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The effective use of Arkadiev-Marx scheme with a resonant charging of capacitive storages in magnetic-pulse installa-
tions, as power sources, in technologies using the electromagnetic field energy is proposed and substantiated. It is
found that during charging the maximum voltage amplitude at capacitor increases by number times equal to the quality
Jactor of the charging circuit at the fundamental frequency of the harmonic expansion of exciting signal, but by ~34%
less than possible maximum. The calculations of the characteristics of magnetic-pulse complex intended for the repair
of damaged car bodies show the high efficiency of using the Arkadiev-Marx circuit with the resonant charging of ca-
pacitive storage. It is found that during the time of ~0.45 s the battery of 10 capacitors connected in parallel with total
capacitance of ~100 uF can be charged up to voltage of ~7500 V with stored energy of ~2.8 kJ. The results of the work
allow us to give recommendations on the practical increase in the efficiency of magnetic-pulse metal processing. Refer-
ences 16, figures 4.
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Introduction. The magnetic pulse processing of metals (MPMP by traditional abbreviation or elec-
tromagnetic metal forming, EMF by western terminology) relates without a doubt to the advanced technol-
ogy of modernity. Here the contactless force effect on processing object, high productivity, wide opportuni-
ties for automating the production process, environmental friendliness and many other advantages take place.
Physically the effectiveness of magnetic-pulse metal processing is due to the appearance of Lorentz force
during the interaction of external magnetic field with conducting medium. The excited high-power electro-
dynamic forces are the magnetic pressure forces in classical special literature [1-2].

It should be noted that the natural repulsive action of Lorentz forces can be transformed into attrac-
tion. To do this, first of all, it is necessary to go to the region of sufficiently low operating frequency and,
when processing the non-magnetic thin-walled metals, add an additional structural element that is an auxil-
iary screen. In the latter case, the attraction takes place as a force interaction between the exciting current and
the current induced in the screen of metal [3—5]. In addition, as is known, the efficiency of force impact is
determined by the amplitude of excited fields. Here the resonant effects, which significantly increase the
level of generated electromagnetic energy, can play an important role [6].

Speaking about metal processing technologies with the use of electromagnetic field energy, it is nec-
essary to mention the similar electrodynamic force effects in fundamental experiments, where the excitation
of the strong and super-strong fields made it possible to form intense flows of charged particles that ulti-
mately led to a new scientific direction known as plasma physics [7].

The power source is a mandatory component of equipment for any purpose, where the electromag-
netic field energy is used. In MPMP, there are magnetic-pulse installations (MPI by traditional abbreviation).
Basically, in the traditional version, they contain charging and discharging blocks. The first block (input)
combines the step-up transformer, AC voltage rectifier and electronic control system. The second block as a
discharging unit (output) is a serial active-reactive circuit in which a pre-charged capacitor is discharged at
so-called inductor. The inductor along with the object being processed is a tool for performing a given pro-
duction operation [1, 3, 4, 7]. Here, as mentioned above, in order to excite the attractive forces, it is neces-
sary to go to low operating frequency. But when the implementation of technological process occurs with
natural repulsion (magnetic pressure on the conductor), then the tools, i.e. inductors, should operate exclu-
sively in the range of sufficiently high frequency of fields [1].

Returning to the charging block of capacitive storage devices in the traditional design of MPI, as dis-
advantages, we can point out its complication (rectifier, step-up transformer, etc.) and high cost.
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Recent theoretical and experimental works (for example, [6, 8]) in the field of creating the amplifiers
of reactive electrical energy, based on resonant effects in active-reactive circuits, allow us to propose their
use as charging units instead of traditional devices. In this case, the amplification of signal from external
source occurs in the circuit of series connected active resistors, inductance coil (inductor) and capacitor (RLC
circuit). Moreover the increase in voltage is due to the excitation of so-called "voltage resonance". The quan-
titative indicator of growth is equal to the quality factor of series circuit. As shown by theory and experi-
ments, this indicator can practically reach very high values [6].

