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The purpose of the article is to study the influence of geometric parameters and the location of a coaxially located elec-
trically conductive element (ECE), made in the form of a thin-walled disk, ring or hollow cylinder, on the characteris-
tics and performance of an induction-type linear pulse electromechanical converter (LPEC). A mathematical model has
been developed that describes the electromechanical and thermal processes in an induction-type LPEC using the con-
centrated parameters of active elements. It is shown that the ECE, coaxially mounted near the inductor winding, has a
negative effect on the performance of the LPEC. The smallest value of the converter efficiency of 6.1% occurs when
ECE is used in the form of a thin copper disk 0.5 mm high, in which the radial dimensions are similar to the sizes of the
windings of the inductor and the armature installed at a minimum distance from the inductor. Moreover, the tempera-
ture rise of the electrically conductive element is maximum and equal to 51°C. With an increase in the thickness of the
ECE and with its removal from the inductor, the efficiency of the LPEC increases, and the excess of the temperature of
the ECE decreases. When removing a disk ECE with a height of 1.0 mm at a distance of 10 mm from the inductor, the
efficiency of the LPEC is 12.6%, and the excess of the ECE temperature is 6 °C. References 14, figures 6.
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Introduction. Linear pulse electromechanical converters (LPEC) are designed to accelerate the ac-
tuator to high speed in a short section or to create powerful power pulses. LPECs are used in many branches
of science, engineering and technology as electromechanical accelerators and shock-force devices. In con-
struction, electromagnetic hammers and perforators are used, in the mining industry - butters and vibrators,
in geological exploration — vibration sources, in mechanical engineering - hammers with a large range of im-
pact energy and devices for electrodynamics’ processing of welded joints, in the chemical and biomedical
industry — vibration mixers, etc. [7-9, 12]. LPECs are used in test complexes for testing critical equipment
for impact loads, in high-speed electric devices, in magnetic pulse devices for pressing ceramic powders, for
cleaning containers from sticking bulk materials, as a catapult for ballistic gravimeters or launching un-
manned aerial vehicles, in devices ultrafast cooling of biological objects, etc. [3, 5, 6, 10].

The most widely used are LPECs of induction type, which, as a rule, have a coaxial configuration
and are excited from a capacitive energy storage device (CESD) [2, 4]. In the design of such a converter
there are various elements that ensure its functioning: support, mounting, guides, return, shielding, protec-
tive, etc. [1, 4, 14, 13]. These metal elements, as a rule, influence the performance and performance of an
induction-type LPEC. A particularly strong effect arises when the electrically conductive element is located
near the LIEC inductor. However, the influence of both the geometric parameters of the specified electrically
conductive element (ECE) and its relative position relative to the inductor has not been studied.

The purpose of the article is to determine the influence of geometric parameters and the location of
a coaxially located electrically conductive element, made in the form
of a thin-walled disk, ring or hollow cylinder, on the characteristics
and performance of an induction-type LPEC.

Mathematical model of LPEC. Consider the constructive
scheme of an induction-type LPEC containing active elements: a
fixed inductor /, an accelerated armature 2, and an electrically con-
ductive element 3 (Fig. 1). An armature provides movement of the
actuator 4 along the z axis. The inductor is made in the form of a
multi-turn winding connected to the CESD. The armature is made in
the form of a multi-turn short-circuited winding. ECE 3 is made in
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the form of a thin-walled disk, ring or hollow cylinder made of conductive material. ECE is coaxially located
relative to the inductor at a distance Az;; and is made with external D;,, and internal Ds;, diameters and axial
height H;.

We assume that the coaxially mounted fixed inductor and accelerated armature contain multi-turn
disk windings that are tightly wound in two rows of copper bus. Consider a mathematical model of an induc-
tion type LPEC, in which the concentrated parameters of the active elements are used - the fixed winding of
the inductor (WI), the moving winding of the armature (WA) and the stationary ECE. The chain model
makes it possible to quickly calculate the LPEC indicators while varying various parameters and the location
of the ECE [11]. Consider a mathematical model that describes electromagnetic processes in an induction-

type LPEC using lumped parameters of active elements:
t
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where p=1, 2, 3 are the indices of WI, WA and ECE, respectively; R,(7,), L,, i,, T, are the resistance, induc-
tance, current and temperature of the p active element, respectively; Ma(z), M13, Ma3(z) are the mutual in-
ductances between the corresponding p™ active elements; v(f) is the velocity of the WA relative to the WI
along the z axis.

