAHMANCEHHS MA ON0YI NIOCUNEHHS. PeAKMUBHOT NOMYICHOCTMIE KIIbKICHO
BUHAYAE NPUHYUNOBY MOICIUBICING PEIOHAHCHO20 NOCUNEHHA AKMUBHOI e1eKMPUUHOL eHepeii 2apMOHIYHO20 CUCHATY.
Bi6x1.12, puc. 5.

Kntouosi cnosa: MarHiTHO-IMITYJIbCHE IITaMITyBaHHS, TIOCHIJOBHI CXEMH, PE30HAHC HANIPYTH, aKTUBHE TIOCHIICHHS elre-
KTPUYHOI MOTY)KHOCTI, EMHICHUI HaKOMUIyBad €HEPril, po3psOHUNA KOHTYp, IHIYKTOp-IHCTPYMEHT, TApMOHIYHUHN 3a-

KOH, IITaMITyBaHHS METAJIEBUX BUPOOiB, TApMOHIYHHN CUTHAII.
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