The possibilities for improving the efficiency of pulse systems are not limited to the above variants
of chargers. Here one cannot ignore the well-known approaches related to the variation of load characteris-
tics in discharge circuits (for example, these are the tools of magnetic-pulse technologies [9]), although ca-
pacitive energy storages still play a main role.

In the traditional version of MPI, the capacitors of the charging and discharge circuits are the same,
since the same electrical energy storage devices are charged and discharged. This fact imposes the significant
restrictions on the variability of the operating frequency of generated fields. That leads to certain difficulties
when performing the specified production operations. It is possible to expand the variability if, in a mag-
netic-pulse installation, the battery of several capacitors is made according to Arkadiev-Marx circuit [10, 11].
In this case, the charge is produced at parallel connection, and the discharge takes place at series connection
of individual capacitors. For each of them, the capacitance will be inversely proportional to their number.
Accordingly the range of permissible operating frequency and the production capabilities of magnetic-pulse
technological processes are growing. Note that, unlike the classic Arkadiev-Marx circuit, the capacitors con-
nected in parallel are charged by exponentially growing sinusoidal voltage. The problem of "connecting-
disconnecting” the specified number of capacitors in power electronics is solved by modern high-speed syn-
chronous switches (for example, thyristor switches) with the microsecond or millisecond ranges depending
on the operating frequency of charge or discharge [12, 13].

The purpose of this work consists in the proposal and justification of the efficiency of Arkadiev-
Marx circuits with the resonant charging of capacitive storage devices in magnetic-pulse installations, as
power sources, in the technologies using electromagnetic field energy.

Principle of action, problem statement. The equivalent circuit of magnetic-pulse installation with
connected electric load in the form of inductor system as a tool for performing a given production operation
is shown in Fig. 1, a.
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In Fig. 1: the capacitive energy storage devices consist of # identical capacitors C; the charged ca-
pacitor C, and discharged capacitor C, are conventionally separated. The calculation models of charging and
discharging are shown in Fig. 1, b. C; and C, are the resulting capacitance of batteries formed by combina-
tions of n individual capacitors with capacitance C when they are connected in parallel (charging circuit) and
in series (discharge circuit) so that C; = n-C and C, = C/n. Thus capacitors C are charged in their parallel
combination (this is C;), and the same previously charged capacitors are discharged, but already in their se-
rial combination (this is C,).

Remarks. The possible example of MPI with Arkadiev-Marx circuit is given for illustrative purposes.
In the circuit batteries C, and C, are formed by 4 separate capacitors C. It should be added that in a similar
way one can form any batteries with arbitrary number n of separate capacitors C, which are presented in
Fig. 1, a and b.

Principle of operation. The battery of energy storage devices with capacitance C, is charged in cir-
cuit R;L,C, — 1 by external source E(¢) with closed switch K; and open switch K, to given voltage Ucy(?).
The subsequent discharge occurs when switch K, is open and switch K, is closed in circuit (R, + R;3) (L, +
L;) C, — 2. Here the electric load is connected in the form of inductor-tool (circuit R3L; — 3).

Formulation of problem. The formulation of problem and the assumptions made are determined by
the purpose of this work with addition about the possible time dependence of power source voltage in the
charging circuit.

The processes in the charging and discharge circuits of the proposed circuit proceed independently
from one another. This allows us to consider them separately from each other. The calculation models of
charging and discarding, according to which the processes occur, are shown in Fig. 1, b.

The power supply voltage is represented by unipolar periodic sequence of rectangular pulses. The
time dependence of excitation voltage is shown in Fig. 1, ¢, where T is the pulse repetition period, # is the
duration of each pulse, E,, is the pulse amplitude.

Remarks. The accepted assumption is of interest for practice when the power supply generates the
rectangular voltage pulses with given amplitude-time parameters. For example, for independent MPI in elec-
tromagnetic hammer mode, it can be a battery with periodic disconnection of charging circuit.

