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The method of multi-parameter functions is used in order to simplify the analysis of transients during the discharge of a
capacitor to the electro-spark load in semiconductor electric discharge installations at changing the discharge circuit
configuration for control the duration of the pulse currents in the load. On the basis of the analysis of transients in the
discharge circuit of a variable structure of such installations, exact analytical expressions for calculating electrical
characteristics of the circuit are obtained. It is determined the appropriate values of the connection moment and value
of the additional inductance, which must be connected during the discharge of the capacitor to reduce the duration of
discharge currents and stabilize the technological process in the electro-spark load. References 11, figures 8, tables 2.
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Introduction. High currents and powers required for modern electro-pulse technologies, in particu-
lar the production of spark-erosion powders [1, 2] and force electro-hydraulic actions [3, 4], cannot be ob-
tained directly from the power supply network. That is why capacitive energy stores with linear capacitors
[5] and nonlinear ones [6] are used in electro-discharge installations (EDIs) for these technologies. Capacitor
batteries are also widely used in high-voltage pulse units for electromagnetic impact generation [7] and in-
dustrial induction installations for metalworking [8] to adjust load power. The most energetically and techno-
logically efficient and fast-changing processes in the load circuit of all the above-mentioned installations are
oscillating transients. At the same time, non-technological aperiodic modes of long-term energy transfer at
low power appear in the load circuit when load resistance increase stochastically [9], which can occur in all
the above-mentioned installations.

In EDIs with reservoir capacitors, in particular in semiconductor (thyristor) installations for volumet-
ric electro-spark dispersion of conductive materials, the most technologically and energy-efficient discharge
mode for electro-spark load is the oscillatory discharge of the capacitor with its recharge up to 30% of the
initial voltage [10]. In this case, there is a fast natural locking of the discharge semiconductor key, which al-
lows you to quickly carry out the next charge of the capacitor and its subsequent discharge on the load. Thus,
it is possible to realize the high frequency of charge-discharge cycles and the stability of the duration of dis-
charge currents in the load of EDIs.

At the same time, the resistance of such a load as a layer of conductive granules during the discharge
current can stochastically increase several times, resulting in the so-called blank discharge on the load, that is, a
long discharge with low current without sparks [10]. As the active resistance of the load increases, the Q-factor
of the discharge circuit decreases, so the oscillatory process of the capacitor discharge can turn into an aperi-
odic process, in which the discharge duration is much increased. This increase in discharge duration is unac-
ceptable for two reasons. Firstly, in this case, it becomes impossible to realize the high frequency of charge-
discharge cycles of current pulses, and, consequently, to ensure the high productivity of the technological proc-
ess of obtaining spark-eroded powders. The stability of the technological process is disturbed. Secondly, the
size of the dispersed particles of the obtained powder is undesirably increased.
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Therefore, in known technological installations for obtaining metal powders by the method of volu-
metric electro-spark dispersion is usually used constantly connected special resistance Ry, bypassing load
[10]. The value of this resistance was chosen so as to ensure the oscillatory discharge of the capacitor to the
load when its resistance changes in a wide range. However, when such bypass resistance is used, the energy
loss in the discharge circuit could reach 60% of the total energy stored in the capacitor.

To reduce such significant energy losses, it was justified in [10] that it is reasonable to stabilize the
duration of pulse currents in the load by connecting a bypass thyristor at a certain point in time instead of
using the permanently connected bypass resistor Rj,,... The configuration of the discharge circuit during the
discharge process of the capacitor changed and the discharge remained always oscillatory. In this case, en-
ergy losses became much lower (up to 25%).

Another technical solution for limiting the duration of aperiodic discharges in semiconductor EDIs
containing a reservoir capacitor and electro-spark load was to connect an additional bypass RL-circuit in par-
allel to the capacitor at some point in the discharge transient. In this case, the configuration of the discharge
circuit during the discharge process of the capacitor on load also changed in order to convert a long-lasting
aperiodic discharge into a rapidly damping oscillatory discharge. The transients in the discharge circuit of the
capacitor were analyzed under the condition of changing its configuration (using the classical method of add-
ing and solving differential equations with constant parameters) and analytical expressions were obtained for
the currents in the bypass circuit and the load circuit. These expressions made it possible to investigate tran-
sients in capacitor discharge circuits at different element parameters [10]. However, in view of the complex-
ity of these expressions for calculating specific values of the electrical characteristics of the discharge pulses
and optimization of the modes in the load circuit and the capacitor circuit, it would be justified to use other
methods for analyzing transients in the discharge circuit, which changes its configuration during discharge.

