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Influence of limiting the duration of the armature winding current
on the operating indicators of a linear pulse electromechanical induction type converter

Introduction. Linear pulse electromechanical converters of induction type (LPECIT) are used in many branches of science and
technology as shock-power devices and electromechanical accelerators. In them, due to the phase shift between the excitation
current in the inductor winding and the induced current in the armature winding, in addition to the initial electrodynamic forces
(EDF) of repulsion, subsequent EDF of attraction also arise. As a result, the operating indicators of LPECIT are reduced. The
purpose of the article is to increase the performance of linear pulse electromechanical induction-type converters when operating as
a shock-power device and an electromechanical accelerator by limiting the duration of the induced current in the armature winding
until its polarity changes. Methodology. To analyze the electromechanical characteristics and indicators of LPECIT, a mathematical
model was used, in which the solutions of equations describing interrelated electrical, magnetic, mechanical and thermal processes
are presented in a recurrent form. Results. To eliminate the EDF of attraction between the LPIECIT windings, it is proposed to limit
the duration of the induced current in the armature winding before changing its polarity by connecting a rectifier diode to it. It was
found that when the converter operates as a shock-power device without limiting the armature winding current, the value of the EDF
pulse after reaching the maximum value decreases by the end of the operating cycle. In the presence of a diode in the armature
winding, the efficiency criterion, taking into account the EDF pulse, recoil force, current and heating temperature of the inductor
winding, increases. When the converter operates as an electromechanical accelerator without limiting the armature winding current,
the speed and efficiency decrease, taking into account the kinetic energy and voltage of the capacitive energy storage at the end of
the operating cycle. In the presence of a diode in the armature winding, the efficiency criterion increases, the temperature rise of the
armature winding decreases, the value of the maximum efficiency increases, reaching 16.16 %. Originality. It has been established
that due to the limitation of the duration of the armature winding current, the power indicators of the LPECIT increase when
operating as a shock-power device and the speed indicators when the LPECIT operates as an electromechanical accelerator.
Practical value. It was found that with the help of a rectifier diode connected to the multi-turn winding of the armature, unipolarity
of the current is ensured, which leads to the elimination of the EDF of attraction and an increase in the performance of the LPECIT.
References 22, figures 5.

Key words: linear pulse electromechanical converter of induction type, shock-power device, electromechanical accelerator,
performance indicators, limiting the duration of the armature winding current.

Bemyn. Jliniini imnynschi enexmpomexaniuni nepemeoprogayi inoykyitinoeo muny (JIIEIIT) euxopucmosgyromvcs 6 6a2amovox
2aNY3AX HAYKU | MeXHIKU AK YOapHO-CUN08i npucmpoi ma erekmpomexaniuni npuckopiosadi. ¥ nux uyepes ¢hazosuii 3cye midic
cmpymom 30y00icenHs 8 0Omomyi iHOyKmopa i iHOyKOGAHUM CIPYMOM 6 00MOMYI AKOPs KPIM NOYAMKOBUX eNeKMPOOUHAMIYHUX
cun (EJIC) siowmosxysanus sunuxaroms i nacmynui EJ[C msocinus. Bracniook yvoeo poboui noxazuuxu JIEIIT 3nudcyromuvcs.
Memoto cmammi € nioguweHHs: poOOUUX NOKAZHUKIG JNIHIUHUX IMNYIbCHUX eeKMPOMEXAHIYHUX Nepemeopiosauie tHOYKYIlHO20
muny npu poboomi 6 AKocmi yOapHO-CULOB020 RPUCMPOIO MA eeKMPOMEXaniyHo20 NpUCKoOpo8aia 3a pAaxyHOK 00OMediCeHMHs
mpueanocmi iHOyK08aHo20 cmpymy 6 oOMomyi AKOpsa 00 3MiHu 11020 noaapuocmi. Memoouka. /[na ananizy eiekmpomexaHiunux
xapaxmepucmux ma noxasnuxig JIEIIT euxopucmana mamemamuuna mooenv, 6 AKil po36'a3Ku pieHAHb, WO ONUCYIOMb
63AEMON08'A3aHI eIeKMPUYHI, MASHIMHI, MEXAHIYHI Mma meniosi npoyecu, npedcmagieni 8 peKkypeHmHomy gueinodi. Pezynomamu.
Hns yeynenna EJJC msoicinna mioe oomomramu JIEIIT 3anpononosano odmedicennss mpuganocmi iHOYKOBAHO20 CMPYMY 8
oOmomyi KOps. 00 3MIHU 1020 NOAAPHOCI WIAXOM RIOKAIOYEHHS 00 Hei eunpsmHozo Oioda. Bemanoeneno, wo npu pobomi
nepemeopiosaya 6 AKOCmi yOapHo-cUI08020 npucmpoio bes obmesicenns cmpymy oomomku axops eenununa imnynvcy EJJC nicas
00CsACHEeH S, MAKCUMANLHOL0 3HAYEHHS 3HUINCYEMBCA 00 KiHYA pobouo2o yukuy. 3a nasenocmi 0ioda 6 06Momyi AKopsa Kpumepii
epexmuenocmi, wo epaxosyc imnyavc EJC, cuny eiodaui, cmpym i memnepamypy HacpiéanHs O00OMOmMKU [HOYKmMopd,
niosuwjyemucsa. Ilpu pobomi nepemeopiosaua 6 AKOCMI el1eKMPOMEXAHIUHO20 NPUCKOPIOBAYA 6e3 0OMedceH A CmPYMy 0OMOMKU
axopa 8i00ysaemuvca 3smeHwenna weuoxocmi i KK/, wo epaxoeye KinemuuHy eHepeito i HAnpy2y EMHICHO20 HAKONUYy8aua eHepeii
8 KiHyi pobouozo yukiy. 3a HaasHocmi 0ioda & obmomuyi sKopsa Kpumepiil epekmugHocmi NiO8UWYEMbCS, NepesULeHHS
memnepamypu 0OMOmMKU AKOPs 3MEHUWYembvcs, éeauduna maxcumanvinozo KKJ] 36inbuyemsca, docsieaiouu 16,16 %. Haykosa
Hogu3Hna. Bcmanoesneno, wo 3a paxynok obmedicenuss mpueanocmi cmpymy 0OMOMKU AKOPs NIOSUWYIOMbCS CUNO0GI NOKAZHUKU
JIIEIIT npu po6omi 6 saxocmi YOapHO-CUN08020 RPUCMPOIO MA WEUOKICHI noxaswuku npu pobomi JIIEIT ¢ saxocmi
enekmpomexaniunozo npuckoprosaya. Ilpakmuuna yinnicme. Bcmanoseneno, wo 3a 00nomozor eunpsamHozo 0iooa,
nioKII04eH020 00 6A2amosUMKO80i 0OMOMKU AKOPA, 3a6e3neuyeEmovcs 0OHONONAPHICMb CIMPYMY, Wo 3ymoentoe ycyneuns EJ[C
msiicinis i nioguwenns pobouux nokaszuukie JIEIIT. Biba. 22, puc. 5.

