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ELECTROMECHANICAL PROCESSES IN A LINEAR PULSE-INDUCTION
ELECTROMECHANICAL CONVERTER WITH A MOVABLE INDUCTOR
AND TWO ARMATURES

Purpose. The purpose of the paper is to determine the influence of the height of the mobile and stationary disk electrically
conductive armatures covering the movable inductor on the electromechanical processes of linear pulsed-induction
electromechanical converter (LPIEC). Methodology. With the help of the developed mathematical model that describes
electromechanical and thermal processes of LPIEC, the influence of the heights of the armatures on electromechanical
processes, the values of the electrodynamic forces acting on the inductor and armature, and the moving speed of the movable
armature (MA) is established. Results. It is shown that if the height of the stationary armature (SA) is twice the height of the
MA, then the inductor at the initial instant of time is acted upon by electrodynamics forces pressing it to the SA, and the
displacement of the inductor begins with a delay of 0.35 ms. If the height of the MA is twice the height of the SA, then the
electrodynamics forces act on the inductor at the initial instant of time, repelling it from the SA, and its movement begins with
a delay of 0.1 ms. If the heights of the SA and the MA are equal, then until the time 0.15 ms on the inductor, the
electrodynamics forces practically do not act and the inductor moving relative to the SA begins with a delay of 0.25 ms.
Originality. The effect of the geometric parameters of the SA and MA on the velocity of the inductor moving relative to the SA,
MA relative to the inductor and the MA relative to the SA is established. It has been established that the highest velocity of the
MA relative to the SA develops the lowest MA, and the height of the SA does not affect it practically. However, with the
increase in the height of the MA, the effect of SA begins to affect. In this case, it is expedient to select the height of the SA to
be 0.4-0.42 of the height of the inductor. Practical value. It is shown that as the weight of the actuating element increases, the
currents in the active elements of the LPIEC increase, the induction velocities of the inductor relative to the SA and the MA
decrease relative to the inductor. At the same time, the maximum the electrodynamic forces values acting on the inductor
decrease, and the armatures increase. Moreover, the maximum the electrodynamic forces acting on the MA are less than
similar forces acting on the SA. References 12, figures 7.

Key words: linear pulse-induction electromechanical converter, mathematical model, mobile inductor, stationary armature,
movable armature, electromechanical processes.

Pazpabomana mamemamuueckylo mooens, KOmopas onucvléaem IieKmpomexanuyecKue npoyeccol 6 JUHEUHOM UMRYAbCHO-
UHOYKUUOHHOM  INIEKIMPOMEXAHUYECKOM npeodpazoeamene ¢ NHOOGUNCHBIM UHOYKMOPOM, 63AUMOOCICIMEYIOUUM  CO
cmayuonapuvim axkopem (CA) u noosusricnvim axopem (I14), yckoparouwum ucnonnumenvrolii 31emenm. YCmanoenieno eiusnue
8blcom AKoOpell Ha YIeKmpomexanuieckue npoyeccol 6 npeoopazoeamene. Ecau evicoma CH ¢ 0ea paza 6onvuwe evicomut T4,
mo Ha UHOYKMOP 6 HAYAIbHBIIL MOMEHmM epemenu Oelicmeylom rnekmpoounamuydeckue ycunusa (3/1Y), npuncumarouue e2o K
CA u nepemeuienue undykmopa navunaemes c 3aoepckoit 0,35 mc. Ecnu eévicoma IIA ¢ 06a paza 6onvue evicomor CA, mo na
UHOYKMOP 6 HAYAILHBLI MOMeHm épemeHu Oeticmeyiom 3/1Y, ommankueaowjue e2o om CH, u e2o nepemeujenue nauunaemes ¢
3adepsckoit 0,1 mc. Ecau evicomwvr CA u IIA pasnvi, mo 00 momenma eépemenu 0,15 mc nHa unoykmop npaxmuuecku He
oeitcmeyrom 3JIY u nepemewjenue unHOyKkmopa Hauunaemca c¢ 3aoepyckoit 0,25 mc. Ycmanoenemvt KombOunayuu
2e0MemMPUUECKUX napamempos aKopeii, npu KOMopsix Oelicmeyiom Kaxk Haudonvuiue, maxk u naumenvuiue umnynsvcet /Y.
Hauéonvuue ckopocmu pazeueaem naubonee nuskuit IIA, npuuem evicoma CH na nux npakmuuecku He enusem. C
Yyeéenuuenuem Maccol UCHOTHUMETLHO20 IIEMEHMA RPOUCXOOUM YeeuteHue MOKOE 8 AKMUGHBIX IJIEMEHMAX npeoopazosamens
u ymenvuwienue cxkopocmeit unoykmopa u IIA. Ilpu smom makcumanwvhuvle 3nauenusn I/Y, oeiicmeyrowjux na uHOyKmop,
YMeHbuiaromca, a Ha AKOpA — yeeauuugaromcea. buodin. 12, puc. 7.