Therefore, the purpose of the work was to apply the method of multi-parameter functions to sim-
plify the analysis of transients in a discharge circuit of a semiconductor electrical discharge installation with
an electro-spark load when the configuration of the circuit changes during discharge; obtaining exact analyti-
cal expressions for the electrical characteristics of the discharge circuit of the installation, as well as deter-
mining the appropriate connection moment and the value of the inductance of the additional bypass circuit,
which is connected in parallel to the capacitor in order to convert a long-lasting aperiodic discharge into a
rapidly damping oscillatory discharge.

Analysis of discharge transients of capacitor when it is bypassed by the RL-circuit at a certain
moment of discharge. A circuit diagram of a thyristor EDI with electro-spark load is presented in Fig. 1. In
this installation the charge of the reservoir capacitor C is carried out from the shaper of direct voltage (SDV)
in the circle SDV-R-VT-C-L-SDV, and the capacitor discharge is realized in the circle C-VT-R,u4-R1-Ly-C.

The R and R, resistors and L, L; inductors are

" R VT / VT, the active resistances of the wires and the in-

—ﬂi—|: DI D| ductances of the charge circuit and discharge

VT, one, respectively. The Ry, resistance is the

R toad active resistance of load. The VT and VT thy-

SDV U e I ristors are the semiconductor keys of the

s 2 charge circuit and discharge one, respectively.

R, In order to stabilize the duration of the dis-

L R % charge pulse in the EDI (that is, to eliminate

_f_m\ ) long-term aperiodic discharges in the case of

Fig. 1 increasing load resistance), the VT, thyristor is

switched on at a certain time of the discharge of capacitor C and an additional bypass RL-circuit (VT>-R,-L5)
is connected. Thus the configuration of the discharge circuit was changed during the capacitor discharge.

In order to analyze the discharge transient in such an installation, we used the method of
multiparameter modulating functions, which are included in the algorithmic equations for the analysis of
steady-state and transient processes in branched electrical circuits with semiconductor switches and reactive
elements [11]. This method makes it possible to simplify the analysis of transients in electrical circuits with-
out taking into account losses in key elements. The method is implemented using numerical calculation
methods in mathematical package Mathcad.

According to this method, the transient discharge of capacitor C on load R, at connecting the RL-
circuit (V'T>-R,-L,) at some point in time was considered. Losses in thyristor keys were not taken into account.
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It was believed that the VT thyristor of charge circuit remained locked during the discharge of the
capacitor. The VT, thyristor of discharge circuit was switched on at time #,, and the V7T, thyristor of bypass
circuit was switched off at time #. The discharge on R, load is ended at time #; (when the VT thyristor
locked because the current in the load decreased to zero), and the discharge of the capacitor through the RL-
circuit is finished at time #, (the VT, thyristor locked due to the current in RL-circuit decreased to zero).

The load current at the first time interval ¢,...5, (VT thyristor is switched on and VT is switched off)
ioaa1 Was determined from the second order differential equation

dziloadl (t)/dtz == (Rl + Rload )diloadl (t)/l’ldt + iloadl (t)/l‘lc . (1)

Solution (1) was found in the Mathcad mathematical package by the numerical Runge-Kutta method

at a fixed time interval ¢,...%, in the form of a I,,,q; matrix of instantaneous values of ij,.4 () and their deriva-
tives, calculated at time moments of this interval with the selected step p;, as

Lioad1 = 7&fixed (ijoqq1-11+12+ Pi> Digaar) (2)
where Dj,.q41 1s the column-vector of intermediate solutions regarding the load current in the first time inter-
val: ijpqa1(2). The current ij,,q1(2) is the dependence of column of the instantaneous values ijyq1(2) in the Ijgag1
matrix on time ¢ (related with step p,).

The load current at the second time interval ¢,...t; (VTy, VT, thyristors are unlocked) ij,.4(2) was de-
termined from the system of differential equations

ic2(t) = Tjoaaa(t) + iria(t) , icy(t)=—=Cducy(t)/dt, (3,4)

uer (1) =Ly dipgaqa (1)/dt + Ry + Ripaq )itpaan (1) » ucy(t) =Ly digy(t)/dt + Ryigs(t), (5, 6)

where ica(?), iaaa(t), irr2(t) are the capacitor current, load current and RL-circuit current at the second time
interval, respectively, and uc(?) is the capacitor voltage at this interval.