Knrouoei cnoga: niHiliHmii iMIyabcHUil eJieKTpOMeXaHiYHU MepeTBOPIOBAY iHAYKUiliHOrO THIY, YIapHO-CHJIOBHIi mpucTpiii,
eJleKTPpOMeXaHiYHMii NPHCKOPIOBaY, po00oYi NOKA3HUKH, 00MeKeHHSI TPUBAJIOCTI CTPYMY 0OMOTKH SIKOPSI.

Beeoenue. Jluneiinvie umnynvcHuvle 1ekmpomexanuieckue npeoopasosament uHoykyuornnoeo muna (JIMSIIUT) ucnonvsyromes 6o
MHO2UX OMPACAAX HAYKU U TMEXHUKU 8 Kauecmse YOapHO-CUNOBbIX YCMPOUCME U d1eKmpoMeXanuyeckux yckopumenei. B nux uz-3a
azoseoeo cosuca medxncoy moxkom 6030yiHcOeHUs 8 0OMOMmMKe UHOYKMOPA U UHOVYUPOBAHHBIM MOKOM 8 0OMOMKe AKOPs NOMUMO
nepeoHayanbHblX dnekmpoounamuieckux ycunuti (QLY) ommankusanus eosnuxaiom u nocnedyiowue LAY  npumsdicenus.
Beneocmeue smoeo pabouue noxazamenu JIMDITUT chusicaromes. Llenvlo cmamou sisiisiemcs nogviuieHue pabouux noxkasamenetl
JIUHEIHBIX UMNYNIbCHBIX eKMpPOMexanuyeckux npeobpasosameneti UHOYKYUOHHO20 MUNA npu pabome 6 kawecmee YOapHoO-CUIO08020
ycmpoucmea u 21eKmpoMexaHu4ecko2o yCKopumes 3d cuem O02paHudeHus ONUmenbHOCmu UHOYYUPOBAHHO20 MoKa 8 0bMomKe
AKOpA 00 UsMeHeHus e2o nonaprocmu. Memoouka. /[na ananusza 31eKmpoMexaHuyeckux xapakmepucmux u noxkasamenet JIMOITAT
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UCNONb306AHA MAMEMAMUYECKds M00elb, 8 KOMOPOU peuenus YpasHeHUll, ONUCLIBAIOWUX 63AUMOCEA3AHHbIE DNEKMpUiecKue,
MazHumHsle, MexaHuyeckue u meniogvle Npoyeccwyl, nPeocmasienvl 6 pekyppenmuom euoe. Pesynomamer. /[ns ycmpanenus Y
npumsaxcerus mexcoy oomomxamu JIMIIIUT npeonosceno oepanuienue OnumenbHOCMu UHOYYUPOBAHHO20 MOKA 8 0OMOMKe AKOPS
00 U3MeHeHUsi e20 NONAPHOCU NymeM NOOKNOYeHUs K Hell GblnpAMumensho2o ouooa. Ycmanoeneno, umo npu pabome
npeobpazoseamens 8 Kawecmee yOapHO-CUL0B020 YCMpolicmea Oe3 02paHudeHus moxka oOMomku axkopsa eeauyuna umnynsca Y
nocie 00CMUdICEHUs. MAKCUMANbHO20 3HAYEHUsl CHUdICaemcsi K Konyy pabouezo yukna. Ilpu nanuuuu ouoda 6 oOMomKe AKOPs
Kpumepuii d¢hpexmugrnocmu, yyumuieaiowui umnyisc LY, cuny omoayu, mox u memnepamypy Hazpeéa 0OMOMKU UHOYKMOPA,
nogviuaemcs. Ilpu pabome npeobpazosamens 8 kauecmse 1eKMPOMEXAHUYECKO20 YCKOpumeins 6e3 oecpanuienus moxka ooMomKu
sAKops. npoucxooum ymenvuienue ckopocmu u KIIJ, yuumviearoweco Kunemuueckylo SHepeuio U HAanpsdlcenue emKoCmHO20
Haxkonumens dHepeuu 6 Konye paboyvezo yukna. [Ipu nanuuuu ouooa 6 oomomke AKOps. Kpumepuii 3PHekmusHocmu noguluaemcs,
npesviuienue memnepamypsvl 0OMOmMKU AKOPA yMeHvulaemes, eeauduna maxcumanvrozo KIIJ yeenuuueaemcs, docmueasn 16,16 %.
Hayunaa noeusna. Ycmanoeneno, 4mo 3a cuem 02paHudeHus OAUMENbHOCU MOKA O0OMOMKU SKOPs NOBbLUAIOMCS CUNO0BbLE
nokazamenu JIMIITUT npu pabome 8 kauecmee YOApHO-CUI08020 YCMPOUCBA U CKOPOCHHble nokazamenu npu pabome JIMDITUT
6 Kauecmee dnekmpomexanuyecko2o yckopumens. Ilpakmuyueckana yennocms. Ycmanosneno, 4mo npu NOMOowU 8blnpAMUmMensHo20
0u00a, NOOKIIOUEHHO20 K MHO20BUMKOBOU 0OMOMKe AKOpsl, 0becneuusaemcs: 00HONOAPHOCIb MOKA, YO NPUBOOUM K YCMPAHEHUIO
OOV npumsicenus u nosviwenuto paboyux noxasamenei JIMIITUT. bubn. 22, puc. 5.