Kniouesvie cnosa: nuHeHHBI HMIYJIbCHO-MHAYKUUOHHBIH 3JeKTPpOMeXaHMYecKHil npeodpa3oBareib, MaTeMaTHYecKasi
MO/1eJ1b, NOABHKHBIH HHAYKTOP, CTAMOHAPHBII SIKOPb, NOABM:KHbII IKOPS, 3J1eKTPOMeXaHHYeCKHe NPOLecchl.

Introduction. Linear pulsed electromechanical
converters are designed to provide high speed of the
actuating element (AE) on a short active section, and/or to
create shock force pulses [1-4]. Such converters are used
in many branches of science and technology as
electromechanical accelerators and shock-power devices
[5-7]. The most widely used are linear pulse-induction
electromechanical converters (LPIEC) of a coaxial
configuration in which the accelerated -electrically
conductive armature interacts non-contact with a
stationary inductor [1, 2, 8]. At excitation of a multi-turn
inductor from capacitive energy storage (CES) in an
electrically conductive armature made in the form of a
copper disk, eddy currents are induced. As a result, the
electrodynamic forces (EDF) of the repulsion act on the
armature, causing its axial movement together with the
AE relative to the inductor.

However, when operating in a dynamic mode with a
rapid change in the electromagnetic, mechanical, and
thermal parameters, the force and speed indicators of the
LPIEC of traditional design are not high enough [9]. One
of the ways to increase these indicators is the
development of new design schemes of the LPIEC [10,
11]. Since in the traditional LPIEC design with an
armature only one side of the inductor interacts
inductively, a significant part of the magnetic field from
the opposite side of the inductor is scattered into the
surrounding space, negatively affecting closely located
electronic and biological objects and is not used to create
additional EDF.

Let us consider a constructive scheme of a LPIEC of
a coaxial configuration, containing a movable inductor,
enveloped on opposite sides by two electrically
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conductive armatures (Fig. 1). One of the armatures
interacts with the fixed stop, and the second one interacts
with an actuating element, for example, of a shock-power
device.

When the inductor is excited through flexible or
sliding contacts from the CES C, the EDF of repulsion
occur between the inductor and the armature, which leads
to the movement of the movable armature (MA) relative
to the inductor, which in turn repels with respect to the
stationary armature (SA). This raises the question of the
effect of geometric parameters of armatures on
electromechanical processes in LPIEC. Since the radial
dimensions of the armatures, as a rule, correspond to the
radial dimensions of the inductor, the question arises as to
the effect of the axial dimensions of the electrically
conductive armatures on the force and speed indicators of

the LPIEC.
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Fig. 1. Constructive scheme of the LPIEC: 1 — inductor;
2 — stationary armature; 3 — movable armature;
4 — actuating element; 5 — stop; 6 — case; 7 — damper spring

The goal of the paper is determination of the
influence of the height of the mobile and stationary disk
armatures  covering the movable inductor on
electromechanical processes in the LPIEC.