The duration of the pulses of supply power is arbitrary. The repetition frequency in the sequence is
equal to the natural resonant frequency of charging circuit 1: o, = 27/T.

In order to avoid energy losses, the charging and discharge circuits are made with the minimum possi-
ble resistances and, accordingly, sufficiently small damping factor: §;,/®1,, << 1, where 9,, are the damping
factors, o, are the frequency of the charging and discharge circuits, respectively.

The electric load as a solenoid (inductor-tool for performing a given production operation) is con-
nected to the electrical output of proposed MPI circuit, the inductance of which is much greater than the in-
ductance of MPI in discharge, that is L3/L, >> 1.

Remarks. The last two assumptions are typical requirements for the equipment of magnetic-pulse
technologies introduced into modern industrial production [1, 3, 4, 7].

Calculated relationships. When solving the problem, we will use the operator method to calculate
the electric circuits. Because the charge and discharge are independent, the electromagnetic processes occur-
ring in the circuits can be considered separately (Fig. 1, b).

Charge (equivalent circuit in Fig. 1, b on the left).

As mentioned above, the capacitive storage is charging at parallel connection of separate n capacitors
C, then C, =n-C.

The differential equation in voltage across capacitor U(f) in Laplace-space at zero initial condition

:M: 0} has the form [14]:

foe(0)- "%

P*Uc(p)+23;-pUc(p)+oi -Uc(p)=of -E(p), (1)
where p is the Laplacian operator; Uc(p) = L{Uc(?)}; E(p) = L{E(?)}; 8, = Li/2R, is the damping factor;

1
JL -G

Solution of equation (1) permits to find L-image of the charging voltage through capacitor [15]:
Uc(p)=F(p)-E(p), )

o = is the natural frequency of the circuit.
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where F(p) = 1/(p+8,)* + 0% © = Jo? -7 .
The original function from its Laplace transform of expression (2) can be written as the convolution
of functions [15]:
Uc)=FO*EQ®), 3)
where F(t)F(p); E(f)<>E(p) are the originals of factors in (2).
According to formulation of the problem, the energy dissipation is minimal; this means that the value
of relative damping factor is sufficiently small (8,/w; << 1) and the frequency of excitation signal is equal to

;J In this case, the expression for F(p) in

the natural frequency of studied resonant circuit (co r@ =
Li-G

(2) can be simplified. After passing to the space of originals, we obtain the following dependence [15]:

1 Q)] 1 =St o
F(p)z—-—HF t)=—-e 7' -sin(w;-t). (4)
! (p+81)2+u)12 ) ! (o1-1)

The convolution of functions in expression (3), taking (4) into account, with phase dependence in-
stead of time dependence in expanded form, is presented by

t
Uc(t) =, ~Ie_ 3(t=7) sin(col (21— r)) -E(t)dnr, (5)
0
where 8; = 8,/w; is the relative damping factor.
The amplitude-time dependence of excitation voltage from the sequence of rectangular oscillating
pulses (Fig. 1, ¢) can be represented by Fourier series in cosines of multiple arcs [14, 15]:

E(t)—z-Em~26k-Ek-cos(ook~(t—[—i]], (6)
T =0 2
where Ey = sin(wy-t;/2)/k, o, = 2wk /T are the amplitudes and relative frequency of the harmonics of spectrum
0.5, k=0, . )
analysis, respectively; §; ={1 0 k20 is the Kronecker-Cappelli symbol [15].
0, k=

Let us substitute expansion (6) by expression (5).