After transformations of equations (3) — (6), the following third order differential equation was derived

i (O] == B (0] dF + F (1) + Gt ()] 4, @
where 4 = L]ch, B= LzC(R1+R[()ad)+ L]CRz, F= L] + Lz + C(Rl"’_Rload)RZ, G= R1+led+R2.

Solution (7) with respect to load current was determined by a numerical method (Runge-Kutta meth-
od at a fixed time interval f,...53) in the form of an I;y,q; matrix containing four columns that represent time,
instantaneous values of load current and its derivatives, and p, rows, defining a given number of points at a
fixed interval #,...15

Ligaaz = 7hfixed (ijgaq2st2 135 P2 Dioad ) )
where D . is the column-vector of intermediate solutions regarding the load current in the second time in-
terval: ijun(t). The current iy.n(t) is the dependence of column of the instantaneous values ij,.x(?) in the
I0aq2 matrix on time ¢ (related with step p,).

The current through the RL-circuit igs»(2) at this time interval was determined from the third-order
differential equation obtained after transformations of equations (3) — (6)

gy (1)) di* = - [B dPigga(t)]df* + F diggy(t)]dt + Gigys (t )] /A. 9)

Solution (9) with respect to current iz;»(¢) was determined similarly to solution (7) in the form of an

Iz, matrix containing four columns that represent time, instantaneous values of current through the RL-
circuit and its derivatives, and p, rows defining a given number points at a fixed interval ,...5;

Ly = rkfixed(ip;2.ty,13, Py, Dy ) (10)
The load current at the third time interval #...2; (the VT, thyristor is unlocked and V7; is locked) is
zero, and the ig;; current through the RL-circuit is determined from the second order differential equation

Aigia ()] dt* == Rodipys(t)] Lydt +igys(t)] LyC . (11)
Solution (11) was found similar to solution (1) by the Runge-Kutta numerical method at a fixed time
interval £;...t; in the form of an Ig;; matrix of instantaneous current values ig;3(2) and their derivatives calcu-
lated at time points of this interval with the selected step p; as
Lpys = rkfixed (ips 3,23, 45 P3s Drrs ) (12)
where Dg;; is the column-vector of intermediate solutions regarding current through the RL-circuit at the
third time interval: iz;3(2). The current igs3(2) is the dependence of column of the instantaneous values ig;3 in
the I3 matrix on time ¢ (related with step ps).
The total load current (in the first and second time intervals) ijpus = fpaa1(?) + iaaz(t) Was calculated as
the sum of the currents found in (2) and (8)
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Iload = Iloadl + Iloadz- (13)
The total current iny RL-circuit (in the second and third time intervals) iz, = ir;2(2) + ir3(2) Was cal-
culated as the sum of the currents found in (10) and (12)

Ire = Igr2 + Igss. (14)
Current in the capacitor was defined as the sum of currents in the load and in the RL-circuit
Ic = lioaa + IrL (15)

Thus, we have determined the electrical characteristics during transient process of discharge of the
EDI capacitor at changing the configuration of its discharge circuit. In Mathcad you can also get graphical
time dependences of all currents considered by expressions (13)—(15).

Determining the influence of connection moment of bypass RL-circuit on the course of the dis-
charge transient. We have studied the transient features of the discharge of capacitor on load in EDI, pre-
sented in Fig. 1, depending on the moment of connection of the bypass RL-circuit (V7>-L,-R;). The transients
were simulated in software packages MathLab. The parameters of the discharge circuit elements of such in-
stallation (C-VT-Rjpuqa-R1-L1-C) were chosen so that on the one hand they correspond to the real parameters
of installations with electro-spark load (C=1O'4 F, R,=0.001 Ohm, L,;=10"° H), and on the other hand, that the
discharge has an aperiodic character (due to increasing the load resistance to Rj,,, = 1 Ohm).

The voltage of the capacitor at the beginning of its discharge was Ucy = 1000 V. The parameters of
the bypass RL-circuit were chosen such that the aperiodic capacitor discharge process was transformed into
oscillatory one. Active resistance R, = 0.001 Ohms, inductance L, = 6-:10” H.