The joint solution of equations (1) — (3) after a series of transformations allows us to reduce them to
a single differential equation (for fixed values of the parameters R,(7},), Mi»(z), M»3(z) 1 vy(£)):
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The characteristic equation of the differential equation (4)
ax* +ax’ +a,x’ +ax+a, =0 (5)
by means of a replacement @ = x + 0,254, / a, it is translated into the reduced form with a cubic resolvent:
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where ¢ =¢q, — ql2 /3; 0=2- qf /27-q,-q,/3~- q32 , less than zero, then using the trigonometric solution of
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equation (6), we get:

In this case, the roots of equation (5) are equal to:
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where /=1, 2, 3, 4.

If all the roots (9) are real, then for the currents in the p™ active elements of the LPEC you can write:
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If the discriminant of resolvent (7) is greater than zero, then using the Cardano solution for equation
(6), we get one real and two complex conjugate roots:

@ =p+{-q /3, @,,=0% )y, (11)
where ¢ =3/-050+/D ; (=3/-050--/D ; §=-05-(p+)—q,/3; y=05-/3(p-¢).

In this case, the roots of equation (5) have the form:
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If x; and x, are real and different, then the currents in the pth active elements can be represented as:
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The movement of the armature relative to the inductor can be represented as a recurrence relation:
2

[1]

At . dMlZ . szs .
h(t,.,)="h(t)+v,(t)At+ i(t) +i,(t)—= |i,(t,) - K,v,(t,) -
2(m2 + mﬂ) dz dz
-0,125- ﬂ'ﬂayaDZva(tk)zKPhZ(tk):| ’ (14)

where m,, m, are the mass of the inductor and actuator, respectively; v, is the speed of movement of the ar-
mature relative to the inductor; Kp is the coefficient of elasticity of the return element (spring); Kt is the co-
efficient of dynamic friction; j, is the density of the moving medium; g, is the drag coefficient; D,,, is the
largest outer diameter of the WA or actuator; At =¢,,, —¢, is the calculated time step.

The temperature of the p™ active element in the absence of thermal contact between them can be de-
scribed by the recurrence relation [7]:
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where ;(* = exp{— O,25AtDpexa ¢! (T y ) )/;1 }; Dyey, Dy, are the outer and inner diameters of the pth active ele-

p~p
ment, respectively; oy, is the heat transfer coefficient of the p™ active element; ¢, 1s the heat capacity of the
p™ active element.

The initial conditions of the mathematical model: 7,,(0)=Tj is the temperature of the p™ active ele-
ment; i,(0)=0 is the current of the p™ active element; u,(0)=Uj is the charge voltage of the CESD; Azy=1 mm
is the distance between the WI and WA; v,(0)=0 is the velocity of the armature along the z axis.

We will evaluate the efficiency of the induction-type LPEC with the following indicators: the largest
instantaneous value f;,, of electrodynamic forces (EDF) — “EDF f;,,” and the largest impulse value F, EDF —
“EDF F.”, the highest values of armature speed v, and efficiency # with minimal excess temperatures of the
p" active elements 0, Instantaneous value of EDF acting on WA:

M dM ’
(1) dzlz (2)+i, dzB (Z)j; F, = Ifz(z,t)dt; n= [(m2 +m, V2 +KPh22]C71U072; 0,=T,—T.
0
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Efficiency # is the ratio of mechanical energy to the initial energy of the CESD W, =0,5C Ug . The
mechanical energy developed by the converter consists of the kinetic energy of the moving elements (arma-

ture and actuator) W, =0,5(m,+m, )vi(t) and the compression energy of the return spring
W, =05K,h(t).