Mathematical model. Consider a mathematical
model that describes electromechanical processes in
LPIEC using lumped parameters of active elements —
inductor, stationary and mobile armatureS'
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inductance and current of the p-th active element,
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where 51—"12(1) 3. p=1,2,3 are

1nductor, MA and SA;

; R(Ty), Ly, i, are the resistance,

respectively; My(z), Mi3(z), My(z) are the mutual
inductances between corresponding p-th active elements;
vi3(%), vi2(¢) are the speeds of the inductor relative SA and
MA along the z-axis, respectively; Az3(¢), Azy(¢) are the
displacements of the inductor relative SA and of the MA
relative inductor, respectively; m;, m,, m, are the masses
of the inductor, MA and actuating element, respectively.
The coupled solution of equations (1) — (3) allows us
to reduce them to one differential equation:
4. 3. 2.
d d d di
1 1ia, ;1 o tay=0, (6)
dt dt dt dt
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The characteristic equation of the differential
equation (6)

a4x4 + a3x3 + a2x2 +aix+ay=0 @)
by means of a substitution @ =x+0.25a3/a, is
transformed into the reduced form with a cubic resolvent:

w3+q1-w2+q2~w—q32=0, ®)
2
where ¢q; = 2% . 75( ] ;
ay ay
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qr =3 — Tt 3 —-4—;
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3
(13 a2 . a3 (,ll
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If the discriminant of the resolvent
=(u/3) - (v/2)?, 9)
where u =g, —q12/3; v=2-q13/27—q1 ~q2/3—q32,

is less than zero, then, using the trigonometric solution of
equation (8), we obtain:

0.5 arccos(—O.Sv —27/a3j
O ) o)

= - +
p 27 3 3

In this case, the roots of equation (7):
x; =05 (i,/ml ti@, t@ )—0.25-a3 lag,
where [=1, 2, 3, 4.
If all the roots of (11) are real, then for the currents
in the p-th active elements of the LPIEC we can write:

U()l
a43 ’

an

(12)

lp:
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where
1= Ay exp(x1?) + Ao exp(xaf) + A3 exp(x3t) + A4 exp(x4t)
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A, =713(0!2—@p513)+741(0¢3—@p541)+734( -0 534)>
Ap3 = yailay —®p521)+ rala —®p542)+ alay -0 514)’
Apy = nalas —@p512)+ raile —@p531)+ yolen —© 523)>
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x Lanm - Lanm (endm + elbn )_ Llin (eldl + endn )
If the discriminant of the resolvent (9) is greater than

zero, then, using Cardano solution for equation (8), we
obtain one real and two complex conjugate roots:

@ =¢+5—q/3; Tr3=€tjy,
where ¢:?\’/—O.5-v+x/3; (2%/—0.54/—\/5;
e=-05-(p+¢)-q/3; 7=05-43(p-¢).

In this case, the roots of equation (7) have the form:
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If x; and x, are real and different, the currents in the
p-th active elements can be represented as:
p a4N
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where

(15)

xi=xtxa; X2 =o’ +§2; 23 =30 XX + X3

The displacements of the inductor relative to the SA,
as well as the MA relative to the inductor on the basis of
equations (4) and (5) can be represented in the form of
recurrence relations:

AZIS(tkH)_|:i1(tk)(i3(tk)d —iy(t ) j KTVIS(tk):|

2
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The temperature of the p-th active element at
moving the armature and inductor, when there is no
thermal contact between them, can be described by the
recurrence relation [10]:

T, () =T, (1) 2 + (1 —Z)lTo +4772%, ()R, (T gy %
xDe_le;,l(Dz —D2) } (18)

where Z:exp%O.ZSAtD P2 TpCp (T )7 p } D,,, Dy, are

the outer and inner diameters of the p-th active element,
respectively; ag, is the heat transfer coefficient of the p-th
active element; ¢, is the heat capacity of the p-th active
element.

The initial conditions of the system of equations
(1) = (18): T,(0)=Tj is the temperature of the p-th active
element; 7,(0)=0 is the current of the p-th active element;
Az(0)= 1 mm is the initial axial distance between the
armatures and the inductor; u.(0)=Uj is the voltage of the
CES; v,(0)=0 is the armature speed along the z-axis.