The results of the studies are shown in Fig. 2-5 and in Table. 1. In Fig. 2 we can see the capacitor
current during the aperiodic discharge process without connecting the bypass RL-circuit (ic witmout r2) as Well
as the currents in the capacitor, load and RL-circuit (ic, igiaq, ire) With the connection of this RL-circuit at
time #, = 0.105 ms (taking into account the pause between the capacitor charge and capacitor discharge,
which is shown in the graphs by the fact that the discharge starts at #; = 0.1 ms).

Fig. 3 and 4 represent the currents ic, iriua, iry at £ = 0.125 and 0.2 ms, respectively. Fig. 5 shows the
voltage variation uc on the capacitor for all modes considered. The time moments #; and #, represent the end
of the discharge in the load and in the capacitor respectively.

Table 1 shows the change in the characteristics of the discharge transient (peak currents in the ca-
pacitor ic 4 and in the load igjuq mar; the recharge capacitor voltage Uc ecr; the discharge duration in the load
T = t;—1; the energy W, and the average pulse power P4 4 in the load, capacitor energy utilization factor
kc) when time ¢, changes.
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The average pulse power in the load was calculated as Pjug av = Wieaa / T, and kc—by the formula
ke = Wisaa ! Weo, where W is the energy in the capacitor at the moment of beginning of the discharge tran-
sient process (Wco= CUq2 =50 D).

Table 1 The analysis of these figures

Connection conditions of RL-circuit: #,, ms and the data of the table 1 confirm that

Characteristics of Without | the moment of connection of the bypass

discharge £ = 0.105 ms |, = 0.125 ms|, — 0.2ms RL-circuit circuit has a s.igniﬁcant impa}ct on the
transient connection | course of the discharge transition.

The sooner the RL-circuit is

iC maxs A 1060 959 959 959 connected, the faster it occurs. For ex-

[Rload maxs A 959 958 958 959 ample, connecting the RL-circuit at time

Ucrecis V —575 —470 —218 0 £=0.105ms (0.125 and 0.2 ms) re-

T, m$ 0.10 0,12 0,20 0,72 duces the discharge time by 7.2 (6 and

Wias: 1 32,66 38,25 47,01 49,62 3.6) times, respectively, compared to

Piosd oy, kI/s 326,6 318,75 235,1 68,92 the mode without connecting RL-

kc,ru. 0,65 0,77 0,94 0,99

circuit. In this case, the average pulse
power in the load increases 4.7 (4.6 and
3.4) times, respectively. It should be noted that the maximum load currents in all the modes considered are
practically unchanged (izioug max = 958+959 A).

Regarding the capacitor energy utilization factor k¢, the later the RL-circuit is connected, the higher
it is. Thus, at £, = 0.125 (0.2 ms) compared to #, = 0.105 ms, the value of k¢ increases by 1.2 (1.5) times, re-
spectively. This is because the later the circuit is connected, the greater part of the capacitor energy is already
dissipated in the load, and the smaller part of it will be used to recharge the capacitor to reverse voltage.

As noted above, the most technologically and energy-efficient discharge mode for electro-spark load
is the oscillatory discharge of capacitor with its recharge up to 30% of the initial voltage. On this basis, it is
advisable to connect the RL-circuit at the time # = 0.2 ms. In this case, the discharge time will be reduced by
3.6 times, the capacitor recharge voltage will be approximately 22% of its initial voltage (modulo), and the
load energy W, will be 1.2 (1.4) times greater than at , = 0.105 (¢, = 0.125) ms, respectively. The impulse
power in the load will be slightly lower than in the case of an earlier RL-circuit connection, but the capacitor
energy utilization factor will be 1.5 (1.2) times higher.

However, if the main purpose of the dispersion process is to minimize the particle size of spark-eroded
powders, then it is advisable to connect the RL-circuit as early as possible (, = 0.105 ms), since many works
have proved a proportional relationship between the discharge duration and the size of spark-eroded particles.

Another factor affecting the transient of the capacitor discharge on the load is the magnitude of the
inductance and active resistance of the RL-circuit. Active resistance R, is the active resistance of the connect-
ing wires and the wire wound on the coil of this circuit. The resistance R, is low compared to the load resis-
tance and changes insignificantly when the value of the circuit inductance L, changes (since the inductance
changes in proportion to the square of the number of wound turns, while the active resistance is proportional
to the length of the wound wire). Therefore, it was assumed that R, is invariable when the inductance of the
L, circuit is changed.

