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EXCITATION WITH A SERIES OF PULSES OF A LINEAR PULSE
ELECTRODYNAMIC TYPE CONVERTER OPERATING IN POWER AND HIGH-SPEED
MODES

Purpose. The aim of the article is to increase the efficiency of linear pulse electrodynamic type converter (LPEC) when operating
in high-speed and force modes by reducing the amplitude of the recoil force by exciting its windings with a series of pulses from
the capacitive energy storage (CES). Methodology. Using the LPEC mathematical model, in which the equations describing the
interconnected electrical, magnetic, mechanical and thermal processes are presented in a recursive form, the electrodynamic and
electromechanical characteristics of LPEC are simulated by excitation by a single and a series of pulses from CES sections.
Results. It was found that when a single pulse is excited by an LPEC operating in a high-speed mode, in which the armature
accelerates the actuator, compared with the force mode in which the armature is inhibited, the current amplitude in the windings
decreases by 7.5 %, and the amplitudes of electrodynamic force (EDF) — by 21.8 %, impulse values of EDF — by 27.1 %. In this
case, the armature winding with the actuating element accelerates to a speed of 7.1 m/s. When excited by a series of pulses from
the same sections of the CES during LPEC operation in the force mode, the amplitudes of the current pulses and the EDF are
practically unchanged, and when operating in high-speed mode, the amplitudes of the currents and the EDF gradually decrease.
Both in power and in high-speed operating modes, an increase in the number of excitation pulses while conserving the energy of
the CES leads to a decrease in the main indicators of LPEC. But by reducing the amplitude of the EDF, which manifests itself as
a recoil force, the efficiency of LPEC increases. Originality. It is shown that the excitation of LPEC by a series of pulses increases
the efficiency of LPEC when operating in high-speed and power modes, providing a minimum amplitude of the EDF, which
determines the recoil force acting on the inductor winding. Practical value. For LPEC operating in high-speed mode, it is
proposed to reduce the maximum current amplitudes and EDF due to the sequential increase in capacitances of sections of the
CES, forming a series of excitation pulses. For LPEC, operating in force mode, it is advisable to use the same capacities of all
sections of the CES. References 22, figures 9.

Key words: linear pulse electrodynamic type converter, mathematical model, high-speed and force operation mode, excitation
by a series of pulses, recoil force, efficiency criterion.

Ilpedcmaenena mamemamuuna mooens JHHINHOZ0 IMRYTbCHO20 nepemeoprosaua enekmpoounamiunozo muny (JIIIET), ¢ axiii
Ppilienna pieHAHb, WO ORUCYIOMD 63ACMON0B'A3AHI eNeKmpuyHi, MazHimHi, Mexaniuni ma mennoei npoyecu, nOOaHi 6
pexypenmuomy euznaoi. /locnioxnceno enekmpomexaniuni i enekmpoounamiuni xapakmepucmuxu JIIIIET npu pooomi e
WIBUOKICHOMY pedcumi, uio 3a06e3neuye NPUCKOPEHHA 00MOMKU AKOPA 3 GUKOHAGUUM eJlIeMEHNOM, Md 8 CUNI0BOMY pedcuMi npu
3azanvmosaniii 0omomui axopa. Iokazano, wo npu 30yoxcenni oounounum imnyavcom JIIIET, akuii npaytoe 6 wiuoKicHomy
pexcumi, 8 NOPIGHAHHI 3 CUTIOBUM PENHCUMOM, 6I0OYEACMbCA 3MEHUIEHHA AMNIImYyOu cmpymy 6 oomomkax na 7,5 %, amnaimyou
enekmpoounamiynux 3ycunv (E/J3) — na 21,8 %, 3nauennsn imnynvcy EJ/I3 — na 27,1 %. Ilpu uyvomy obmomka akopsa 3
GUKOHAGUUM elleMeHMOM pPO32anacmyca 00 wieuoxkocmi 7,1 m/c. Ilpu 36yoxcenni cepicto imnynvcie 6i0 0OHaKogux ceKuiil
emnicnozo nakonuuyeaua euepeii (EHE) ma pooomi JIIIIET 6 cunoeomy pexcumi amnaimyou imnynvcie cmpymy i E/[3
NPAKMUYHO He3MIHHI, a npu pooomi 6 WEUOKICHOMY pexcumi 6i00yeacmuvca NOCAI006HEe 3MEHUIEHHA WUX AMRIImYo.
3binvuenna Kinokocmi imnynscie 30y0icennsa npu 3oepescenni enepzii EHE npu3eooums 00 3meHuenHA 0CHOGHUX NOKA3HUKIB
JIIIET. Ane 3a paxynox 3menwienua amnaimyou EJ[3, aka nposasnaemovca ak cuna eiodaui, egpexkmusnicmy JIIIIET
3oinvuiyemoca. Jna JIIET, wo npauioc 6 wiguoKicnomy peixcumi, 3anpoOnoOHOEAHO 3MEHUIEHHA MAKCUMAIbHUX AMRIImMYyo0
cmpymy i EJ[3 3a paxynok nocnioosnozo 36inbuennsn emnocmeii cexyiii EHE, aki gpopmyroms cepii imnynvcie 30y0xncennsn. /[ns
JIIIET, wo npauroe 6 cunogomy pexcumi 00OUiibHo 6UKOPUCHO8Y8amuU 00HaAK06i emnocmi écix cexuiti EHE. Bion. 22, puc. 9.
Kniouosi cnosa: niniiiHui iMnyJbCcHUN NepeTBOPIOBAY €JIEKTPOAMHAMIYHOIO THIy, MaTeMaTH4YHA MOJeJb, WIBMAKICHUN i
CUJIOBUH pesKUM podoTH, 30y/I:KeHHs cepicro iMny.abceiB, cuiia Biiayi, kpurepiii eekTuBHOCTI.