In order to take into account the complex of
interconnected electric, magnetic, thermal and mechanical
processes and various nonlinear dependencies, the
transient process is divided into a large number of time
intervals At =t¢;,1—t, within which all quantities are

assumed to be unchanged. With such a numerical-
analytical approach within a small interval Ar the
previously defined analytical expressions are used to
calculate the basic quantities, and the transient process is
calculated using iterative relationships using computer.

LPIEC main parameters. Let us consider LPIEC
of a coaxial configuration, in which both armatures are
made in the form of a flat disc of technical copper, one of
whose sides faces the inductor.

Inductor: outer diameter D,,=100 mm, inner
diameter D;,;=10 mm, height H; = 10 mm, copper bus
section axb=1.8x4.8 mm?, bus number of turns N,= 46.
The inductor is made in the form of a double-layer
winding with external electrical terminals.

Armatures: outer diameter Dﬂ23 = 100 mm, inner
diameter D;,, 3 = 10 mm, height H, = H; =3 — 7 mm.
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CES: capacitance C = 500 uF, voltage Uy=1.5 kV.

Actuating element has mass m, = 1 kg.

LPIEC electromechanical characteristics. We
consider the influence of the height of armatures on
electromechanical processes of the LPIEC. The height of
the MA will be estimated by a dimensionless geometric

parameterh; =H,H| ! and the height of the SA by a

parameter h; =HyH| L

Let us consider the electromechanical characteristics
of the LPIEC having various combinations of the heights
of the SA and the MA.

Fig. 2 shows the electromechanical characteristics of
the LPIEC, in which the height of the SA is twice the
height of the MA (armatures parameters hy,=0.3, h3*=0.6).

The current in the inductor with density j; has a
vibrationally damped character. The maximum inductor
current density is A/mm?. At the initial moment of the
operation process the current densities in the MA j, and in
the SA j; have a polarity opposite to the inductor. The
maximum current density in the MA is 554.6 A/mm’, and
in the SA 303 A/mm?’. Due to the interaction of currents,
on the MA, electrodynamic forces of repulsion f, act with
maximum value of 13.6 kN.

7 A/mmz;fz, kN; v, m/s

800

50 -);2 200 Vi |
oL/ pl\(
400
// \ / 200 v,
200 \\
0 ;ﬁ ,.; Qﬁ?
e
507
-200 < -
N J\
/3
-400
/fz
=600
0 0.25 0.5 0.75 1.0 ¢ ms

Fig. 2. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters 4, =0.3, ~3; =0.6

In the interval 0.5-0.65 ms EDF change direction,
after which a repetition of repulsive forces, but much less
than in the original one, takes place. As a result, the MA
moves relative to the inductor at a speed v, the maximum
value of which is 3.65 m/s.

On the inductor at the initial instant of time, negative
EDFs f.; act, pressing it to the SA. However, after
0.25 ms, these EDFs, changing the direction, repel the
inductor from the SA with a maximum value of 3.9 kN.
As a result, the inductor moves relative to the SA with a
speed vi3 the maximum value of which is 0.4 m/s. And
the displacement of the inductor begins with a delay of
0.35 ms. The value of the maximum speed of the MA
relative to the SA is 4.05 m/s.

Fig. 3 shows the electromechanical characteristics of
the LPIEC, in which the height of the MA is twice the
height of the SA (armatures parameters 4, =0.6, /3 =0.3).

In this LPIEC, as in the considered above, the
character of the current flow is preserved. The
maximum current density in the inductor j; slightly
increases to 450.1 A/mm’ The maximum current
density j, in the MA decreases to 294.3 A/mm’, and in
SA j; the current density rises to 573 A/mm’. As a
result, the maximum EDF of repulsion acting on f,
decreases to 12.7 kN. As a result, the maximum speed
of moving the MA relative to the inductor v, decreases
to 2.95 m/s.

However, in this LPIEC, positive EDF £; act on the
inductor at the initial instant of time, repelling it from the
SA and its movement begins in about 0.1 ms. The
maximum value of these forces is observed in the second
peak of repulsion, reaching 2.18 kN. As a result, the
inductor moves relative to the SA with a velocity v;3, the
maximum value of which reaches 0.63 m/s. The
maximum speed of the MA relative to the SA vy; is
3.58 m/s. The decrease in the speed of the MA can be
explained by its increased mass.

