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The paper reveals the dependences of the output dynamic characteristics of semiconductor electric discharge installa-
tions (EDIs) with reservoir capacitors on the features of the change in the value of their capacitance. In particular, it is
substantiated that for any fixed discharge duration less than the duration of reaching the maximum discharge current,
an increase in the capacitance of such storage devices causes an increase in the value of the final discharge current
both at aperiodic and oscillatory discharges in the linear resistance of the technological load. The change in the value
of the discharge current in the load in the case of forced interruption of this current at a certain moment of time is in-
vestigated. Based on the obtained regularities, the authors of the work proposed to use the capacitance of the EDI's
capacitor, which is larger than capacitance required to implement the maximum value of the discharge current in the
load. Using a capacitor with a larger capacity and a fully controlled semiconductor switch in the discharge circuit of
the EDI, it is possible to obtain the required maximum current value at a shorter duration of the discharge process.
Thus, it is possible to regulate the main dynamic parameters of pulse currents in the load — the rate of their rise and/or
their duration by changing the value of the capacitance of the discharge capacitor EDI. This approach is expedient for
increasing the productivity of EDIs, focused on the production of dispersed spark powders of metals and alloys. Refer-
ences 15, figures 3.
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Introduction. Linear and nonlinear reservoir capacitors are usually used in electric discharge in-
stallations (EDIs) in order to implement the high pulse currents and powers in technological load. Such high
currents and powers cannot be consumed from a power supply network, but they are necessary for realization
of modern discharge-pulse technologies [1-4], in particular for treatment of various materials and obtaining
spark eroded powders [5-9]. In this case, the spark load, which is included only in the discharge circuit of
capacitors, has parametric, nonlinear and stochastic properties [10—12], so this load affects the final voltages
of the capacitors [3, 4], as well as the nature of the transients in the discharge circle [10].

One of the main electro-dynamic problems in the improvement of pulse current generators for elec-
tric discharge installations is an increase in the rate of rise of currents in a technological load, since this caus-
es an increase in the force effect of these currents on the load. Since the instantaneous active power released
in the load is directly proportional to the values of its active resistance and the quadratic value of the dis-
charge (pulse) current, an increase in the force effect on the technological load is actually achieved by the
formation of high pulse currents of short durations in the load.

For example, in installations for volumetric electro-spark dispersion (VESD) of metals and alloys
in a dielectric liquid, an increase in the rate of rise of discharge currents and a reduction in their duration
makes it possible to decrease the size of dispersed particles obtained due to spark erosion [6, 7, 9, 13]. There-
fore, this approach can be used as the basis for the method of producing spark eroded nanosized powders of
metals and alloys, as well as electrochemically and biologically active colloidal systems.

The aim of this work is to determine the features and regularities of transient processes of the dis-
charge of a reservoir capacitor of an electric discharge installation to its technological load in order to iden-
tify the possibilities for control of the rate of rise and/or duration of the discharge current in the load when
changing the parameters of the discharge circuit and the conditions of the capacitor discharge.
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Change in the rate of rise of discharge currents in the electrical circuit of spark-erosive loads.
A layer of metal granules between electrodes immersed in a dielectric liquid is a technological load in EDIs
for producing spark eroded particles. According to research, the electrical resistance Ry, of all types of
spark loads is non-linear. Its value depends on many factors: the value of the discharge current and the rate
of its change, the duration and frequency of the discharge pulses, the physicochemical properties of the lig-
uid and granules, the size of both the granules themselves and their layer, the design and technological pa-
rameters of the electric discharge chamber [5, 6, 8]. The nonlinear dependence of the spark load resistance
on many parameters makes it difficult to use accurate analytical methods for analyzing transient processes in
the discharge circuit of the installation; therefore, various methods of linearizing this resistance are usually
used. The analysis in this work (as in most other works on this topic) was carried out under the assumption
that the spark load has piecewise linear resistance. The value of this resistance is constant (R,,; = const) dur-
ing each discharge with duration fgscharge, but it can change stochastically during the pause between dis-
charges (i.e. during the charge of the capacitor). Resistance Rj,,; is an energetically equivalent linear resis-
tance, in which the same electrical energy is consumed as when the capacitor is discharged to a real nonlin-
ear spark load. This linear resistance Ry, is determined by energy conditions