Ilpeocmasnena mamemamuueckas Mooens JUHENHOZ0 UMNYIbCHOZO0 Npeodpazosamenn INEeKMPOOUHAMUYECKOZ0 MUNA
(IHIIZT), 6 komopoii pewienua ypasnenuii, ORUCLIBAIOUUX 63AUMOCEA3AHHbIE IIeKMPUUeCKUe, MACHUMHble, MeXaHuyecKue u
mennogvle npoyeccol, npedcmagnensvl ¢ pekyppeumuom guoe. Hccnedosanvl anekmpomexanuueckue u 11eKmpooOuHamuiecKue
xapakmepucmuxku JIHIIDT npu pabome 6 cropocmuom pedxcume, odecneuusaruiem yYcKOpeHue O00MOMKU AKOpA C
UCHOJIHUMENILHBIM DJIEMEHMOM, U 6 CUN08OM pedcume, Ko20a o0momka akopa 3amopmoxcena. Ilokazano, umo npu
6030yscoenuu 00unounvim umnyavcom JIUIIIT, pabomarouiezo 6 CKOpOCMHOM pexcume, N0 CPAGHEHUIO C CUTOBLIM PEHCUMOM
npoucxooum ymeHvuieHue amMnaumyosl moxka ¢ oomomxax na 7,5 %, amnaumyowt snekmpoounamuyeckux ycunui (/1Y) — na
21,8 %, 3nauenus umnynvca Y — na 27,1 %. Ilpu smom 06MomKa AKopa ¢ UCHOJIHUMEILHBIM ITIEMEHMOM PA3ZOHACCA 00
cxkopocmu 7,1 m/c. Ilpu 60306yscoenuu cepueit umMnyapcoe om 00UHAKOBBIX CEKUUIl eMKOCMHO020 Hakonumens Inepeuu (EH3) u
pabome JIHIIIT 6 cunoeom pescume amnaumyosvt umnyiabcoé moxa u /Y npakmuuecku HeusmeHHvl, a npu padome 6
CKOPOCHIHOM pedicume npoucxooum nocnedosamenbHoe ymenovuieHue amnaumyo mokoe u /Y. Yeenuuenue xonuuecmea
UMRYIBCOB 8030ydcoenus npu coxpanenuu ynepeuu EHD npueooum k ymenvuienuto ocnoenwvix nokasamenei JINIIIT. Ho 3a
cuem ymenvuienun amnaumyost /1Y, komopasa nposasnsemca Kak cuna omoayu, rppexmuenocmy JIUIIIT yeenuuueaemcs.
[na JIHTIIT, pabomarowiezo 6 CKOpOCMHOM pexcume, NPedioHceHo YMEHbUIeHUEe MAKCUMANbHBIX amnaumyd moka u /1Y 3a
cuem nocneoosamensvHozo ygenuvenun emxocmeii cexyuit EH3J, popmupyrowjux cepuu umnynvcoe 6036ysycoenus. /na JIHIIT,
padomarouiezo 6 cun0680M peicume, 4eaecoodpaIno ucnonNb306ams 00UHaKosble emKkocmu ecex cexyuii EHD. bubn. 22, puc. 9.
Kniouesvie cnosa: NMHeWHHbI HMIYJbCHBI Npeodpa3oBaTelb 3JeKTPOAUHAMHYECKOro THIIA, MaTeMaTHYeCKass MoJelb,
CKOPOCTHO¥ M CHJIOBO pe:knM padoThl, BO30y:KIeHHe cepueii HMITyIbCOB, CHJIA 0TAa4H, KpuTepuii 3pdexTHBHOCTH.
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Introduction. Linear pulse electrodynamic type
converters (LPEC) are widely used to accelerate the
actuator (A) to high speed in a short active section and to
create powerful force pulses on the target with a slight
movement of the A [1-3]. Such converters operating in
both high-speed and force modes are widely used in many
branches of science and technology as electromechanical
accelerators of A and shock-force devices [4, 5].