J» A/mmz;fz, kN; v, m/s

800
50
600 J;zf\
/ \/ 200v1 /
400
/\ N 20075

200

/
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7
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NZ
0 0.25 0.5 0.75:

Fig. 3. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters A, =0.6, /1;'=0.3

1.0 £, ms

Let us consider the LPIEC variant, in which the
heights of the SA and the MA are equal. Fig. 4 presents
the electromechanical characteristics of the LPIEC with
parameters hy=0.4, h;"=0.4.

In this LPIEC the maximum current density in the
inductor j, is 442.8 A/mm’. The currents in the armatures,
especially in the initial part of the process, where there is
no movement of the active elements, are practically the
same. The maximum current density j, in the MA is 420.3
A/mm?, and in the SA J3 it is 434.8 A/mm>. The
maximum EDF of repulsion acting on f, is 12.8 kN,
which results in the displacement of the MA relative to
the inductor at a speed of vi,, the maximum value of
which is 3.28 m/s.
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Fig. 4. Electromechanical characteristics of the LPIEC with
armatures geometrical parameters h,"=0.4, hi;’=0.4

In this LPIEC, the EDF (£, is practically not effective
on the inductor until the time 0.15 ms. As a result, the
displacement of the inductor relative to the SA begins
almost in 0.25 ms. The maximum value of these forces is
observed in the second peak of repulsion and is only
1.85 kN. As a result, the inductor moves relative to the
SA with a speed v;3, the maximum value of which is
0.56 m/s. The maximum speed of the MA relative to the
SA vy3is 3.84 m/s.

LPIEC force and speed indicators. Let us consider
influence of the geometrical parameters of the SA

hy €[0.3;0.7] and the MA 3 [0.3;0.7] on the value of
the EDF impulse F7, J Szpdt, where p =1, 2, 3 are the

indexes of the inductor, MA and SA.

The values of the EDF impulses acting on the
inductor F,; are much smaller than the values of the
impulses acting on the MA F, and SA F,;. The maximum

arise at geometrical parameters of armatures /3 =0.4 and
hz*:0.7 (Fig. 5). The minimum values of F,; arise when
h3'=0.7 and h,"=0.4. The largest value of the EDF impulse
F, at any height of the MA is realized for a SA with a
parameter /5 =0.4.

The smallest values of the EDF impulse F., acting
on the MA, on the contrary, arise for hy =04 (the
minimum value takes place for a high MA h, =0.7.).
The greatest values of the EDF impulse F,, occur at
h,"=0.42-0.45 (the maximum value takes place at a high
SA h35"=0.7).

The largest values of the EDF impulse F.3, acting
on the SA, arise for ;' =0.4 (the maximum value occurs
for h,"=0.7). And the largest values of the EDF impulse
F; take place when hy,=0.4 (the minimum value occurs
for i3 =0.7).

Let us consider the influence of the geometric

parameters of the SA h; €[0.3;0.7]and  MA

h; € [0.3;0.7] on the speed of the inductor and the MA,

realized at the end of the operating process (Fig. 6).

The maximum value of the speed of the MA relative
to the inductor Vi, is realized with its minimum height
h,"=0.3 and the maximum height of the SA /5 =0.7, and
the minimum value of the speed of the MA relative to the
inductor V7, is realized at its maximum height hz*:0.7 and
the minimum height of the SA /3 =0.3.

In turn, the highest values of the speeds of the
displacement of the inductor relative to the SA V3 occur
at a relatively low SA /h;=0.4 (the maximum speed
occurs at a high MA £, =0.7). The lowest values of the
speeds V5 are realized at 4,"=0.45 (the minimum speed
V15 occurs for high SA h3*=0.7).