Ldisch arge Ldisch arge Ldischarg e Ldischarg e
[ P®(R(t)dt= | i(t)Ryuqdt , which means: Ry = [ i*(t)R(t)dt [ Pct)ar.
0 0 0 0

To increase the frequency of the charge-discharge cycles of the capacitor, and, consequently, the
productivity of powder formation, most installations for VESD use the oscillatory mode of the capacitor dis-
charge on a load with a some recharge (up to 30 % of charge voltage of capacitor) [14] to the voltage of To
increase the frequency of the charging-discharge cycles of the capacitor, and, consequently, the productivity
of powder formation, most OEID units use the oscillatory mode of the capacitor discharge to the load with a
slight overcharge (up to 30% of the capacitor charging voltage) [14] to the voltage of the opposite polarity.
The simplest electrical equivalent circuit of the EDI's discharge circuit with a linear active resistance of the
load is a series RLC circuit switched by a semiconductor switch, in which R is the total active resistance of
the load, connecting wires and a semiconductor switch, L is the inductance of the circuit, C is the capacitance
of the capacitor to be discharged. It is known that the maximum value of the oscillatory discharge current /,,,,
with a quality factor of such a circuit Q > 2 is directly proportional to the initial voltage on the capacitor dur-

ing its discharge and the value of Jco , and inversely proportional to the value of JL [15]. Therefore, in
most EDIs, the inductance L is reduced to the lowest possible value. The amplitude of the current can be in-
creased by increasing the charge voltage of the capacitor and its capacitance. However, an increase in the
charging voltage of reservoir capacitors over 1000 V has serious technical limitations and significantly in-
creases the risk of maintenance of EDIs. An increase in the capacitance C leads to undesirable increase in

both the duration of the discharge pulse #pp (since ¢pp = v LC ) and the size of spark eroded powders ob-

tained. Therefore, in this work, we studied the transients of the capacitor discharge to the load in the case of
increase in the capacitance C and the forced limitation of the pulse current duration #pp using a fully con-

trolled semiconductor switch (IGBT transistor), which breaks the discharge circuit at the required time.
The circuit diagram of the discharge circuit of the installation for VESD using IGBT transistor as a
fully controlled switch is shown in Fig. 1. To reduce the inductance of the discharge circuit of this installa-
IGBT L tion, the connection to the load is structurally made with a coax-
ial power cable. The inductance of the cable has a distributed
nature. In the circuit diagram, this distributed inductance is rep-
resented by two lumped chokes with inductances L; and L,. Pre-
charged reservoir capacitor C is discharges through the C-IGBT-
]Rload Li-Rjpaa-Lo-R-C circuit. The Ry—VD shunt circuit is turned on
after switching off the IGBT and bypasses the part of the circuit
with inductors in order to dissipate the energy stored in these
inductors. Circuit designations: R — active resistance of the dis-
charge circuit (including coaxial cable and IGBT), Ry — lin-
Fig. 1 earized resistance of technological load, C — reservoir capacitor
capacity, L, and L, — coaxial cable inductances, IGBT — fully

controlled semiconductor switch (IGBT transistor), R,,— shunt resistance, VD — diode.
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Analysis of the average rate of rise of the discharge current with a fixed duration, which is
less than the duration of reaching its maximum value. In most cases, the operating modes of the capacitor
discharge to the load in such installations are oscillatory modes.

Analysis of the oscillatory discharge of a capacitor. In the general case, the current of the oscillatory
discharge of a capacitor in an RLC circuit can be calculated by the formula [15].

i(t)=Uyce "0 ’/zQsin(mOBt)/LcooB , (1)
where Uyc is the initial voltage of the capacitor during its discharge, w,=4/LC and Q= JL / (\/E -R) is the
respectively, the frequency of natural oscillations and the quality factor of the discharge circuit,

Bzwll—l/ 40? . 1t should be noted that for the circuit in Fig. 1 inductance L = L,+L,, and resistance
R= Rload +R.