As the analysis shows, LPECs have improved force
and speed indicators compared to inductive and
electromagnetic converters which are also widely used for
similar applications [6].

In the induction-type converter, the armature is
made in the form of a single or multi-turn short-circuited
winding, in which current is induced from the inductor
winding. However, due to the phase shift between the
currents in the windings of the inductor and the armature,
in addition to the electrodynamic forces of repulsion,
parasitic attractive forces also arise. As a result, the
efficiency of such a converter decreases [7].

An electromagnetic type converter has an armature
made ferromagnetic and an electromagnetic force of
attraction acts on it from the side of the inductor winding.
However, due to the physical properties of a
ferromagnetic, in such a converter electromagnetic
processes are slow in nature with relatively low force
amplitudes. This also leads to low efficiency of the
electromagnetic type converter, especially when operating
in high-speed mode [8].

LPEC contains a movable armature winding (AW),
which electrodynamically interacts with the stationary
indictor winding (IW) [9, 10]. These windings are usually
connected in series and are excited from a capacitive
energy storage device (CES). Since both windings are
wound counterclockwise in  magnetic field,
electrodynamic repulsive forces (EDF) arise between
them. LPEC windings are multi-turn in the form of disks
coaxially mounted opposite each other (Fig. 1).
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Fig. 1. LPEC diagram:
1-1IW,2-AW,3-A, 4 —stop, 5 - CES

In the high-speed mode of operation, under the
influence of the repulsion EDFs, the AW along with the A
axially moves relative to the IW along the z axis with
speed v.. However, these same EDFs also affect IW,
which leads to the appearance of the recoil force of the
LPEC. The recoil force negatively affects the functioning
of the converter in many technical objects and systems,

reducing their mechanical reliability. For a number of
applications, for example, riveting, grooving, marking and
other manual percussion instruments, for launch systems,
for example, catapults for unmanned aerial vehicles,
various autonomous starters, and others, the recoil force
negatively affects both the device itself and the operating
personnel [11]. The recoil force is especially negative in
various measuring devices. For example, in a ballistic
laser gravimeter designed to measure the acceleration of
gravity, an electromechanical catapult is used, which
provides a vertical toss of the A — an angular optical
reflector [12]. This reflector is an integral part of the
measurement system of a Michelson laser interferometer.
The recoil force arising during the tossing of the A causes
autoseismic oscillations, which reduce the accuracy of
measuring gravitational acceleration [13].

Recently, studies of linear pulsed electromechanical
converters have appeared, for the excitation of which
from the CES various shapes of current pulses generated
by electronic devices are used [14]. Of interest is the
excitation of a linear electromechanical induction-type
accelerator with superconducting magnets by a series of
rectangular pulses [15, 16]. This excitation system is used
to recover part of the energy in the power source.