Kniouesvie cnosa: NMHeiHbI HMITYJILCHBII 3JIeKTPOMeXaHHYeCKHii Npeo0pa3oBaTe/b HHAYKIHOHHOIO THIIA, yIAPHO-CHJI0BOE
YCTPOIiCcTBO, J1eKTPOMEeXaHHYeCKUIl YCKOPHUTeJIb, padoune MOKa3aTeJIH, OTPAHNYEeHHE JIHTeILHOCTH TOKA 00MOTKH SIKOPS.

Introduction. Linear pulse electromechanical
converters of induction type (LPECITs) are widely used
both for acceleration of an actuator to high speed on a
short active site, and for creation of powerful power
pulses on object of influence at insignificant movement of
an actuator [1-4]. Such converters are widely used in
many fields of science and technology as shock-power
devices and electromechanical accelerators.

As shock-power devices LPECITs are used for
electromagnetic hammers and perforators in construction,
for drills and vibrators in the mining industry, for shock
seismic sources in exploration, for hammers with a wide
range of impact energy and devices for electrodynamic
processing of welded joints in mechanical engineering,
for vibrating mixers in the chemical and medical-
biological industry, for testing devices that provide testing
of critical equipment for shock loads, for magnetic-pulse
devices that provide pressing of special ceramic powders,
for devices that provide cleaning of technological tanks
from the adhesion of bulk materials, for devices that
ensure the destruction of important information on the
drives in case of unauthorized access, etc. [5-9].

As electromechanical accelerators LPECITs are
used for high-speed electric devices, for ballistic laser
gravimeters, for the systems providing start of
unmanned aerial vehicles, for the defensive devices
providing protection of responsible objects from the
approaching devices, for accelerators in aerospace
engineering. etc. [10-15].

In LPECIT, a pulsed current flows in the stationary
winding of the inductor when connected to a capacitive
energy storage (CES) device which induces a current in
the armature winding by means of a magnetic field. Since
at the initial moment of time the currents in the windings
have the opposite polarity, repulsive electrodynamic
forces (EDF) arise between them [16].

When  the  converter  operates as  an
electromechanical accelerator, the armature winding,
which moves under the action of the repulsion EDF,
accelerates the actuator. And when operating as a shock-
power device, the armature winding with a slight
movement provides the transmission of a power pulse to
the actuator.

In LPECIT short-circuited armature winding can be
made single-turn or multi-turn. In the single-turn design,
the armature winding is usually a massive conductive
disk. However, the induced current on such a disk is
distributed significantly nonuniformly. In the multi-turn
design, the armature winding is tightly wound with a wire
of relatively small cross section and impregnated with an
epoxy-based compound. In such a winding, the induced
current is distributed uniformly throughout the cross
section, which provides a more uniform force on the
actuator.