When the quality factor Q > 2 (it is assumed that B = 1 and e_wot/ 20 » 1) formula (1) is simplified:
i(1)=Uyesin(ogt)/ Loy . ()

For most spark installations, the minimum value of the discharge circuit inductance is L = 1 uH. By
connecting the load with a coaxial cable (instead of wires), we were able to further reduce the inductance of
the discharge circuit. The inductance of the discharge circuit of the experimental spark installation, on which
we studied transient processes, was reduced to 0.7 pH. Therefore, the determination of the regularities of the
change in the discharge currents while limiting their duration and increasing the capacity of the discharged
capacitor was carried out under the assumption that L = 0.7 uH = const.

The maximum value of the discharge current /,,,, can be written in accordance with (2) as follows:

Lyax = 4]0, 3)
where A =U/L is the constant coefficient, and sin(®g,,.c) =1 (fmax is the time point corresponding to the
maximum value of the discharge current).

For any fixed time #;, < t,,r, during which the discharge current reaches the value /; < 1,4, can be
written using (2):

A-sin(oyt 4,) /0 = A/ N, 4)
where N is the constant coefficient (which has the dimension of the angular frequency) for which the inequality
N > ,1s satisfied.

Let us differentiate function (2) with respect to the parameter wy. Since the function i(w) is continu-
ous and differentiable in the entire domain of definition, we obtain

di(wy)/doy = A[(Dot-cos(coot)—sin(mot)]/moz : (3)

According to the definition, the coefficient 4 > 0 and c002 > 0, then the sign of the derivative

di(0y)/do, is determined by the factor in square brackets of expression (5), which we denote by the func-
tion flwy):

f(oao): [(not : cos(mot)—sin(mot)] , 09 €(0;N) . (6)

For wy = 0 (the lower boundary of the definitional domain), the function f{wy) = 0. To determine the

sign of the function f{w,) on the rest of the definitional domain 0 <y <N and for Vz> 0, the derivative of
this function was studied:

df (g )/ dwy = ot - sin(ogt) . (7)

For the first period of the oscillatory discharge of the capacitor, when Sin(mot) > (, we can say that
f(mg) <0 for 0 <my<Nand V> 0.

Thus, the function flowg) < 0 <0 over the whole definitional domain, and, consequently, also the de-
rivative di(®,)/do, < 0 for Vi>0, , € (0, N). Therefore, the function i(w) for any current time # de-
creases with increasing my;, and, accordingly, it increases with increasing capacitance C, since the value of
o is inversely proportional to \/E .

So, it can be concluded that, in the case of oscillatory discharge modes of a capacitor, an increase in
its capacitance leads to an increase in the discharge current at any time moment #; < fqx.

Analysis of the aperiodic discharge of a capacitor. In the general case, the capacitor aperiodic dis-
charge current is determined by the function [15]
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i(t)= Ae‘“f[ev“z“”ozt —e‘V“z“”Oz’J / 2@ : 8)

Let us differentiate this function with respect to the parameter ®,. Since the function i (w01) is continu-
ous and differentiable in the entire domain of definition, then it can be written

di(0g)/doy = Aoge * {sh(t\/az — 0, j - t\/az — o, -ch (N a? -0, ﬂ/(az — 0)02). )

. —o-t .. . . . . .
Since the factors 4 and € are positive and we consider an aperiodic process, in which

o’ —c002 >0 (ie. w € (0, a)), the sign of the derivative di(wg)/dw, is determined by the coefficient in
square brackets of expression (9), which we denote as a function of F(w,):

F(og) :[sh (t\/az —mozj—t\/az —m02 -ch (m/az —m02 ﬂ . oy<(0,a). (10)

For wg; = a (the upper boundary of the domain of definition) the function F(wo=a)=0. To deter-
mine the sign of the function F(w,) for 0 < wy < a and V¢ > 001, its derivative was studied:

F’(mo)zwo-tz-sh(lwlaz—woz). (11)
From the fact that >0 and +/a” — 0302 >0, it follows that sh(twl(xz - 0)02 j > 0. Then knowing that

o > 0, we can say that F'(c) > 0 for 0 <wy <o and Vz>0.
Thus, the function F(m,) < 0 over the whole definitional domain, and, therefore, the derivative
di(0y)/do, <0 for V>0, w € (0, a). Therefore, the function i(w,) for any current time #, decreases with

increasing ®,, and, accordingly, increases with increasing capacitance C, due to the fact that the value of w,
is inversely proportional to the value Jc.