A method of excitation of a linear electromechanical
accelerator of induction type by a series of consecutive
pulses from sections of the CES is known [17]. However,
in this accelerator, each section of the CES is connected
to its section of IW, which are offset from each other
along the axis of movement of the electrically conductive
armature. However, if the IW is made non-partitioned,
then such a system does not solve the problem of reducing
the recoil force.

Thus, a decrease in the amplitude of the EDFs,
manifested in the form of a recoil force, when the LPEC
performs its functions in high-speed and force modes, is
an urgent task.

The goal of the paper is increasing the efficiency
of LPEC when operating in high-speed and force modes
by reducing the amplitude of the recoil force by exciting
its windings with a series of pulses from sections of
the CES.

To excite LPEC from the CES, we use a half-wave
polar pulse generated by the starting thyristor VS,
assuming that its resistance in the forward direction is
negligible and in the opposite direction its conductivity is
equally small. Note that with such an excitation pulse, at
the end of the operating cycle, a part of the energy is
stored in the CES, which allows its further use [18, 19].

The mathematical model of LPEC. Consider the
mathematical model of LPEC, which uses the lumped
parameters of the active elements — IW and AW. This
model allows to quickly calculate LPEC indicators when
excited by a series of consecutive pulses. To take into
account the interconnected electrical, magnetic,
mechanical and thermal processes, as well as a number of
non-linear dependencies, we present the solutions of the
equations describing these processes in a recursive form.
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In the calculation, the workflow is divided into a number
of numerically small time intervals At = #, — #; within
which we consider all quantities to be unchanged. With
this approach, linear equations and relations can be used
to determine the excitation current and voltage of the CES
on the calculated time interval At.

Electrical processes in LPEC when excited by a
single current pulse from the CES can be described by the
equation [7]:

t
[RI(T1)+R2(T2)]-i+d—”’+ijidt =0, uc(0)=Uj, (1)
di " Coy

where n = 1, 2 are the indices of IW and AW,
respectively; R,, T, are the resistance and temperature of
the n-th winding, respectively; i is the current IW and
AW; C is the capacity of the CES charged to voltage Uy;
uc is the voltage of the CES;

”;—"t’ =L —2M,(2)+ L, ]% —2iv,(t) dZZZU )
where L, is the inductance of the n-th winding; Mi,(z) is
the mutual inductance between the IW and the AW
moving along the z axis at speed v..

On a numerically small time interval At we assume
that all functional dependencies are unchanged:
R\(T1) = Ry, Ro(T>) = Ry, Mi5(2) = Mys, voAt) = v..

Substituting equation (2) in (1) we obtain:

Rl +R2 —2\12 dMlZJ'l'-F[Ll —2M12 +L2]ﬂ+
dz dt
w 3)
+—Iidt=0.
Co 0

The solution to equation (3) will be sought in the
form:

i = Ay explayt) + Ay exp(ast) @)
0,5
oy 1
where a5, =-05—1|0,25 = CE are the
= = 0=

roots of the characteristic equation; 4, 4, are the arbitrary
constants;
= =L1 —2M12 +L2;

@:Rl +R2—2VZ%.
dz
If ©>2EC) ' then after a series of

transformations we obtain expressions for arbitrary
constants at time #;:
uc(ty) +0-i(t;) + oy | = -i(ty)
Zexplay oty oo — )
Substituting expressions (5) into equation (4), we

obtain the expression for the current in a recurrent form:

. uc(ty)+0-i(t)

() =—— [exp(ery 4t) - explery 46)]+
=(ay —a)

—_

4, = %)

(6)

L) [ explery 4t) -y explary ar)]}
a) —Q

The voltage on the CES:

M [az exp((xlﬁl) - eXp(O(zAl)] +
o) —q (7)
i(tk) 2

oy exp(alAt) - a12 exp(azAz)]
a -

uc(tpyn) =

+=

If ©<2ECy ! then the roots of the characteristic

equation can be represented as:
a =—0% joy = wyexplj(z£0)), ®

,5
where o= 0,5@5_1 ; 0= arctg( E@_zCal —1)0 ;

oy =(5C, )5 o = (5‘1(:0“ —0.25@25‘2)0’5.
Substituting the values of the roots (8) in equation
(6) and taking into account that
2j sin(wlﬁt) = exp(jaJlAt)— exp(— joAt),
we obtain:
1) =01 expl- a0 e (1) + 01 Jx
x sin(@; At )+ wyi(ty, ) sin(w; At — 0)).
The voltage on the CES in this case:
uc (i) = —oop ' exp(= 4t fuc (1) +©-i(1)
x sin(ay At — 0)+ (1, )y = sin(w, At —20)}.

&)

(10)

If ©@=24EC, ' tnen 6= @y and the current is:
i(ty41) = exp(— &n)m{i(tk)a—s*l x
x[uc (6 +6-i()];
The voltage on the CES in this case:
uc () = luc () =) 25 +0-i(t) 54 +1)x 1)
x exp(— ot +i(t; ) (55 - ©),

The value of the displacement of AW with A
relative to IW can be represented as a recurrence relation:

e (t1) = he ) + V2 (0 A+ 8- 4% (g +m3 ). (16)
where v, (t,) = v (t;)+ & At/(m, +m,) is the speed of
AW with A;

2.2

8= f.(z,0) = Kpv.(t;) - 0,257y, S, Dervz (tr) 5

; M
[z =1 ()1

dz

axial EDF between windings; m,, m, are the masses of
AW and A, respectively; /. is the value of displacement
of AW with A; Kris the dynamic friction coefficient; y, is
the density of the medium fir movement; £, is the drag
coefficient; D,, is the outer diameter of A.

When LPEC is operating in force mode, there is
thermal contact between the IW and the AW through an
insulating gasket. The temperature of the n-th LPEC
winding can be described by the recurrence relation [20]:

—1. 1
T (t) = Tyapé + (- O 2R, 1,028 -3 +
+0,257T0 Dy H ytgy + T (1) A0 (T)d 7 |

)

(z) is the instantaneous value of

(7)

X {O’ZS”aTnDean +j’a (T)dﬁjl}il’
A (T)
[O,ZSDenaTn + d“H J} ;

a--n

where & =expi————
{ Cn (Tn )7/}1
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A7) is the thermal conductivity coefficient of the gasket;
d, is the thickness of the gasket; D,,, D,, are the outer and
inner diameters of the n-th winding, respectively; ar,, ¢,
are the heat transfer coefficient and heat capacity of the n-
th winding, respectively.

When LPEC is operating in high-speed mode, the
temperature of the n-th winding can be described by the

recurrence relation [20]:
T () =Ty 2+ (1= T + 47722 1) %
—1 =1 py=1{2 AR (18)
XRn(Tn)aTnD Hn (Den _Din) }

en

where y = exp{—O,ZSAtDena Tn c,fl T, )}/;1 }

To calculate the characteristics and indicators of
LPEC, we use a cyclic action algorithm that allows to
take into account a set of interrelated processes and
various nonlinear dependencies, for example, R,(7,),
My(z). Based on the current values obtained at time #.,
the temperatures of the windings 77 and 7,, the
displacement /. and the speed of the AW v,, the mutual
inductance M), between the windings, etc. are calculated.
The value of the calculation step Af is chosen so that it
does not significantly affect the calculation results,
providing with the necessary accuracy.

The initial conditions of the mathematical model:
T,(0) = Ty is the temperature of the n-th winding;

i,(0) = 0 is the current of the Tok n-th winding;
h(0) = h, is the distance between IW and AW,
u(0) = U, is the CES voltage;

v,(0) = 0 is the AW speed along the z axis.

The main parameters of LIPET. Let us consider
LPEC, in which IW (n = 1) and AW (n = 2) are made in
the form of two-layer disk coils. IW is wound with a
copper bus bar with cross section of 1.2x5.0 mm?, and
AW is wound with a copper bus bar with cross section of
1.2x2.5 mm’. Number of turns of the n-th winding
N, = 60, outer diameter D,, = 100 mm, inner diameter
D;, =8 mm. CES: energy W, =180 J, voltage U, =300 V.
The initial distance between the windings is /.o = 1 mm.