Let us consider the LPEC in which the WI (p=1) is tightly wound with a copper busbar section
a;xb=4.8x1.8 mm?, and the WA (p=2) is tightly wound with a copper busbar section a,xb,= 1,4x0,9 mm®.
WI and WA are made with the same radial dimensions: outer diameter D,=D>.,,=100 mm, inner diameter
D;,=D,;,=10 mm. The axial height of the WI is H;=10 mm, and axial height of the WA is H,=3 mm. CESD
has the following parameters: capacitance C=250 uF, voltage Uy=3 kV. The coefficient of elasticity of the
return spring Kp=25 kN/m. The mass of the actuating element m,=0.25 kg. We will consider electromagnetic
processes in the case of a free discharge of a CESD at WI.

Electromechanical indicators LPEC. Let us consider the effect of ECE (p=3), made in the form of
a thin copper disk with an axial height H;=1 mm, whose radial dimensions are equal to the same dimensions
of the WI and WA, the established distance Az;;3=(2.5 ... 10.0) mm from the WI.

When W1 is excited from the CESD, the currents in the active elements change according to the vi-
bration-damping law. If the disk ECE is located at a distance Az;3=2.5 mm from the WI, then the maximum
current densities are: in the WI j,,=893.8 A/mm’, in the WA j,,=1548.2 A/mm®, in the ECE j3,=3320,1
A/mm? (Fig. 2, a). In this case, the EDF f£,=66.97 kN and the EDF F.=9.6 N's. The electrodynamic forces
are in the nature of almost two consecutive pulses, and the amplitude of the second pulse is significantly
lower than the amplitude of the first, both because of a decrease in currents and because of a weakening of
the magnetic coupling between the WA and WI. The speed of the armature together with the actuating ele-
ment is »,=21 m/s, which determines the efficiency of the converter #=8.95%. During the operation of the
LPEC, the active elements are heated to the end of the working cycle. The smallest temperature rise occurs
in WI 6,=0.75°C, stronger in WA 0,=1.7°C and the highest in ECE 6;=19.0°C.

When the disk ECE is removed from the WI by a distance of Az;3=10 mm compared to the option
considered above (Az;3=2.5 mm), the period of damped current oscillations increases. In this case, the fol-
lowing changes in the performance of the LPEC are occurring (Fig. 2, b). The maximum current density in
the W1 jj,, decreases by 15.8%, while the maximum current density in the WA j,,, on the contrary, increases
by 4.7%. There is a significant (93.4%) decrease in the maximum current density in the energy efficiency
J3m-. Due to this change in currents in the active elements EDF £, increases by 6.7% and the EDF F, in-
creases by 18.6%. The increase in power indicators determines the increase in the speed of the armature to-
gether with the actuating element v, by 18.6%. As a result of this, the efficiency of the converter # increases
by 40.6%. A change in current loads causes a change in the heating temperature of the active elements by the
end of the working cycle. The temperature rise of the WI 0; decreases by 13.6%, the temperature rise of the
WA 8, increases by 29.4% and, importantly, there is a significant (3.13 times) decrease in the temperature
rise of the ECE 05.
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Figure 3 shows the dependence of the main performance indicators of the LPEC on the relative value
of the axial displacement of the disk ECE from the WI Az, = Az,;/ H,. An almost monotonous change in

the main LPEC indicators in the range Az, (0,25...1,0) can be noted. An exception is the behavior of the

efficiency #, which varies significantly in the range Az, < (0,25...0,5), while in the range Az, <(0.5...1,0)

it practically does not change.
Consider the influence of the axial height H; of the disk ECE on the main indicators of the LPEC

when it is located at a distance Az ; =0,1 from the WI. Fig. 4 shows the dependences of the main LPEC in-

dicators on the relative height of the disk ECE H; = H,/H,. With an increase in the parameter H, from