Determining the influence of inductance value in bypass RL-circuit on the course of the dis-
charge transient. The features of the transient of the capacitor discharge on the load depending on the in-
ductance value L, of the bypass RL-circuit were studied. The parameters of the elements of the discharge
circuit except L, were chosen the same as in the previous study. The moment of connection of the circuit was
taken #, = 0.2 ms. Transitions were investigated at three different values of inductance L,: 120; 60; 10 uH.
The results of the study are shown in Fig. 6-8 and in Table. 2.

Fig. 68 show the changes in the currents ic, iz, and ig; at three values of L, (120, 60, 10 pH), and
Table 2 represents the change in the characteristics of the discharge transient (similar to Table 1) when L,
changes.

An analysis of these Figures and Table 2 shows that with a decrease in the inductance of the RL-
circuit, the maximum current in it increases. Thus, at L, = 10 uH, the maximum current in the RL-circuit (i,
nae) Teaches approximately the same value as the maximum current in the load igp.me (the second peak in
Fig. 8). Therefore, further reduction of L,, which will further increase the maximum current in the RL-circuit,
is impractical because of the limited capability of thyristor switch.
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As for the energy released in the load, with a change in L, from 120 to 60 (10) pH, it decreases by
only 1.4 (5.4)%. At the same time, the discharge duration in the load decreases more significantly: accord-
ingly by 13 (35)%, whereby the average impulse power in the load increases by 13 (46)%.

i, A at L,=120 yH i, A at L,=60 uH , _
i, i, A at Lz‘ 10 uH -
PO (WY, N
e l l l 1
e /A i B 6001 -~ |-\ - TN
:J i1<load' : : . ‘
400~ 1 NS T 400 400F - NiE- - bR |
| \\ | | | \!:\ :
e ‘\\ | | L \‘ ‘ IRload |
% 172 3 4 555 0 0 S
Fig. 6 10* ' 0 1 2 3 4 5,55
107 s Fig. 8 107, s
Table 2 In all considered cases the capacitor recharge volt-
Characteristics of | Inductance L, of RL-circuit, uH| 38€ does not exceed 30% of its initial voltage (this is the
discharge condition of the most technologically and energy-efficient
transient 120 60 10 discharge mode for the electro-spark load), and the capaci-
iC maxs A 959 959 974 tors' energy utilization factors are high (more than 0.9).
IRload maxvs AA 958 958 958 Taking into account all the above considerations, the
Uc recn, V —187 —218 —283 most appropriate choice is the inductance L, = 60 pH, since
T, ms 0.23 0.20 0.15 in this case the maximum current in the circuit does not ex-
Wioads I 47.68 47.01 45.26 ceed 30% of the maximum currents in the capacitor and the
Pload av, KJ/s 207.3 235.1 30L.7 | oad at sufficiently high other characteristics of the transient.
ke, ru. 0.95 0.94 091 Conclusions. 1. Using the method of multiparame-

ter functions, the analysis of transients in the discharge cir-
cuit of a semiconductor discharge installation with electro-spark load at changing the configuration of the
circuit (at bypass RL-circuit connection) during discharge was performed. 2. Exact analytical expressions for
the electrical characteristics of the discharge circuit of the installation were obtained. 3. It is shown that the
factors affecting the transient of the capacitor discharge to load are the connection moment and the value of
the inductance in the RL-circuit, which is connected in parallel to the capacitor in order to convert a long-
term aperiodic discharge into a rapidly damping oscillatory discharge. 4. The influence of these factors on
the course of the discharge transients is investigated and the appropriate connection moments and values of
the inductance in the RL-circuit for the discharge circuit parameters of real installations with electro-spark
load are determined.
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Ipumenen memoo mHozonapamempuieckux QyHKyutl Oas YNpoujeHUus: anaiu3a nepexoonblx npoyecco8 paspsaoa KoH-
O0eHcamopa Ha SNeKMPOUCKPOBYIO HAZPY3KY 6 NOLYNPOBOOHUKOBLIX INEKMPOPA3PSOHBIX YCMAHOBKAX NPU UMEHEHUU
KOoH(ueypayuu paspsoHoll yenu ¢ yeivblo pecyiuposanus ONumeibHOCMU UMRYIbCHLIX MOK08 6 Hazcpyske. Ha ocnoee
NPOBEOCHHO20 AHANU3ZA NEPEXOOHBIX NPOYECCO8 6 PA3PSOHOU Yenu NePeMeHHO CIPYKMYpPbl MAKUX YCMAHOB0K HOYYe-
Hbl MOYHblEe AHATUMUYECKUE BbIPANCEHUsL OISl PACUema ee INeKMPUdecKux xapakmepucmuk. Onpedenenvl yenecooopas-
Hble 3HAUEHUs MOMEHMA NOOKIIOYEHUsL U BeIUYUHbI OONOTHUMENbHOU UHOYKMUSBHOCU, KOMOPYIO HE0OX0O0UMO NOOKIO-
uame 60 8peMs pasps0a KOHOEHCamopa Ol YMeHbUleHUs. OTUMENbHOCIU PA3PAOHbIX MOKO8 U CIADUIU3AYUL MEXHON02U-
YecKko20 npoyecca 8 NeKmpouUckposol Hazpyske. buon. 11, puc. 8, Tadn. 2.