When LPEC is operating in high-speed mode, we
use A with mass of m, = 0.5 kg, and evaluate its
effectiveness with maximum speed v.,, at minimum recoil
force. When LPEC is operating in the force mode, we
assume that there is no displacement of the AW with the
A (m, = o), and its efficiency will be estimated using the

maximum value of the EDF impulse P, = j [z (z,t)dt at

the minimum recoil force.

LPEC excitation by a single pulse is carried out
from the CES with capacitance Cy = 4 mF. When
operating in the power mode (Fig. 2), the current
amplitude in the LPEC windings is i,, = 1.478 kA, which
leads to the appearance of EDF with amplitude of
fom = 10.56 kN between the windings. The value of the
EDF impulse at the end of the operating process (1.65 ms)
is P, = 7.88 N-s. Note that the temperature rises of the
windings 6, = T, — T, are negligible (6, = 0.2 °C,
6,=0.7°C).

LKA u, v FLKN, P N

20
2P,
15 107 ﬁ:: -0-0-0-0-0-00-0
r.f'
L
10 /’—\
5 / \
0 \
0,052,
-5
0 0,5 1,0 1,5 f,ms 20

Fig. 2. Electrodynamic characteristics of LPEC
when operating in force mode

When operating in high-speed mode, the operating
process is delayed up to 2 ms with a decrease in all the
main indicators (Fig. 3). The amplitude of the current in
the windings decreases to i,, = 1.375 kA, which leads to a
decrease in the amplitude of the EDF between the
windings to a value of £, = 8.67 kN. The value of the
EDF impulse at the end of the operating process is
P, = 6.2 N-s. The temperature rises of the windings also
decrease (6, = 0.18 °C, 6, = 0.6 °C). Such a change in the
operating process is due to the movement of AW with A,
which reach maximum speed of v,,, = 7.1 m/s.

i, kA u, Vi £, KNG By, v, mfs

20

15
107

10
kj f v,
5

Ty,

S,

0,052,
-5
0 0.5 1,0 1,5 2,0 f,ms 2,5

Fig. 3. Electrodynamic characteristics of LPEC
when operating in high-speed mode
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LPEC excitation by a series of pulses is carried out
by sequentially connection in time to the terminals ¢ and
b of the sections of the CES. This forms a parallel
connection of the sections of the CES to the converter
windings.

Note that the parallel connection of the sections of
the CES to the IW of a linear pulse induction accelerator
was studied in [21, 22]. However, in these studies, all
sections of the CES are connected to the IW
simultaneously.

The total capacity of the sections is equal to
Co = 4 mF. The delay time for connecting the sections
determines the repetition period of the excitation current
pulses. With this method of excitation, the efficiency of
LPEC in force and high-speed modes is evaluated by
dimensionless criteria:

0 0

K* _ P, fzm *_ Vom fzm
P~ 0’ v 0
fzm Pz fzm Vom

where fz(,]n,on, vgm are the values of the amplitude and
impulse of the EDF, the speed of the AW with A,
respectively, when excited by a single pulse.

The essence of these criteria is to ensure the greatest
value of the EDF impulse for the force mode, and the
highest speed of the AW with A for the high-speed mode
with minimum amplitude of the EDF which determines
the recoil force. These criteria evaluate the efficiency of
LPEC when excited by a series of pulses with respect to
excitation by a single pulse.

Figure 4 shows the electrodynamic characteristics of
LPEC when operating in force mode from five identical
sections of the CES connected to the windings in series
with a delay of 0.75 ms. For each excitation pulse, the
current amplitude is practically unchanged and is
i, = 0.788 kA, which is almost 2 times less than when
excited by a single pulse. The amplitude of the EDF
decreases even more, reaching f;,, = 3 kN. The value of
the EDF impulse at the end of the operating process also
decreases, but to a lesser extent, amounting to
P, =49 N-s. The temperature rises of the windings also

decrease (6, = 0.13 °C, 6, = 0.42 °C). However, the

efficiency criterion of the converter K, increases by

) (19)

more than 2 times, compared with its excitation by
a single pulse.