0.05 to 0.2, the maximum current density in theWI jj,, decreases by 5.3%, the maximum current density in
the WA j,,, decreases by 1.7%. Thus there is a significant (3.2 times) reduction in the maximum current den-
sity in ECE js,. Due to this change in currents of the active elements EDF f,,, decreases slightly (by 1.9%),
while the EDF F, increases to a greater extent (by 28.8%). An increase EDF F, causes an increase in the
speed of the armature together with the executive element v, by 29.8%, which in turn leads to a significant
increase in the efficiency of the converter # (by 68.5%). The change in current loads causes a significant
change in the heating temperature of the active elements by the end of the working cycle. The temperature
rise of the WI 0, increases by 2 times, the temperature rise of the WA 0, increases by 53.8% and the tem-
perature rise of the ECE 0; decreases many-times (5.9 times).

Let us evaluate the effect of the average diameter of an ECE made in the form of a thin (/#;=1 mm)
ring with a width Ad, = 0,5(D,,, — Dy,,)=10 mm. The relative value of the average diameter of the ring ECE

is presented in the form d; =0,5(D,,, + D;,, )/ D

3ex lex *

the LPEC on the value d; of the ECE when it is located at a distance Az ; = 0,1 relative to the WI.
As follows from the presented calculation results, with a decrease in the average diameter of the ring

Fig. 5 shows the dependences of the main indicators of

ECE in the range d; c (0,9...0,5), the maximum current density slightly decreases in the W1 j,,, and increases
in the WA j,,.. However, the maximum current density in ECE has the largest value j3,=5.78 kA/mm? with an
average value of its diameter (d; =0.7). With such a diameter, the following values are provided: armature
speed v,=20.4 m/s, EDF £,,=73 kN, EDF F,=9.25 N-s and efficiency #=8.31%. But with an average value of the
ECE diameter (d; =0.7), the excess of its temperature is the largest 6;=46.6°C. Thus, it is a ring ECE with an

average diameter value d; =0.7 that most negatively affects the performance of the LPEC.
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Let us consider the effect of the arrangement of the ECE made in the form of a thin-walled

(Ds,, = Dy;, +2mm) cylinder with an axial height H;=H,, installed outside the WI and WA with an inner
diameter D,;,, = D,,. +2mm. Fig. 6 shows the effect of the relative value of the axial displacement of the

cylindrical ECE from the WI Azl*3 on the LPEC indicators. The most strongly ECE affects the performance

of the LPEC when it is located opposite the WI (Az;k3= 0.9 ... 1.1). With this arrangement of the cylindrical

ECE, the largest values of the maximum current density in the WI j;,=823 A/mm? and in the ECE J3m=3.93
kA/mm’ appear, but the lowest values EDF F.= 9.38 N-s, the armature speed v,=20,77 m/s and efficiency

7n=8.54%. In this case, the temperature rise of the WI is minimum 6,=0.6°C and the temperature rise of the
ECE is maximum 0;=22.9°C.
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Thus, the electrically conductive element coaxially installed near the WI has a negative effect on the
performance of the induction-type LPEC. The lowest value of the converter efficiency #=6.1% arises when
using ECE in the form of a thin copper disk with a height of H;=0.5 mm, in which the radial dimensions are
similar to the dimensions of the WI and WA installed at a minimum distance from the WI Az;3=1.0 mm. For
such ECE the temperature excess at the end of the working cycle is maximum 6;=51°C. With increasing
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thickness of the disk ECE, as well as when it is removed from the WI, the efficiency of the converter in-
creases, and the heating temperature of the ECE decreases. So, when a disk ECE with a height of H5=1.0 mm
is removed by a distance Az;3=10 mm from the WI of the converter efficiency #=12.6%, and its temperature
excess 1s 0;=6°C.

Conclusions. 1. A mathematical model has been developed using the lumped parameters of active
elements, which describes the interconnected electromechanical and thermal processes in an induction-type
LPEC in the presence of a coaxially installed ECE.

2. It was found that the electrically conductive element, coaxially located near the inductor winding,
has a negative effect on the performance of the LPEC.

3. The highest value of the converter efficiency of 12.6% occurs when the disk ECE is removed at a
significant (over 10 mm) distance from the inductor winding. In this case, the excess temperature ECE is
minimal.