Kniouesvie cnoea: paspsaa KOHAEHCATOPA, IEPEXOIHBIN MPOLIECC, HIEKTPOUCKPOBAs HArpy3Ka, [UIMTEIBHOCT pa3psia,
METO]I MHOTOIIAPAMETPHUECKHUX (DYHKITHIA.

VIIK 621.3.011

MEPEXIJIHI TPOIIECH Y PA31 3SMIHEHHSI KOH®IT'YPAIII KOJIA PO3PSTY KOHJIEHCATOPA
HAHNIBOPOBIJTHUKOBOI EJTEKTPOPO3PSTHOI YCTAHOBKH 3 EJIEKTPOICKPOBUM
HABAHTAKEHHSM

H.I. CynpyHoBcbKa', 10KT. TexH. Hayk, MLA. Illep6a’, 1okT. TexH. Hayk, B.B. MuxaiileHK0’, KaHI. TEXH. HayK,
FO.B. IlepersiTK0”, KaHII. TEXH. HAYK
IncruryT enekrpoaunamiku HAH Ykpainu,

np. Ilepemorn, 56, Kuis, 03057, Ykpaina, e-mail: iednatl @gmail.com
2HTY Ykpainu "KmBCLKHn noJiitexHiynui iHcTutyT im. Iropst Cikopebkoro"
np. [lepemornu, 37, Kuis, 03056, Ykpaina, e-mail: VladislavMihailenko@i.ua

Buxopucmarno memoo 6azamonapamempuynux yHKYil 3a07i5 CRPOUJEHHS AHANIZY NePexiOHUX npoyecie po3psdy KOH-
deHcamopa Ha eleKmpoicKpose HABAHMANCEHHS 8 HANIGNPOBGIOHUKOBUX eleKMPOPO3PAOHUX YCMAHOBKAX Y pa3l 3MIHeH-
H3l KOH@i2ypayii po3psioH020 KOA 3 MemOIo pe2yi08anis mpusaiocmi iMIyIbCHUX cmpymie y naganmadicenti. Ha oc-
HOBI NP0Be0eH020 aHAIZY NePexiOHUX NPOYecis y PO3PAOHOMY KON 3MIHHOI CIPYKIMYpU MaKux YCMAaHo80K OMpPUMAano
MOYHI AHANIMUYHI 8UPA3U 0151 POPAXYHKY 1020 eIeKMPUYHUX Xapakmepucmuk. Busnaueno 0oyinbHi 3HaYeHHs MOMEHMY
NIOKAIOYEHHA ma 8eIudUHy 000AmMKO80I IHOYKMUBHOCTI, SKY HeOOXIOHO NIOKIoYamu nio 4ac pospsaoy KoOHOeHcamopa Ois
SMEHUIEHHSI MPUBAIIOCMI PO3PAOHUX CIPYMi6 ma cmaditiz3ayii MexHON02IYHO20 NPoYecy 6 eNeKmpoiCKPOGOMY HABAHMA-
gicenni. bion. 11, puc. 8, Tabm. 2.

Kntrouosi cnosa: po3psa KOHICHCATOPA, MEPEXiTHUHA IMPOIEC, eIeKTPOICKPOBE HABAHTAXKEHHS, TPHBAIICTH PO3PSALY,
MeToA GaraTonapaMeTpUIHUX (QYHKIIH.

Haniiinoa 23.12.2019
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