After integration, taking into account that 8,/®; << 1, we obtain the following amplitude-time de-
pendence for voltage across the capacitor:

a) the fundamental harmonic corresponding to voltage resonance,

UC—main (t) ~ % Ql 'Em '(1—676‘ § ) . Sin[ﬂ)l '[f—%jj, (7)

where o) =2n/T =({JL;-C; )_1 is the resonance frequency, O = (®;-L)/R, = 1/(w,C1°R)) is the quality
factor of charging circuit at the resonant frequency
b) higher harmonics
_2.
T
. 2
Uc (E) sin| oy i
2 2

R 0
OrEm where F(t—"jz— > & | ——=2| - is the
) m 4 2on. k

E,,-e " sin(o t)F[t—’), (8)

Uc—nigh (1) = e

monics (taking into account the constant component of
00 P \/' \/ v \ \ \ \ / exciting signal) in the formation of charging voltage at

03 \ \ \ \/2 quantitative indicator of the contribution of higher har-

capacitor.
05 oy Let us analyze the obtained results.

e Regardless of time characteristics of power
source voltage, the harmonic signal is excited at capaci-
tor. The time dependencies of voltages in charging circuit
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are shown in Fig. 2, where 1 relates to excitation signal from power source, #/7=0.1 — 0; 2 corresponds to
voltage across capacitor.
Remarks. The time dependence on the relative (time/period) length t; of pulses in input voltage — t; is

set by multiplier ~ sin(ml (t—1;/ 2)) , but not by directly proportional multiplier (t/T). This follows from the

solution of corresponding differential equation, and is explained by the fact that, in the end, the charge
physically occurs at basic resonant frequency of sinusoidal (not constant) voltage.

e The fundamental harmonic of voltage at capacitor (7) contains factor —2/x; this means the de-
crease in amplitude value by ~ 34% in comparison with excitation signal.

e  The amplitude of fundamental harmonic of voltage at capacitor includes the product of source
supply voltage E., and quality factor of charging circuit at fundamental frequency of the harmonic expansion
of excitation signal Q;; this means the increase in charging voltage by ~0O; times.

e  When reaching the stationary state, the charging voltage at fundamental frequency reaches its

— 5,

maximum (Uc—mainmax =~ (2/7):O1°Eyy), the amplitude of higher harmonics tends to zero as e 1 —0.

1>>—
1

e  The contribution of higher harmonics to the formation of voltage at capacitor is minimal with
short duration of excitation pulse in periodic sequence of their repetition (¢#/7-— 0) and is maximum with the
duration of excitation pulse approaching to the signal repetition period (#/7 — 1). The dependence of the
quantitative indicator of contribution of higher harmonics to the formation of voltage at capacitor on the time

characteristics of excitation voltage is shown in Fig. 3.

F (%] Discharge (equivalent circuit in Fig. 1, b on the
s F ; right).
The capacitive storage is discharging at series
3 connection of identical separate n capacitors C, then C,
N = C/n.

When performing the calculations, we assume
that the entire battery, like each individual capacitor,
2 is charged up to amplitude value Uq = (2/m)- Q1 En
after reaching of which the discharge of all capacitors
occurs simultaneously.

The main characteristics of discharge circuit

.y
-

3
N

00 02 o4 o6 o8 w0 are described by the following dependencies:
Fig. 3 a) the total initial charging voltage at the battery
2
Uc02=”'Uco=n'(;'Q1'Emj, )
Cy, Uy 2C 2
b) stored energy A =%=n—22~(n-Ql~Em) (10)
¢) frequency of discharging signal o, = ;. (11)
(Ly+13) Cy

Note that the resonant frequency of discharging signal increases by a factor of # compared to the fre-
quency when individual capacitors are connected in parallel. The last fact can be compared with the well-
known circuits for magnetic pulse installations, where the capacitance at the charge and discharge is the
same [1, 3, 4, 7].