4. When the disk ECE approaches the inductor winding and its thickness decreases, the efficiency of
the converter decreases, and the excess of the ECE temperature rises. The smallest value of the converter
efficiency of 6.1% occurs when EE is used in the form of a thin copper disk 0.5 mm thick, in which the ra-
dial dimensions are similar to the sizes of the windings of the inductor and the armature installed at a dis-
tance of 1.0 mm from the inductor. In this case, the excess of the ECE temperature is 51°C.

The work was done on the state budget theme "Improvement of technical systems and devices due to impulse electrome-
chanical converters and electrophysical technologies". State Registration Number: 0117U004881. (01/01/2017 -
31/12/2018).
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BJIMSTHUE SJIEKTPOIMTPOBO/JHOTI'O SJIEJIEHTA HA ITIOKA3ATEJIM UMITYJbCHOI'O
SJIEKTPOMEXAHUYECKOT'O TIPEOBPA3OBATEJISI UTHAYKIIMOHHOT' O TUIIA

B.®. Bo10x, TOKT. TEXH. HayK

HanmoHaJbHBI TeEXHHYECKNd YHHUBEPCHTET «XaPbKOBCKHI MOJNTEXHHYECKHI HHCTUTY T,

yia. Kupnnuesa, 2, XapbkosB, 61002, Ykpaunna, e-mail: vfbolyukh@gmail.com

Lenvio cmambu s18151€MCsi UCCIEO0BAHUE BIUSIHUSL 2EOMEMPUYECKUX NAPAMEMPOS U PACTIONONCEHUST KOAKCUATILHO pac-
NOJOHCEHHO20 INIeKMPONP0800aue20 diemeHma (33), 8bINOIHEHHO20 8 81l0e MOHKOCMEHHO020 OUCKA, KOAbYd UL NOL0-
20 YUNUHOPA, HA XAPAKMEPUCUKY U NOKA3AMenU TUHENHO20 UMNYIbCHO20 DNEKMPOMEXAHULECKO20 npeobpasosamens
(JIUDII) undyrkyuonnozo muna. Pazpabomana mamemamuieckas mMooeib, KOMOPAs ONUCLIGAEM IEKMpoMexanuye-
ckue u menaosvle npoyeccol 6 JIMIII uHOYKYUOHHO20 MUNA C UCNOTLIOBAHUEM COCPEOOMOYEHHBIX NAPAMEMPOS AK-
mueHwIx dnemenmos. Iloxazano, umo D3, KOAKCUANLHO YCMAHOBIEHHbIU 601U3U 0OOMOMKU UHOYKMOPA, OKA3bIBAem He-
eamueHoe enusnue na noxazamenu JIMIII. Haumenvwee snauenue KII/[ npeoopaszosamens 6,1 % eosnuxaem npu uc-
noavzosanuu 33 6 6Ude MOHKO20 MEOH020 Oucka gvicomoti 0,5 mm, y Komopozo paouaivHvle pasmepsbl AHAL02UUHbL
pazmepam 0OMOmMoK UHOYKMOPA U SIKOPsl, YCMAHOGLEHHO20 HA MUHUMATIbHOM PAccmostiuy om undykmopa. [lpu smom
npesbluleHIe MeMNepamypbl INEKNMPOnPo8odsiue2o siemenma makcumanvio u pasno 51°C. Ilpu yeenuuenuu moauHbl
30 u ezo yoanenuu om unoyxmopa KII/[ JINOII nosviwaemcs, a npegvlienue memnepamypsl I3 cHudcaemces. llpu
yoaneHuu ouckogozo I3 evicomou 1,0 mm Ha paccmosuue 10 mm om undykmopa KIIJ JIUIII pasno 12,6%, a
npesviuerue memnepamypoi 32 paeno 6°C. bubn. 14, puc. 6.