Studies show that due to the phase shift between the
excitation current in the inductor winding and the induced
current in the short-circuited armature winding, in
addition to the initial repulsion EDF, the following
attractive EDF occurs [17]. As a result, the operating
performance of the converter is reduced [18]. Attractive
EDF occur due to a change in the polarity of the induced
current in the armature winding, while the polarity of the
excitation current in the inductor winding may remain
unchanged.

The attractive EDF can be eliminated by limiting the
duration of the induced current in the armature winding
before changing its polarity. To do this, it is possible to
connect a rectifier diode VD to the armature winding
(Fig. 1). Current limitation in a magnetic pulse unit to
change the effect of EDF on the secondary conductive
element using a controlled vacuum discharger is
described in [19]. But in that study, the goal was to
increase the attractive EDF, whereas for LPECIT such
forces are undesirable.
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Fig. 1. LPECIT electrical circuit in the absence (Q;, O, — solid
lines) and the presence (Q;, 0> — dashed lines) of the diode VD
in the armature winding
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Ensuring one polarity of the induced current can be
realized by connecting the diode VD to the multi-turn
armature winding, so below we will consider it. However,
here the feasibility of limiting the duration of the induced
current in the armature winding to change its polarity
during the operation of LPECIT as a shock-power device
and electromechanical accelerator has not been studied.

The goal of the paper is to increase the
performance of linear pulse electromechanical converters
of induction type when operating as a shock-power device
and electromechanical accelerator by limiting the duration
of the induced current in the armature winding to change
its polarity.

Consider the mathematical model of the LPECIT
which uses the lumped parameters of the multi-turn
windings of the inductor and armature. To take into
account the interconnected electrical, magnetic,
mechanical and thermal processes, as well as a number of
nonlinear dependencies, the solution of equations
describing these processes, are present in recurrent form.

We assume that when operating as a shock-power
device, the movement of the armature winding with the
actuator 1is absent, and when operating as an
electromechanical accelerator, the armature moves a
considerable distance with the actuator, which has a
relatively small mass.

To excite LPECIT from CES, we use a unipolar
current pulse in the inductor winding formed by the
starting thyristor VS (Fig. 1). This allows to store some
part of the energy in the CES until the end of the
operating cycle. To limit the duration of the induced
current in the armature winding before changing its
polarity, we use a rectifier diode VD. We believe that for
semiconductor devices VS and VD the resistance in the
forward direction is zero, and in the opposite direction is
infinitely large.

Electrical processes in LPECIT when operating as a
shock-power device can be described by a system of
equations:

t
R(T)11+L ljzdt+M12 =0, (1)

COO

1.
—J.zl'dt—Uo, )
09
. di di,

R,(T)-i, + L, d2+M21 dt_o, 3)

where n = 1, 2 are the indices of the windings of the
inductor and armature, respectively; R,, L,, T,, i, are the
active resistance, inductance, temperature and current of
the n-th winding, respectively; M,=M,, is the mutual
inductance between the windings; Cy, U, are the capacity
and initial (charging) voltage of CES.

When LPECIT operates as an electromechanical
accelerator, equations (1), (3) take the form:

_ dii 1 ¢, di,
R(T)i, +1L, E+a£zldt+Mu(z)E+

+v. ()i, My, _ ; “

diy

R,(T,)i, + L, o +M21(Z) £=0. (5

Solutions of the equations for currents in the
converter windings in recurrent form are presented in
[18]. The displacement 4, and the speed v, of the armature
winding relative to the inductor winding, presented in a
recurrent form [10], take into account the instantaneous
value of the axial EDF between the windings:

f(z0 =10 (f)lz(t) ks aalOF Q)

the masses of the armature w1nd1ng and the actuator, the
density of the moving medium and the coefficient of drag.

When LPECIT operates as a shock-power device,
between the windings there is a thermal contact through
the insulating gasket. The temperature of the windings
can be described by recurrent relations [4], which take
into account the thermal conductivity and the thickness of
the gasket, the coefficients of heat transfer and heat
capacities of the windings.

To calculate the characteristics and indicators of
LPECIT, we use the algorithm of cyclic action [20],
which allows to take into account a set of interconnected
electrical, magnetic, mechanical and thermal processes
and various nonlinear dependencies, such as R,(T,),
M»(z). When calculating the workflow is divided into a
number of numerically small time intervals At = ;1) — 4,
within which all values are considered constant.
According to the current values obtained at time #;.;, we
calculate the temperature of the windings 7 and 75, the
displacements /4, and the speed v, of the armature
winding, the mutual inductance M, between the
windings. With this approach, linear equations and
relations can be used to determine the currents in the
calculation time interval Az. The value of Af is chosen so
that it does not significantly affect the calculation results,
while ensuring the required accuracy.

Initial conditions of the mathematical model:

T,(0) = T, — the temperature of the n-th winding;

i,(0) = 0 — the current of the n-th winding;

h.(0) = h,o — the distance between windings;

u/0) = U, — the CES voltage;

v,(0) = 0 — the speed of the armature winding along the z
axis.