So we can conclude that in aperiodic capacitor discharge modes (as in oscillatory discharges), an in-
crease in the capacitor's capacitance leads to an increase in the discharge current at any time #;, < £,

Determination of the possibilities of regulating the rate of rise of the discharge current in the
load when changing the capacity of the reservoir capacitor and the selected duration of this current.
The transients of the capacitor discharge to the load were studied on the mathematical model of the discharge
circuit of the installation for VESD (Fig. 1), implemented in the

the considered values of the capacitance C reaches its maximum
value), the fully controlled switch (IGBT) will begin to break the

é’o‘é — : : : : : - Mathlab Simulink software package. The circuit parameters in
N at C=300uF 1 the simulation were selected corresponding to the parameters of
! lat C=30 WF ! ! ! I the experimental installation: Ry, =0.2€Q, L;=L,=0.5pH,
00PN\ FatcrouF 111 R=20mQ, Ry, = 0.2 Q. The capacitance of the capacitor C varied
500~ AN~ r-—1---r-——1---1 in a wide range from 6 to 300 puF at the initial voltage of the ca-
4001 AN\ - 4o ioto_oo o pacitor Upe =300 V. At C= 6 uF or C =30 WF, the capacitor dis-
so0l 0 N\ ] charge has an oscillatory nature, and at C = 300 pF, it is aperiodic
. ! ! ! ! ! i (in the absence of a forced break of the discharge circuit by the
2007 774:77 .. 1 1 1 |IGBT transistor).

100 -2 - NSl At a certain point in time Z4,< fyax at Cmin (WHETE fyg at Cmin 1
0 gl 1 ‘ ‘ 1 1 . the time during which the current corresponding to the smallest of

0 025 05 075 1 125 15 175 2

S

discharge circuit.

Fig. 2 shows the curves that reflect the change in discharge current in the load for three values of ca-
pacitor capacity: C = 6; 30; 300 puF and when this current is interrupted at #; =3.15 ps (whereas
i at Cmin = 3-32 US).

Mathematical analysis of the functions that describe the discharge currents of the oscillatory and aperiodic
discharge of the capacitor with increasing capacity, as well as analysis of the simulation results presented in Fig. 2,
shows that with increasing capacitance C, the current ;. increases regardless of the nature of the discharge. It
should be noted that with a multiple increase in capacity C, the increase in ; becomes less and less significant.
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Thus, with an increase in the capacitance C from 6 to 30 uF (5 times), the /; value increases by 27%, and with a
further increase in C from 30 to 300 pF (10 times), /5 increases by only 6%.

Analysis of expression (8) shows that if the capacitance C exceeds some boundary value C, (C> C,),

at which o >> ®, then expression (8) can be transformed to the form

i(1) = Upcli—e (Bma W20 (R, + R). (12)
As can be seen from this expression, the current i(z) does not depend on the value of the capacitance C. That is,
when the capacitance increases above the value of C,, the discharge current curve asymptotically approaches
the curve described by expression (12). Therefore, an excessive increase in the capacitance C of the capacitor
does not significantly change the /;, value and the rate of current rise I, /3.

Fig. 2 shows that the discharge duration in the load is approximately 15 s for all considered values
of C. Our studies have shown that if you use a thyristor (that is, a semi-controlled switch) instead of an IGBT
in the discharge circuit, then the discharge duration prolongs significantly with increasing C. For example, at
C =300 pF, the discharge duration is 375 ps, that is, it increases 25 times, which inadmissibly reduces the
frequency of discharge cycles.