Knrouesvie cnosa: TMHEHHBIA UMITYJILCHBIN JIEKTPOMEXaHHUECKUI PpeoOpa3oBaTelib MHAYKIIMOHHOTO THIIA, JJICKTPO-
MPOBOIAIININ 3JICMEHT, MATEMAaTHYECKask MOJICIIb, SJIEKTPOMEXaHUYECKUE M TEILIOBBIC MTPOIIECChHI U TIOKA3aTeIH.

YK 621.313:536.2.24:539.2

BILIMB EJEKTPOIPOBIJTHOT'O EJTEMEHTY HA TIOKA3HUKHA JIHIMHOIO

IMITYJIbCHOI'O EJIEKTPOMEXAHIYHOI'O IEPETBOPIOBAYA IHAYKI[IMHOIO TUITY

B.®. Bos1ox, TOKT. TEXH. HayK

HanionaibHuii TexHiyHni yHiBepcuTeT «XapKiBCcbKHIl MOTiTeXHIYHUHA IHCTHTY T,

ByJ. KupnunuoBa, 2, Xapkis, 61002, Ykpaina, e-mail: vfbolyukh@gmail.com

Memoto cmammi € 00ciOAHCeH s 6NAUBY 2COMEMPUYHUX NAPAMEMPIG | POZMIUJEHHSI KOAKCUATLHO PO3MAULOBAHO20 elle-
kmponpogionozo enemenmy (EE), sukonanozo y eunsidi mOHKOCMIHHO20 OUCKY, KIbYsi aO0 NOPOICHUCIO20 YUTIHODY
HA XApaKmepucmuKky ma nOKA3HUKY TiHIIHO20 IMIYIbCHO20 eleKmpomexaniuno2o nepemsopiogaya (JIIEI) inoykyitino-
20 muny. Po3pobreno mamemamuuny mooens, Axka onucye eiekmpomexaniyni ma mennosi npoyecu 6 JIEII inoyk-
YiliHo20 Muny 3 GUKOPUCMAHMAM 30cepeddicenux napamempie axkmueHnux enemenmis. Iloxasano, wo EE, akuil
KOAKCIaNbHO 8CMAHOGAEHUN NOOIU3Y 0OMOMKU THOYKMOPA, 30ilCHIOE HeeamugHull enaue Ha noxazvuxu JIEII Haii-
menwe 3uavennss KK/ nepemsopiosaua 6,1% eunukae y pasi euxopucmanusi EE y euenaoi monkozo MioHo2o OuUcky 6u-
comoro 0,5 mm, y K020 padianbHi po3mipu aHAL02TUHI po3MIpAM 0OMOMOK THOYKMOpA ma AKOps, 8CIAHOBIEH020 HA
MIHIManvHil giocmani 6i0 iHOykmopa. Y yvomy pasi nepesuwyenns memnepamypu EE maxcumanshe i oopienioe 51°C.
3a 3binvwenuam moswunu EE ma tioco siodaneni 6i0 inoykmopa KKJI JIIEII niosuwyyemscs, a nepesuiyenus
memnepamypu EE smenuwiyemoca. V pa3si giodanensa ouckosozo EE sucomoro 1,0 mm na giocmans 10 mm 6i0 indykmopa
KIIJ] JIIEII oopisnioe 12,6%, a nepesuwenna memnepamypa EE — 6°C. bi6n. 14, puc. 6.

Kniouoei cnoga: niHiiHu{ IMITyJIbCHUH €JIEKTPOMEXaHIYHUH MEepeTBOPIOBAY IHAYKUIHHOIO THILY, €JIEKTPOIPOBIIHUNA
€JIEMEHT, MaTeMaTHYHa MOJICIIb, CIEKTPOMEXaHIUHI Ta TEIJIOBI MPOIECH Ta TOKA3HHUKH.

Pobomy eukoHano 3a 0epaHcOr0NCemHOr MeMOor « YOOCKOHANeHHs MEeXHIYHUX cucmem ma npucmpois 3a pa-

XYHOK IMAYIbCHUX eleKMPOMEXAHIYHUX Nepemsoproeayie ma eiekmpogizuunux mexnonoeiuy. Homep Oepoicasnoi pe-
ecmpayii: 0117U004881.
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