The main parameters of LPECIT. Consider
LPECIT in which the inductor winding (n=1) and the
armature winding (n=2) are made in the form of
monolithic disk coils, tightly wound with copper wire of
circular cross section with diameter dy=1.3 mm and
impregnated with epoxy compound. The outer diameter of
the windings D,,=100 mm, their inner diameter D;=10
mm. The axial height of the inductor winding H;=6 mm
and of the armature winding H,=3 mm. The number of
turns of the inductor winding N;=120 and of the armature
winding N,=60. The initial distance between the windings
h=1 mm. CES has energy W;=500 J and its capacitance
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Co varies in the range from 0.5 to 5 mF with a
corresponding change in initial voltage U, =/2W,C," .

When LPECIT operates as an electromechanical
accelerator, the mass of the actuator m,=0.5 kg.

We analyze the electromechanical characteristics
and performance of LPECIT which has in the armature
winding limiting the duration of the induced current
before changing its polarity (Q; open, O, closed),
compared with LPECIT which has no such limitation (Q;
closed, O, open) (see Fig. 1).

When analyzing the operation of LPECIT, we take
into account the following operating indicators: excitation
current, heating temperature of the windings and recoil
force. The maximum excitation current is proportional to
the amplitude of the current density in the inductor
winding jj,, the heating temperature of the inductor
winding — to the rise of its temperature 6;, and the recoil
force — to the amplitude of the EDF f,. The maximum
excitation current affects the parameters of the electronic
source, the heating temperature — the duration of the
converter operation in cyclic mode, and the recoil force —
the mechanical reliability. For example, for hand-held
shock instruments and various stand-alone starters,
the recoil force has a negative effect on both the device
itself and the service personnel. The force of recoil is
especially negative in measuring devices. For example, a
ballistic laser gravimeter designed to measure the
acceleration of free fall uses an electromechanical
catapult, which provides a vertical throw of the angular
optical reflector [21]. The recoil force causes autoseismic
oscillations that reduce the accuracy of the gravimeter’s
measurement [22].

When LPECIT operates as a shock-power device,
its efficiency will be evaluated by the largest value of the

EDF impulse P, :j f.(t)dt at the minimum values of
0

recoil force, excitation current and heating temperature of
the inductor winding.

Figure 2  presents the electromechanical
characteristics of LPECIT in the absence (solid lines) and
the presence (lines with circles) of limiting the duration of
the induced current in the armature winding to change its
polarity.

When using CES with capacity of Cy = 0.5 mF the
maximum current density in the inductor winding
is j1,=1.03 kA/mm?, and in the armature winding
Jon=1.41 kA/mm’® (Fig. 2,a). The amplitude of the EDF
f:n=30.85 kN. In the absence of limitation of the induced
current in the short-circuited armature winding (without
diode VD in Fig. 1) by the end of the operating cycle the
temperature rise of the inductor winding is 6,=1.58 °C,
and the temperature rise of the armature winding is
0,=2.87 °C. Due to the attractive EDF, the value of the
impulse of these forces, reaching the maximum value
P.,=12.5 N's, by the end of the operating cycle decreases
to P,~=12.19 N's.

When using CES of higher capacity (Cy=2.5 mF),
and hence lower voltage U,, the maximum values of

current densities in the inductor winding is reduced to
J1,=0.67 kA/mm%, in the armature winding to
Jom=0.78 kA/mm’, EDF to £,=10.58 kN (Fig. 2,b). But by
the end of the operating cycle, the temperature rise of the
inductor winding increases to 0;=2.15 °C, and the
temperature rise of the armature winding decreases to
0,=1.86 °C. The value of the EDF impulse, reaching the
maximum value P,,=9.61 N-s, by the end of the operating
cycle is reduced to P,=7.94 N's.
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Fig. 2. Electromechanical characteristics of LPECIT when

operating as a shock-power device at Cy: 0.5 mF (a)
and 2.5 mF (b)

With increasing capacity C, of CES and constant
energy Wy=500 J, the voltage U, decreases, which causes
a change in the main performance of LPECIT (Fig. 3,a).

With increasing Cy from 0.5 to 5 mF, the amplitude
of the EDF £, decreases by about 5 times (from 30.85
to 6.06 kN), but the value of the maximum impulse of the
EDF P,, decreases by about 1.5 times (from 12.5 to
7.7 N-s). With such an increase in capacitance Cy, the
temperature rise of the inductor winding 0, increases from
1.58 to 2.47 °C. These indicators do not practically
depend on the presence or absence of limitation of the

6
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duration of the induced current in the armature winding
before changing its polarity. However, the limitation of
the current duration affects the temperature rise of the
armature winding 6,. In the converter without current
limitation of the short-circuited armature winding, the
value 0, decreases from 2.87 to 1.27 °C. In the presence
of the specified limitation due to connection of the diode
VD the value 6, is lower, than in its absence, and
decreases from 2.24 to 0.96 °C.