Figure 5 shows the electromechanical characteristics
of LPEC when operating in high-speed mode from five
identical sections of the CES connected to the windings in
series with a delay of 1 ms. A feature of this converter is a
sequential decrease in the amplitudes of the currents i,
and EDF f,,, when connecting sections of the CES. Such a
decrease in these amplitudes is due to the sequential
weakening of the magnetic coupling between the
windings due to the displacement of the AW by an value
of h.. In this converter, the largest amplitudes are
observed in the first pulse, amounting to current
in = 0.783 kA, for EDF £, = 2.95 kN. The value of the
EDF impulse in this case is P, = 3.34 N's, providing the
speed of the AW with A v, = 3.82 m/s. The temperature

rises of the windings are 8, = 0.11 °C, 6, = 0.37 °C. Thus,
in the high-speed mode, all indicators of LPEC, excited
by a series of five pulses, decrease in comparison with
excitation by a single pulse, but the criterion of converter

efficiency K: increases in this case by 58 %.

i,kA; £, kN, P, Ng

?fﬂ’
A\ AT
ALALALN

RTATA
Uy

0 0,75 1,5 1,25 3,0 £,ms 3,75

Fig. 4. Electrodynamic characteristics of LPEC
when excited from the same sections of the CES

\
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i, kA; [ kN b, mm; v, m/s

5
0,5k, /
s

Ny
7T
Al

11 ¥ |
0 “;
3
Fig. 5. Electromechanical characteristics of LPEC

0 1 2
when excited from the same sections of the CES

To assess the effect of the number of excitation
pulses N; on the LPEC parameters, Fig. 6 is used. Both in
force and in high-speed operation modes, with an increase
in the number of excitation pulses N;, a constant voltage
of the sections of the CES U, =300 V and conservation of
their total energy W, = 180 J, all the main indicators
decrease. These are the amplitudes of the currents i, and
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the EDF f£,,, the value of the impulse of the EMF P, and
the speed of the AW with A v,. But due to a stronger
decrease in the amplitude of the EDF f;,,, which manifests
itself as the recoil force, from an increase in the number

of excitation pulses, the efficiency criteria of LPEC K;

* .
and K, also increase.

Ty KA L, KNG Py, N-s: K2 ru.

1 2 3 1
a
i kAL L KNG P Nog Vi, s K T
4

N.,n 5

i

1 2 3 4 N.n 5
b

Fig. 6. Dependence of the performance of LPEC in force (a) and
high-speed (b) modes on the number of excitation pulses

The maximum amplitudes of the current and EDF in
the first pulse of the series for LPEC operating in high-
speed mode can be reduced by sequentially increasing the
capacitance of the sections of the CES while maintaining
their total value Cy =4 mF.

Figure 7 shows the electromechanical characteristics
of LPEC when operating in high-speed mode and
excitation from five sections of the CES, whose
capacitances linearly increase from 0.4 mF in the first
section to 1.2 mF in the fifth section.

i: kA: ué)kNa hz: mm;, VZam/S

(\/fﬁ(

i

0
0 1,2 24 3.6 4,8 f,ms 6,0
Fig. 7. Electromechanical characteristics of LPEC when

operating in high-speed mode and excitation from sections of
the CES, the capacities of which increase linearly

A
n

N

[
——

With this excitation, of LPEC operating in high-
speed mode, the maximum current amplitude is observed
not in the first but in the fourth pulse of the series and is
in = 713.9 A, which is lower than when excited from
identical sections of the CES. The maximum amplitude of
the EDF is observed in the third pulse of the series and
amounts to f;,, = 2.04 kN. Note that the decrease in the
current amplitude after the fourth pulse of the series is due
to the weakening of the magnetic coupling between the
IW and AW. A decrease in the amplitudes of the EDF
after the third pulse of the series is additionally caused by
an increase in the distance between them.

With this method of LPEC excitation, the value of
the EDF impulse is P, = 3.33 N-s, which ensures the
speed of the AW with A v, =3.81 m/s.