Second, as following from the above relations, the energy stored in capacitor bank, when they are
connected in parallel (charge), is equal to the energy when they are connected in series (discharge). That is
the corresponding law of conservation of energy is satisfied; this indicates the validity of noted relationships
[14].
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Thus the oscillatory discharge of capacitor in voltage resonance mode starts immediately after the

+
end of its charge. At (LZC—L}) >>0.5-(R, +R) the current in the circuit is described by known exponen-
2

tially decaying harmonic time dependence [14]:

1
. -,
A PR S (12)

where ¢ = yt is the current phase, ¢ is the time from the moment of charge beginning,
0> = (02 (Ly + L3))/(Ry + R3) = 1/(0,°Cy*(R, + R3)) is the quality factor in the representations according to the
voltage resonance in discharge circuit.

Taking into account the values of the quality factors and frequency (11), the dependence for dis-
charge current (12) is reduced to a form which is more convenient for subsequent numerical evaluations

1
2 E, 50" .
Jo(t)x =22 e 20 sin(w, 1) 13
2(1)~~ R (1) (13)
The energy of magnetic field in inductor-tool is equal to [14]:
2
E -,
Wy ((P)=i'L3' Zme @ -sinz(mz‘t). (14)
3 752 Rl

Under assumptions of the problem as it follows from expression (14), the energy reaches its maxi-

mum when (®;'#m.x) — /2. In this case we have:
T

2
2 E B
WL3max=_2'l’3'[_mj e 2O (15)
T

R
Let us calculate the part of the energy stored in the capacitors of capacitive storage by (10) which is
transformed into the magnetic field energy of inductor-tool (14). Expression (14) should be divided by ex-

pression (10). Taking into account the dependencies previously obtained, after analogous transformations,
we obtain the expression for the relative energy of magnetic field in inductor-tool:

1
— 7.(02 s
WL}—(I)zg-e 0. -sinz(co2~t). (16)
Wo L

To estimate by the maximum and using expression (15), we can write that W3/ Wo = (Lye™*%)/L,.

Let us analyze the results following from (14)—(16).

e The energy in inductor-tool is generated by the harmonic function decaying exponentially in
time (15).

e  The amplitude of magnetic field energy in inductor-tool depends only on resistance R, of charg-
ing circuit elements (14, 15), but is independent on resistance of discharge circuit R,.

e  The value of resistance R, affects only the degree of signal attenuation in discharge circuit, since
it is included in expression for its quality factor.

e Since the electromagnetic field energy in inductor-tool and the electromagnetic energy stored in
capacitor are interconnected by directly proportional relationship between the inductance of inductor itself
and the inductance of charging circuit (16), the operation of the proposed circuit can be conditionally inter-
preted as the operation of a transformer with primary winding L, and secondary winding L.

e In practice, relation (16) gives a possibility to achieve a certain efficiency of stored energy con-
version directly into the energy of conductive object processing.

Example of calculation. Using the obtained dependencies, we determine the parameters of mag-
netic-pulse complex with resonant charging of the capacitive energy storage devices connected by Arkadiev-
Marx circuit. This complex can be used, e.g., for repair technologies of modern vehicles.

When performing the calculations, we are focused on characteristics of the operating magnetic-pulse
complex based on MPI-2 installation and created at the Kharkov National Automobile and Highway Univer-
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sity (Ukraine) for production operations relating to contactless repair of damage in the metal coatings of car
bodies.

Note that the proposed example of magnetic-pulse complex of a similar purpose should be independ-
ent and operate on a constant-voltage source, for example, car batteries with output voltage up to ~100 V
[16].

Magnetic-pulse complex with resonant charging of the capacitive energy storage devices connected
by Arkadiev-Marx circuit. The schematic diagram of equivalent circuit is represented in Fig. 1, a.

1. The charging circuit (Fig. 1, b, on the left).

1.1. The storage battery with voltage £, = 96 V is a power source.

Remarks. The combination of 4 batteries connected in series with voltage of ~24 V for any one of
them is possible.

1.2. The electronic switch that provides the formation of rectangular voltage pulses (meanders) with
repetition rate equal to the natural frequency of charging circuit — 1 (qualitative time dependence is presented
in Fig. 1, ¢).