Jz., k0T, Py, M5:8,°C
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0 1 1 t 1 t t
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Fig. 3. Dependence of LPECIT performance at operation as
a shock-power device on the capacity of CES when ;=500 J

In order to evaluate the efficiency of LPECIT
operation as a shock-power device depending on the value
of the capacity C, of CES at ;=500 J we use the value of
the relative reduction of the EDF impulse

AP, :IOO(Pm —PZf)P’l % and the relative criterion of

zm 3

*

efficiency K, =100——2%—,% . As a basic variant for

ImJ zm™~'1

K, we use the converter excited from CES with capacity

Cyi=0.5 mF without current limitation in the short-
circuited armature winding. With an increase in Cy from
0.5 to 5 mF and the absence of current limitation in the
armature winding, the relative decrease in the EDF
impulse increases from 2.5 to 27.6 % (Fig. 3,b). However,

the efficiency criterion of LPECIT K,* increases by 2.78
times primarily due to the reduction of the amplitude of
the current density in the inductor winding j,, and the
amplitude of the EDF f,.

If there is imitation of the current duration in the
armature winding due to the connection of the diode
VD due to the absence of EDF impulse decrease, the
value of the efficiency criterion K,,* increases (by 38.6 %
at Cy=0.5 mF) This shows the prospects of this technical
solution at LPECIT operation as a shock-power device.

When LPECIT operates as an electromechanical
accelerator, its effectiveness will be evaluated by the
highest value of efficiency

17 =100C," (m, +m, )v* (Uj —Ulz)i1 %,

which takes into account the kinetic energy of the
armature together with the actuator and the residual
voltage of the CES at the end of the operating cycle U,.

Figure 4  presents the electromechanical
characteristics of LPECIT in the absence (solid lines) and
the presence (lines with circles) of the limitation of the
induced current in the armature winding.
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Fig. 4. Electromechanical characteristics of LPECIT at operation
as an electromechanical accelerator at Cy: 0.5 mF (a)
and 2.5 mF (b)
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When using CES with capacity of Cy=0.5 mF,
the maximum current density in the inductor winding
is j1,=0.87 kA/mm’, and in the armature winding is
Joam=1.19 kA/mm? (Fig. 4,a), i.e. they are lower than when
LPECIT operates as a shock-power device. Accordingly,
the amplitude of the EDF is smaller: f;,=21.16 kN.

In the converter without current limitation in the
short-circuited armature winding, the maximum speed
v,=11.86 m/s by the end of the operating cycle is
practically not reduced, which provides the efficiency of
the electromechanical accelerator 7=14.24 %. The
temperature rise of the inductor winding is 6,=1.84 °C,
and the temperature rise of the armature winding
0,=2.02 °C. When using CES with -capacity of
Cy=2.5 mF, the maximum value of the current density in
the inductor winding is reduced to j,,=0.621 kA/mm?,
and in the armature winding to /,,=0.69 kA/mm’, EDF
to f2n=7.62 kN (Fig. 4,b).

By the end of the operating cycle, the temperature
rise of the inductor winding increases to 6,=2.6 °C, and
the temperature rise of the armature winding decreases to
0,=1.12 °C. The speed of the armature winding, reaching
the maximum value v,,=7.97 m/s, by the end of the
operating cycle is significantly reduced, amounting to
v,/=6.69 m/s. As a result, the efficiency of the converter,
reaching the maximum value 1,=5.29 %, by the end of
the operating cycle is reduced to 1=3.65 %.

In order to evaluate the effectiveness of LPECIT
when operating as an electromechanical accelerator, we
use the values of the relative reduction of speed
Av = IOO(VM -V, )v};l,%

and efficiency

An = 100(77m —77_,)77,;] ,% , as well as the relative criterion

s

* v . .
of efficiency K, = IOOW,% . As a basic variant we
]]m. zm 1

used CES with capacity Cy=0.5 mF in the absence of
current limitation in the short-circuited armature winding.

With increasing capacity C, from 0.5 to 5 mF
(Wy=500 J) and no limitation of the armature winding
current (smooth lines in Fig. 5), the maximum speed v,,,
decreases from 11.86 to 6.19 m/s, which leads to reduce
the maximum efficiency m, from 14.24 to 4.02 %,
increase the temperature rise of the inductor winding
0, from 1.84 to 2.87 °C and reduce the same value for the
armature winding 0, from 2.02 to 0.78 °C. The value of
the relative decrease in the speed of the armature winding
Av increases from 5.9 to 21.97 %. The value of the
relative decrease in efficiency 47 is manifested only after
increasing the capacity C, over 1 mF. It increases to
An=57 % at Cy=5 mF. The relative criterion of the
efficiency of the converter K| is almost doubled primarily

by reducing the amplitude of the current density in the
winding of the inductor j;,, from 870.1 to 551.5 A/mm?
and the amplitude of the EDF f,,, from 21.16 to 4.62 kN.
In the presence of current limitation in the armature
winding due to the connection of the diode VD (line with
circles in Fig. 5), the efficiency criterion K,* increases,

and to a greater extent with increasing capacity of the
energy storage. At Cy=5 mF and in the absence of a diode
K,*=2.01, and in the presence of a diode K,*=2.56. The
value of the relative decrease in efficiency 47 decreases
significantly. It occurs only after increasing the capacity
above C;=2.5 mF and increases to 47=28.86 % at Cy=5
mF. The maximum efficiency m, increases only in the
range of C, from 0.5 to 2.0 mF and equals to 1,=16.16 %
at Cy=0.5 mF. The temperature rise of the armature
winding 6, decreases, varying in the specified range from
1.48 t0 0.61 °C.