The oscillogram of the current in the load, taken on a laboratory setup (with a discharge circuit as in
Fig. 1), in which the above-described method of increasing the rate of current rise was implemented, is
shown in Fig. 3, a. The oscillogram was obtained using a current sensor with a conversion factor
1:100 (V / A) and the HAMEG-HM-1507 oscilloscope. The division values on the oscillogram: for voltage
(current) — 200 mV/division (20 A/division), and for time — 2 ps/division.

The parameters of the discharge circuit of this installation:C =300 puF, Ry, =1€Q, L =L1,=0.7 pH,
R=20mQ, Ry, =3mQ. The initial voltage on the capacitor was Uyc=130V. The IGBT module
SKM300GB12T4 was used. Fig. 3, b shows the result of simulation of the discharge current in the load of
such an installation. Comparative analysis of the curves in Fig. 3, a and b shows sufficient accuracy of their
coincidence (error does not exceed 7%).

L, A i A
1200 120 i ‘ ‘ i i
L TS I T L 0 S S e B
80/ - | 80F A N mo e
I
B N
r 1 | | | | |
201 | 20~ NG moooo
| . - ! : : | : :
%" "02" 04 06 08 1 % 02 04 06 08 1

a x107,s b =107, s

Fig. 3

Previously, the aperiodic discharge mode was unacceptable for installation for VESD of metal because of
unacceptably long duration of the discharge pulse in the load, which resulted in the impossibility of realizing high
frequencies of the charge-discharge cycles of the capacitor forming discharge pulses (and, consequently, low
powder formation performance). When using the proposed method, the aperiodic discharge mode becomes desir-
able. This is due to the fact that the real resistance of the spark load is not constant during the discharge of the ca-
pacitor. It changes according to the law of the U-shaped function (when the current increases to the maximum
value, the load resistance decreases to the minimum value, and then when the discharge current decreases, the
resistance increases again) [11]. In installations for VESD of metals, a decrease in the load resistance (with an
increase in the discharge current) is an additional factor influencing an even greater increase in this current, in-
cluding its value ;(#;). In addition, a characteristic increase in the value of the load resistance at the end of the
discharge pulse will help to reduce the dynamic losses in the semiconductor switch, since at the same value of the
discharge current, the voltage drop across the real load resistance will increase, and, therefore, more power will be
dissipated in this resistance in comparison with power dissipated in equivalent linear resistance Rj,.g.
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To implement the algorithm of the control system of such EDIs, it is necessary to take into account
that due to a change in the resistance of the spark-erosion load from one discharge to another discharge, the
current will increase to different values by the time ;. Thus, the current value and the rate of its rise will
vary within a certain range. In this case, with an increase in the capacitance of the capacitor, it is necessary to
take into account the possibility that with a significant decrease in the load resistance, the current value may
exceed the technologically permissible value. Therefore, in addition to #;, the maximum permissible value of
the current /,.,, is also set, upon reaching which the discharge process must be forcibly interrupted.

When implementing such a way for generating discharge pulses with an increased rate of current
rise, an increase in the capacitance of the ERU capacitor leads not only to an increase in the discharge cur-
rent and the rate of its rise, but also to an increase in the average pulse power released in the load.

Conclusions. The regularities of the change of the output currents of semiconductor electric dis-
charge installations with a storage capacitor depending on the capacitance of this capacitor and the condi-
tions of limiting the duration of currents are investigated. It is analytically proved that for an arbitrary mode
(oscillatory or aperiodic) of the capacitor discharge, an increase in its capacitance at constant other parame-
ters of the discharge circuit leads to an increase in the output current at any fixed time 7, less than the time
tmar, Which corresponds to the maximum value of this current.

We propose to regulate the main output dynamic characteristics of electric discharge installations
with storage capacitors (in particular, to increase the rate of rise and/or reduce the duration of their dis-
charge-pulse currents in the load) by increasing the capacity of the discharge capacitor in comparison with
the capacity sufficient to implement the required technological mode, and forced interruption of the current
in the load when it reaches the required maximum value).