1.3. Capacitors: 10 units (7 = 10), each capacitor has capacitance C, = 10-10° F and total capacitance
at their parallel connection C, = n-Cy = 100-10°F.

1.4. Solenoid with inductance L, = 15-10° H.

1.5. Resistance of current-conducting elements R; ~ 0.1 Q.
1

JL -

1.7. Quality factor of the circuit — Q) = (o°L;)/R; = 1/(0,C1-Ry) = 122.5.

1.8. The wvoltage of fundamental resonant harmonic at capacitors in steady state mode
Uc = (2/7[)Q1Em ~ 7485 V.

Remarks. The rise time under stationary conditions is determined by inequality #.> L;/R;. In this
case, the rise time 7. = 0.45 s provides the deviation of voltage from the amplitude of not more than ~5%
under steady-state conditions.

1.9. Stored energy W, = (C;-UPco)/2 =~ 2801 I.

Summary. During ~0.45 s the battery of 10 capacitors connected in parallel with total capacitance of
~100 F can be charged up to voltage of ~7500 V (taking into account ~5% deviation from the steady-state
amplitude). The stored energy should be ~2.8 kJ.

For comparison: the maximum charging voltage and the largest stored energy of MPI-2 (designed in
Kharkov National Automobile & Highway University) are 2 kV and 2 kJ, respectively.

2. Discharge circuit (Fig. 1, b, on the right).

2.1. Capacitors: 10 units (n = 10), with capacitance Cy = 10-10° F and total capacitance at their-series
connection C; = Co/n=1.0-10°F.

2.2. Let us specify the inductance of the tool as L; = L; = 0.015 H and L; >> L,, then the internal in-
ductance of the installation can be neglected (the internal inductance of MPI-2 is ~0.4-10° H).

Remarks. The inductance of the tool is not always determined by its design according to a given pro-
duction operation. This value can be varied by introducing so-called matching device. The device, in princi-
ple, is a step-down air-cooled transformer with the multi-turn primary winding connected to discharge cir-
cuit, and with the single-turn secondary winding, to the output of which the power single-turn solenoid is
connected. This solenoid is in fact the tool of force impact on processed object. It should be noted that the
matching device can significantly increase the current in operating zone and thereby significantly increase
the amplitude of generated electrodynamic force [6].

2.3. Resistance with current-limiting resistor R, = 100-R; = 10.0 Q (by practical experience of mag-
netic-pulse installations [1, 6]).

2.4 The natural resonant frequency of discharge circuit with load is equal to

0, =1/JL;-C, =8164.97 Hz, f, =1299.49 = 1300 Hz (the operational frequency of the complex with MPI-2

is equal to ~ 1500 Hz).
2.5. The quality factor of the circuit Q> = (wy'L3)/Ry = 1/(w, Cy'R,) = 12.25.
2.6. The time dependence of the magnetic energy generated in the inductor-tool is given in Fig. 4.
Summary. The magnetic energy oscillating in time with maximal ~2500 J is generated in the induc-
tor-tool. The frequency is ~1300 Hz. These characteristics are mainly determined by the inductance of dis-

1.6. Natural resonant frequency of the circuit o, = =816.497 Hz, f; = 130 Hz.
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W, (0.1 charge circuit. The inductance rise makes it possi-
2500 ﬁ?' , , , ble to increase the maximum of generated energy,
( but with corresponding decrease in the frequency
2000 f A ' ' ' of flowing current.
N || | | | _ _ Conclusion.
1001 \ i 1. The effective use of Arkadiev-Marx cit-

LA . | cuit with the resonant charging of capacitive stor-
| \ } l' I|r ﬁII Al A ages in magnetic-pulse installations, as power
300 }' IV BYAFA N A sources, in the technologies using electromagnetic
TR YRVIAYA (@1).1ad field energy is proposed and grounded.