T, %, 8,°C
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0 f f f f f t t f
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0o - r r t f
05 10 15 20 25 30

35 4.0 CpmF 50

Fig. 5. Dependence of LPECIT performance at operation as an
electromechanical accelerator on the capacity of CES
at W=5001J

Thus, limiting the duration of the induced current in
the armature winding before changing its polarity by
connecting a rectifier diode to it increases the power
performance of LPECIT as a shock-power device and
increases the speed indicators of the converter operating
as an electromechanical accelerator.

Conclusions.

1.To eliminate the attractive EDF between the
windings of LPECIT, it is proposed to limit the duration
of the induced current in the armature winding before
changing its polarity by connecting a rectifier diode to it.
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2. When LPECIT operates as a shock-power device,
due to the attractive EDF the value of the moment of
these forces, reaching the maximum value, decreases by
the end of the operating cycle. When the duration of the
current in the armature winding is limited, the value of
the efficiency criterion, which takes into account
the EDF impulse, recoil force, current and heating
temperature of the inductor winding, increases (by
38.6 % at Cy=0.5 mF).

3. When LPECIT operates as an electromechanical
accelerator without current limitation in the short-
circuited armature winding, there is a decrease in speed
and efficiency, which takes into account the kinetic
energy and voltage of the CES at the end of the
operating cycle. When the induced current in the
armature winding is limited due to the connection of the
rectifier diode, the efficiency criterion increases, and the
temperature rise of the armature winding decreases. The
maximum efficiency increases only in the range from
0.5 to 2 mF, amounting to 16.16 % at C;=0.5 mF. The
relative decrease in efficiency from the maximum to the
final value decreases and occurs only after increasing
the capacity C, over 2.5 mF.

Conflict of interest. The authors of the paper
declare no conflict of interest.

REFERENCES
1. Balikci A., Zabar Z., Birenbaum L., Czarkowski D.
Improved performance of linear induction launchers. /EEE
Transactions on Magnetics, 2005, vol. 41, no. 1, pp. 171-175.
doi: https://doi.org/10.1109/TMAG.2004.839283.
2. Go B., Le D., Song M., Park M., Yu I. Design and
Electromagnetic Analysis of an Induction-Type Coilgun System
With a Pulse Power Module. IEEE Transactions on Plasma
Science, 2019, vol. 47, no. 1, pp. 971-976. doi:
https://doi.org/10.1109/TPS.2018.2874955.
3. Vilchis-Rodriguez D.S., Shuttleworth R., Barnes M.
Modelling Thomson Coils With Axis-Symmetric Problems:
Practical Accuracy Considerations. [EEE Transactions on
Energy Conversion, 2017, vol. 32, no. 2, pp. 629-639. doi:
https://doi.org/10.1109/TEC.2017.2651979.
4. Bolyukh V.F., Katkov LI. Cryogenic Cooling System
“KrioBlast” Increased Efficiency and Lowered the Operation
Time of Protective Electrical Induction-Induced Devices.
Proceedings of the ASME 2013 International Mechanical
Engineering Congress and Exposition. Volume 8B: Heat
Transfer and Thermal Engineering. San Diego, California,
USA. November 15-21, 2013. VOS8BT09A003. ASME. doi:
https://doi.org/10.1115/imece2013-62383.
5. Zhou Y., Huang Y., Wen W,, Lu J., Cheng T., Gao S.
Research on a novel drive unit of fast mechanical switch with
modular double capacitors. The Journal of Engineering, 2019,
vol. 2019, no. 17, pp- 4345-4348. doi:
https://doi.org/10.1049/joe.2018.8148.
6. Liu X., Yu X., Ban R, Li Z. Analysis of the Capacitor-
Aided Meat Grinder Circuits for an Inductive Pulsed Power
Supply. IEEE Transactions on Plasma Science, 2017, vol. 45,
no. 7, pp- 1339-1346. doi:
https://doi.org/10.1109/TPS.2017.2705179.
7. Kondratenko I.P., Zhyltsov A.V., Pashchyn N.A., Vasyuk
V.V. Selecting induction type electromechanical converter for
electrodynamic processing of welds. Technical

Electrodynamics, 2017, no. 5, pp. 83-88. doi:
https://doi.org/10.15407/techned2017.05.083.

8. Soda R., Tanaka K., Takagi K., Ozaki K. Simulation-aided
development of magnetic-aligned compaction process with
pulsed magnetic field. Powder Technology, 2018, vol. 329, pp.
364-370. doi: https://doi.org/10.1016/j.powtec.2018.01.035.

9. Gorodzha K.A., Podoltsev A.D., Troshchynckyi B.O.
Electromagnetic processes in pulsed electrodynamic emitter to
excite elastic vibrations in concrete structures. Technical
Electrodynamics, 2019, no. 3, pp. 23-28. (Ukr). doi:
https://doi.org/10.15407/techned2019.03.023.