Of greatest interest is the speed of the displacement
of the MA relative to the SA V,;. As the calculations
show, the highest speeds V,; the lowest MA h2*20.3
develops, and the height of the SA does not affect it
practically. However, with the increase in the height of
the MA, the influence of the SA begins to affect. In this
case, it is expedient to select the height of the SA with

values of the EDF impulse F,, acting on the inductor, geometric parameters hy=0.4-0.42.
leyN'S zZaNS Fz3’ N-s
0.7 0.7
. 16 . 41 . 07T 87
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Fig. 5. Dependence of the EDF impulses acting on the 1nduct0r (a) MA () and SA (c) on the
geometrical parameters ;" and h;"
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Fig. 6. Dependence of the speeds of the MA relative to the inductor (a), of the induc*tor relative to the SA (b) and the MA
relative to the SA (c) on the geometrical parameters /4, and h;"

Effect of the mass of the actuating element on the
LPIEC indicators. In order to more fully understand the
electromechanical processes in the LPIEC, let us consider
the effect of the mass of the actuating element m, on its
electromechanical indicators. Fig. 7 shows the
dependencies of the indicators of the LPIEC having
geometrical parameters of armatures hz*IO.S, h3*:0.5, on
the mass of the actuating element. With an increase in the
mass m,, there is a significant decrease in the speed of
displacement of the inductor relative to the SA V3, which
practically decreases to zero even at a mass m,=3 kg. The
speed of the MA relative to the inductor Vi, with an
increase in the mass of the actuating element from 0 to
5 kg decreases from 9.83 m/s to 0.9 m/s.

Js A/mmz;j; kN; ¥V, m/s

15

12

0 T 7 g 7 i
(B] 1 2 3 m,, kg 5

Fig. 7. Dependencies of the indicators of the LPIEC with
parameters s, =0.5, i3 =0.5 on the mass of the actuating element

Dependencies of the maximum EDF values acting
on the active elements of the LPIEC, on the mass of the
actuating element, have the following features. With
increasing mass m,, the maximum EDF values acting on
the inductor f;,, decrease and on the armatures increase.
Moreover, the maximum EDFs acting on the MA f,,,, are
smaller than the analogous forces acting on the SA f;,.
However, as the mass of the actuating element increases,
these forces tend to equalize. Obviously, with a fully
retarded MA, these EDFs will be equal.

With an increase in mass m,, there is an increase in
currents both in the inductor and in the armatures,
especially strongly in the interval O ... 1 kg. This can be
explained by a stronger induction interaction of the
inductor with armatures, which are in a strong magnetic
coupling.

Conclusions.

1. A mathematical model is developed that describes
the electromechanical processes of LPIEC with a movable
inductor interacting with stationary and mobile
electrically conductive armatures.

2. The effect of armatures heights on electromechanical
processes of LPIEC was established. It is shown that at the
initial moment of the operating process, the currents in the
armatures have a polarity opposite to the inductor current.

3. It is shown that if the height of the SA is two times
more than the height of the MA, then the EDF acts on the
inductor at the initial instant of time, pressing it to the SA,
and the displacement of the inductor begins with a delay
of 0.35 ms. If the height of the MA is twice the height of
the SA, then the EDFs act on the inductor at the initial
instant of time, repelling it from the SA, and its
movement begins with a delay of 0.1 ms. If the heights of
the SA and the MA are equal, then until the time 0.15 ms
the EDFs practically does not act on the inductor and the
inductor moving relative to the SA begins with a delay of
0.25 ms.

4. The influence of the heights of the disk armatures on
the values of the EDF impulses acting on the inductor and
the armatures is established. The values of the EDF
impulses acting on the inductor are much smaller than the
EDF impulses acting on the armatures. Combinations of
armatures heights are established, in which both the
largest and the smallest impulses of the EDF act on them
and on the inductor.

5. The effect of the geometric parameters of the SA
and the MA on the speeds of the inductor and the MA is
established. The highest speeds are developed by the
lowest MA, and the height of the SA practically has no
effect on them. However, with the increase in the height
of the MA, the influence of the SA begins to affect. In this
case, it is expedient to choose the height of the SA with a
geometric parameter /3 =0.4-0.42.

6. It is shown that with an increase in the mass of the
actuating element, the currents in the active elements of
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the LPIEC increase and the speeds of the inductor and the
MA decrease. In this case, the maximum values of the
EDFs acting on the inductor reduce, and on the armatures
increase. The maximum EDFs acting on the MA are less
than similar forces acting on the SA.
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