Figure 8 shows the electrodynamic characteristics of
LPEC during operation in the force mode and excitation
from five sections of the CES, whose capacitances
linearly increase from 0.5 mF in the first section to
1.1 mF in the fifth section. With this excitation of LPEC
operating in the force mode, the maximum current
amplitude arises in the fifth pulse of the series and is
equal to i, = 908 A, which is higher than when excited
from identical sections of the CES. The maximum
amplitude of the EDF also occurs in the fifth pulse of the
series and amounts to f,,, = 3.98 kN. The value of the
impulse of EDF is P, =4.98 N's.
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Fig. 8. Electrodynamic characteristics of LIPET when operating

in force mode and excitation from sections of the CES, the
capacities of which increase linearly

To assess the effect of the regularity of the
distribution of capacitances in sections of the CES on the
performance of LPEC when operating in high-speed and
force modes, Fig. 9 is used, where the indicator of the
distribution of capacitances in sections of the CES is
used:

* -1
K. = 2(Cmax ~Chin )(Cmax + Cmin) >
where Cui,, Chax are the capacitances of the first and fifth
sections of the CES, respectively.

Note that at K: = 0 the capacitances of all five
sections of the CES are the same.

When LPEC is operating in high-speed mode, an
increase in the indicator K : substantially changes only
the maximum amplitude of the EDF f;,, which noticeably

decreases in the interval Kz (0, 1). This affects the

efficiency criterion K, , the maximum value of which

will be at K

s

.= 1 (Cyin = 0.4 mF, Cppx = 1.2 mF). If the

¢
indicator K: exceeds 1, the efficiency criterion K:
decreases due to an increase in the amplitude of the EDF
in the last fifth pulse of the series. When LPEC is
operating in force mode, an increase in the indicator K :
leads to an increase in the maximum amplitude of the

EDF f,,, as a result of which the efficiency criterion K;

decreases.

Thus, when excitation by a series of pulses from
sections of the CES by reducing the amplitude of the
recoil force, an increase in the efficiency of LPEC is
provided. For a converter operating in high-speed mode, it

is advisable to increase the indicator of the distribution of
capacitances in sections of the CES to a certain value

(K, =1). For a converter operating in force mode, it is

advisable to use the same capacitances for all sections of
the CES.

oy KA Ly, KN; P, N Vgy, mis K

0,5P,
L . — — — — - 1
\ 095me
14 i 1
0 —_ —_—
0 0,25 0,5 0,75 K. tu 1,25
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Fig. 9. Dependence of the performance of LPEC in high-speed
(a) and force (b) modes on the indicator of the distribution of
capacitances in sections of the CES

Conclusions.

1. It is shown that when the windings are excited by a
series of pulses from sections of a capacitive energy
storage unit (CES), an increase in the efficiency of a
linear pulse electrodynamic type converter (LPEC) is
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ensured during operation in high-speed and force modes
due to a decrease in the amplitude of the recoil force.

2. A mathematical model of LPEC is presented, in
which the solutions of the equations describing the
interconnected electrical, magnetic, mechanical and
thermal processes are presented in a recursive form.

3. It has been established that at excitation by single-
pulse of LPEC operating in a high-speed mode, compared
with a force mode, the current amplitude in the windings
decreases by 7.5 %, the amplitudes of electrodynamic
forces (EDFs) — by 21.8 %, the value of the EDF impulse
— by 27.1 %. In this case, the armature winding with the
actuating element accelerates to speed of 7.1 m/s.

4. It has been established that at excitation by a series
of pulses from the same sections of the CES during LPEC
operation in the force mode, the amplitudes of the current
pulses and the EDF are practically unchanged, while
when operating in high-speed mode, the amplitudes of the
currents and EDF decrease sequentially. An increase in
the number of excitation pulses while conserving the
energy of the CES leads to a decrease in the main
indicators of LPEC. But due to a decrease in the
amplitude of the EDF, which manifests itself as a recoil
force, the efficiency of LPEC is increased.

5.For LPEC operating in high-speed mode, a
consistent increase in the capacitances of sections of the
CES, forming a series of excitation pulses, is justified.
For LPEC, operating in force mode, it is advisable to use
the same capacitances of all sections of the CES.
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