10. Bolyukh V.F., Oleksenko S.V. The influence of the
parameters of a ferromagnetic shield on the efficiency of a linear
induction—dynamic converter. Russian Electrical Engineering,
2015, vol. 86, no. 7, pp- 425-431. doi:
https://doi.org/10.3103/S1068371215070044.

11. Puumala V., Kettunen L. Electromagnetic design of ultrafast
electromechanical switches. [EEE Transactions on Power
Delivery, 2015, vol. 30, no. 3, pp. 1104-1109. doi:
https://doi.org/10.1109/tpwrd.2014.2362996.

12. Bolyukh V.F., Schukin L.S., Lasocki J. Influence of the
initial winding displacement on the indicators of the
electromechanical induction accelerator of cylindrical
configuration. FElectrical Engineering & Electromechanics,
2021, no. 5, pp. 3-10. doi: https://doi.org/10.20998/2074-
272X.2021.5.01.

13. Niu X., Li W., Feng J. Nonparametric Modeling and
Parameter Optimization of Multistage Synchronous Induction
Coilgun. IEEE Transactions on Plasma Science, 2019, vol. 47,
no. 7, pp- 3246-3255. doi:
https://doi.org/10.1109/tps.2019.2918157.

14. Kondratiuk M., Ambroziak L. Concept of the magnetic
launcher for medium class unmanned aerial vehicles designed
on the basis of numerical calculations, Journal of Theoretical
and Applied Mechanics, 2016, vol. 54, no. 1, pp. 163-177. doi:
https://doi.org/10.15632/jtam-pl.54.1.163.

15. Angquist L., Baudoin A., Norrga S., Nee S., Modeer T.
Low-cost ultra-fast DC circuit-breaker: Power electronics
integrated with mechanical switchgear. 2018 IEEE International
Conference on Industrial Technology (ICIT), 2018, pp. 1708-
1713. doi: https://doi.org/10.1109/icit.2018.8352439.

16. Bolyukh V.F., Dan’ko V.G., Oleksenko S.V. The Effect of
an External Shield on the Efficiency of an Induction-Type
Linear-Pulse Electromechanical Converter. Russian Electrical
Engineering, 2018, vol. 89, no. 4, pp. 275-281. doi:
https://doi.org/10.3103/S106837121804003X.

17. Bolyukh V.F., Katkov LI. Influence of the Form of Pulse of
Excitation on the Speed and Power Parameters of the Linear
Pulse Electromechanical Converter of the Induction Type.
Volume 2B: Advanced Manufacturing, Nov. 2019, 8 p. doi:
https://doi.org/10.1115/imece2019-10388.

18. Bolyukh V.F., Shchukin LS. Influence of an excitation

(Ukr).

source on the power indicators of a linear pulse
electromechanical converter of induction type. Technical
Electrodynamics, 2021, mno. 3, pp. 28-36. doi:

https://doi.org/10.15407/techned2021.03.028.

19. Ljutenko L.A., Mikhailov V.M. Expansion of cylindrical
tubular workpieces on high-voltage magnetic-pulse installation
with controlled vacuum discharger. Electrical Engineering &
Electromechanics, 2021, mno. 3, pp. 42-46. doi:
https://doi.org/10.20998/2074-272X.2021.3.07

20. Bolyukh V.F., Kashanskyi Y.V., Shchukin I.S. Comparative
analysis of power and speed indicators linear pulse
electromechanical converters electrodynamic and induction

Electrical Engineering & Electromechanics, 2021, no. 6

9



types. Technical Electrodynamics, 2019, no. 6, pp. 35-42. (Rus).
doi: https://doi.org/10.15407/techned2019.06.035.

21. Bolyukh V.F., Vinnichenko A.I. Concept of an Induction-
Dynamic Catapult for a Ballistic Laser Gravimeter.
Measurement Techniques, 2014, vol. 56, no. 10, pp. 1098-1104.
doi: https://doi.org/10.1007/s11018-014-0337-z.

22. Bolyukh V.F., Omel’chenko A.V., Vinnichenko A.I. Effect
of Self-Seismic Oscillations of the Foundation on the Readout of
a Ballistic Gravimeter with an Induction-Dynamic Catapult.
Measurement Techniques, 2015, vol. 58, no. 2, pp. 137-142. doi:
https://doi.org/10.1007/s11018-015-0675-5.

Received 26.10.2021
Accepted 27.11.2021
Published 03.12.2021

How to cite this article:

V.F. Bolyukhl, Doctor of Technical Science, Professor,

LS. Shchukinz, PhD, Associate Professor,

!"National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

e-mail: vibolyukh@gmail.com (Corresponding Author)

2 Firm Tetra, LTD,

18, Gudanova Str., Kharkiv, 61024, Ukraine,

e-mail: tech@tetra.kharkiv.com.ua

Bolyukh V.F., Shchukin L.S. Influence of limiting the duration of the armature winding current on the operating indicators of a linear
pulse electromechanical induction type converter. Electrical Engineering & Electromechanics, 2021, no. 6, pp. 3-10. doi:

https://doi.org/10.20998/2074-272X.2021.6.01.

10

Electrical Engineering & Electromechanics, 2021, no. 6