0 5 10 15 20 e 2. As found, during charging the maximum
Fig. 4 voltage amplitude at capacitor increases by number
times equal to the quality factor of charging circuit

at fundamental frequency of exciting signal, but by ~ 34% less than possible maximum.

3. It is revealed that during discharging the energy in inductor-tool is generated by harmonic function
exponentially decaying in time and its amplitude depends only on resistance of the elements of charging
circuit.

4. It is shown that the operation of proposed circuit during discharging of capacitive storage can be
conditionally interpreted as the operation of transformer with primary winding L; (inductance of charging
circuit) and secondary winding L; (inductance of inductor-tool); this permits to achieve a certain efficiency
of stored energy conversion directly into energy of processing of given conductive object.

5. The calculations of the magnetic-pulse complex using Arkadiev-Marx circuit (similar to operating
complex created at the Kharkiv National Automobile&Highway University) and the resonant charging of the
capacitive storage devices designed to repair damaged car bodies illustrate the efficiency of proposed solu-

tion.
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YIK 621.318

CXEMA APKAJIEBA-MAPKCA 3 PESOHAHCHUM 3APAJOM €EMHICHUX HAKOIIMYYBAYIB
EHEPI'Ti B MATHITHO-IMITYJIbCHUX YCTAHOBKAX

10.B. Barurin, C.O. lllnngepyk, E.O. Yannurin, I.B. ®engpukos
XapkiBcbKuii HAllIOHAJILHHIT ABTOMOOITBHO-10POsKHIN YHIBepCHTET,
By.1. SIpociaaBa Myaporo, 25. XapkiB, Ykpaina, 61002.

e-mail: 097931417e@gmail.com

3anpononosarno ma obrpynmosano eghexmuere SUKopucmanua cxemu Apkaovesa-Maprca 3 pe30HAHCHUM 3aPSAOOM
EMHICHUX HAKONUYYBAYI8 V MACHIMHO-IMNYIbCHUX YCMAHOBKAX K 0XCepenax NOMmYJ’CHOCMI Y MeXHON02IAX 3 GUKOPUC-
MAaHHAM eHepeii enekmpomacHimuux noais. Ompumano, wo npu 3apsaoi MaKCUMATbHA AMALIMY0d HANPYeu HA EMHOCHI
30LILULYEMBCA 8 YUCTO PA3i8, WO OOPIBHIOE O0OPOMHOCMI 3aPAOH020 KOHMYPY HA OCHOBHIll 4ACTNOMI 2APMOHIYHO20
PO3KIAOAHHA 30Y02CYI0Y020 CUSHANY, ane Ha ~34% Huodicue modwcaugozo makcumymy. Pospaxymku xapaxmepucmux
MASHIMHO-IMNYIbCHO20 KOMNJIEKCY, NPUSHAYEHO020 OJid PeMOHNY NOUKOONCEHUX aABMOMOOIIbHUX KV308i8, NOKA3AIU
BUCOKY ehekmusHicmb sukopucmants cxemu Aprkaovesa-Mapkca 3 pe3oHAHCHUM 3APSOOM EMHICHUX HAKONUYYBAYIE.
Tax, ompumano, wo 3a wac ~0.45 ¢ bamapes 3 10 napanenvho 3'cOnanux Konoencamopis 3azanvhoio emuicmio ~100
MrD moorce 6ymu 3apadxcena do Hanpyeu ~7500B y pasi sanacenoi enepeii ~2.8 klloc. Pesynomamu pobomu daroms
3M02y Hadamu peKomMeHOayii Wooo NPaKmMuyHO20 NIOBUUEHHS epeKMUBHOCME MACHIMHO-IMIYIbCHOT 00POOKU Mema-
nig. bioin. 16, puc. 4.

Knrwowuoei cnosa: MarHiTHO-iMIysibcHa 0OpoOKa MeTaliiB, cxema ApkaabeBa-Mapkca, MOCHIJJOBHI KOHTYPH, PE30HAHC
Harpyr.
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