This approach is expedient for increasing the productivity of EDIs, focused on the production of dis-
persed spark powders of metals and alloys.

The work was performed at the expense of scientific work "Creation of scientific and technical bases of intel-
lectualization of technological processes and means of measurement, control, monitoring and diagnostics in electric
power and electro-technical systems (code: INTEHEN)" within the target program of scientific researches "Fundamen-
tal Research on Energy Transformation and Utilization Processes" under the Budget Program "Supporting the Devel-
opment of Priority Areas of Research" (code of programmatic classification of expenditures 6541230).
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Buseneno 3anexcnocmi 8uxiOHUX OUHAMIYHUX XAPAKMEPUCTNUK HANIBNPOBIOHUKOBUX eNeKMPOPO3PAOHUX VYCIMAHOBOK
(EPY) 3 Hakonuyy8anbHuUMu KOHOeHCamopamu 8i0 ocooausocmeli 3MiHeHHs 8eIUYUHU iXHboi emMHoCcmi. 30Kkpema obIpy-
HIMOBAHO, WO 3a (DIKCOBANIU MPUBALOCII PO3PAOY, MEHWIL GI0 MPUBATOCMI OOCACHEHHS MAKCUMATLHO20 PO3PAOHO20
cmpymy, 30iIbUWEeHHs EMHOCIT MAKUX HAKONUYYBAYI6 GUKIUKAE 30ITbUEHHS GeTUYUNU KIHYEeB8020 PO3PAOHO20 CIMPYMY
5K Y pasi QOpMyeanHs anepioOutHuX, max i KOIUBANbHUX PO3P0I8 Y JIHIIHOMY ONOPI MEXHOL02IUHO20 HABAHMANCECHHS.
EmHicmv po3pAOHUX KOHOEHCAMOPIB Y MAKUX OOCHIONCYBAHHAX 3MIHIOBANACS 8 WUPOKUX Medcax. [JocnioxnceHo 3MineH-
HSL BeTUHUHU PO3PAOHO20 CIMPYMY 68 HABAHMAICEHHI 3a 11020 NPUMYCOB020 Nepepusanis 8 negnull momenm uacy. basy-
104UCL HA OMPUMAHUX 3AKOHOMIPHOCIAX, AGMOPAMU 3ANPONOHOBAHO BUKOPUCMOBYEAMU EMHICMb KondeHcamopa EPY
OinvbuLy, Hioe NompioHo 3a01s pednizayii Y HABAHMANCEHHI MAKCUMANIBHO20 3HAYEHHs PO3PAOH020 cmpymy. Bukopuc-
mogyrouu 8 po3paonomy koumypi EPY kondencamop 6inbuioi emHocmi ma nosHicmmo Kepo8aHuu HanisnposioHUKO8UL
K04, MONCHA OMpUMamu HeoOXiOHe MAKCUMATbHe 3HAYEHH CIMPYMY 3a MeHWil mpusaiocmi po3psaoHo2o npoyecy.
Taxum yuHOM, 3MIHEHHAM 8EIUYUHU EMHOCMI PO3PAOHO20 KoHOeHcamopa EPY mooicna pezyniosamu ocHo8Hi OuHamiuHi
napamempu iMIyIbCHUX CMPYMI6 Y HAGAHMAICEHHT — WBUOKICMb IXHbO2O HapocmaHis ma/abo ixuwo mpusaricme. Ta-
Kutl nioxio € ooyinbHum 3a01s nioguueHHs npooykmugnocmi EPY, opienmosanux na aupoonuymeo oucnepcHux ickpo-
epo3itiHux nopowkie memainis i cnaasie. biomn. 15, puc. 3.

Knrouosi cnosa: po3psa KOHICHCATOPA, IBUIKICTh HAPOCTAHHS CTPYMY, MEPEXiIHUN MPOIEC, EMHICTh KOHIEHCATOPA,
TPHUBAJIICTH PO3PSIIY.

Hapiiima 11.12.2020
Ocratounuii Bapiant 01.02.2021
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