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An analytical model of the operation of recently invented ultracompact explosive-driven shock-wave fer-
romagnetic generators that utilize longitudinal (shock wave propagates along the magnetization vector) and
transverse (shock wave propagates across the magnetization vector) shock wave demagnetization of NdzFe14B
hard ferromagnets, and an analytical technique for calculation of amplitudes of the current pulse produced
by the generators were developed. The model utilizes the magnitude of the energy product, (BH )max, and
the magnetostatic energy of the hard ferromagnetic element of the ferromagnetic generator as parameters for
determining ferromagnetic generator pulse generation, and it does not consider the magnitude of remnant
magnetization, By, of the ferromagnetic material. The developed technique for calculation of the current pulse
amplitude produced by the ferromagnetic generator provides comprehensive and accurate results. Amplitudes of
calculated ferromagnetic generator output currents are in good agreement with experimentally obtained data.

PACS numbers: 62.50.4+p, 75.50.Ww, 43.40.Jc

1. Introduction

Generation of primary electrical power by compact au-
tonomous explosively driven sources is critical to the suc-
cess of many modern scientific and engineering projects.
Two new types of miniature generators of primary power
have recently been developed by Shkuratov et al. [1-11].
These generators are powered by the chemical energy of
high explosives. Modern energetic nanocomposites [12]
can make the dimensions of these electrical devices even
smaller. The first type of primary power generators is
based on longitudinal shock depolarization of high-energy
ferroelectric materials [1-3]. Theoretical modelling of the
operation of generators of this type is a very challenging
task because the ferroelectric module is always connected
to the load, but the electrical parameters of the ferroelec-
tric material are practically unpredictable because it is
subjected to shock wave compression [4].

The original basic idea of recently invented primary
power sources of the second type [5-11] was to utilize
magnetostatic energy stored exclusively in modern hard
ferromagnetic materials possessing high energy products,
(BH )max, instead of soft ferromagnetic materials possess-
ing very high residual magnetization, B, but extremely
low coercive force, H (and correspondingly low energy
product). These primary electrical sources are based
on physical effects of longitudinal (shock wave propa-
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gates along the magnetization vector) [5] and transverse
(shock wave propagates across the magnetization vector)
[6-11] demagnetization of hard ferromagnetic energy-
-carrying elements by shock waves generated by high ex-
plosives. It was experimentally demonstrated that minia-
ture explosively driven shock wave ferromagnetic gener-
ators (FMGs) containing NdsFey4B hard ferromagnetic
elements possessing high (BH)max generate output cur-
rents with amplitudes up to 5 kA [6, 7, 9] and output
voltages with amplitudes up to 50 kV [7, 10, 11].

The shock-wave FMGs [5-11] contain NdyFe;4B hard
ferromagnetic energy elements, high explosive charges
and pulse-generating coils wound on the NdyFe 4B ferro-
magnets. Detailed description of the designs of longitudi-
nal shock-wave FMGs can be found in [5] and transverse
shock-wave FMGs in [6-11]. Operation of the FMG is as
follows. After detonation of the FMG explosive charge,
the NdyFe;4B hard ferromagnetic energy-carrying ele-
ment is subjected to longitudinal or transverse shock-
-wave compression. The shock compression demagnetizes
the NdyFeq4B hard ferromagnetic element, which gener-
ates a pulsed electromotive force (EMF) at the output
terminals of the FMG pulse-generating coil. Thus, the
initial magnetostatic energy of NdsFe 4B hard ferromag-
net is transformed into pulsed power.

In this paper we present an analytical model that de-
scribes the operation of shock wave FMGs, and an ana-
lytical technique for calculating the output current pulse
amplitudes produced by these generators.
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2. FMG analytical model and technique
for calculation of FMG current

The initial electromagnetic energy of the FMG [5-11],
Wrma, is equal to the initial magnetostatic energy of the
NdsFe4B hard ferromagnetic element, Wiqrpes:

Wrma = WndreB, (1)
where Wiqgrep is the magnetic energy transformed into
the energy of a current pulse. Assuming that the ohmic
losses in the FMG-load circuit are negligible, the energy
in the system during the generation process, Weyrrent, 1S

Wcurrent = [Ltotal(lmax)ﬂ/z (2)
where I, is the amplitude of the current pulse. The
total inductance of the system, Liotar, is the sum of the
inductances of the FMG and a load

Liota = Lrma + Lioad- (3)

Taking into account that the FMG has an efficiency

coefficient, npya, the final equation for initial energy in
the FMG-load system can be expressed as follows:

Wcurrcnt =

nEMGWares = [(Limc + Lroad) (Imax)?]/2- (4)
Equation (5) gives the amplitude of the current

Imax (t) = TNcurrentFMG

X [(2Wyares)/ (Limc + Lioad)]"?, (5)
where NeurrentFMG = (nFMg)1/2 is the coefficient of FMG
efficiency for the conversion of Wygpep into a current
pulse. WnqareB can be estimated by using

WNdFeB = V(BH)max/27 (6)
where V' is the volume of the NdyFe;,B FMG hard fer-
romagnetic element, and (BH)pax is the maximum en-
ergy product of the hard ferromagnetic material. Hence,
from Egs. (5) and (6), we can find the expression for
TlcurrentFMG *

TlcurrentFMG = Imax (t)/

[(V(BH)max)/(Lemc + Lioaa)]'/?. (7)

We obtained Egs. (5) and (7) as a direct result of
the application of the energy conservation law to the
FMG-load autonomous system. Moreover, we did not
make any assumptions about the physical mechanism of
shock-wave demagnetization of the ferromagnet. Thus,
Egs. (5) and (7) can be used for operational analysis of
both longitudinal [5] and transverse [6-11] shock-wave
FMGs.

Let us consider the current generation process based on
the magnetic flux conservation law. The initial magnetic
flux (before explosive operation) in the FMG-load sys-
tem, PpMG-load, 1S the magnetic flux that is coupled by
the FMG pulse-generating coil wound on the NdyFej4B
hard ferromagnet [5-11]:

N

PrMG-load = Z P, (8)
n=1

where @, is the magnetic flux coupled by the n-th turn,
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and N is the number of turns in the FMG coil. The
value of @,, depends on the magnetic parameters and the
shape of the ferromagnet, and on the disposition of the
n-th turn on the ferromagnet [6]. Thus, &, can be cal-
culated. The methodology for calculating the magnetic
flux coupled by the FMG pulse-generating coils was de-
veloped and described in Ref. [7].

During explosive operation, the NdoFei14B element is
subjected to shock wave compression and shock demag-
netization [5-11]. The magnetic flux stored in the fer-
romagnet is transformed into the magnetic flux of the
current, Peyrrent(t), flowing through the FMG-load cir-
cuit

N
éFMG—Ioad = Z @n = écurrent (t)max
n=1
= (LFMG + LLoad)Imax(t)~ (9)

It follows from the flux conservation law that
PpMG-load Must be conserved in the FMG-load system
(with the assumption that losses are negligible). Thus,
for Imax(t) in the FMG-load system we obtained a sys-
tem of two independent equations. The first equation
is Eq. (5). The second equation can be obtained from

Eq. (9):

N
Imax () = (Z qﬁn) /(Lenc + Lioaa)- (10)

This system [Egs. (5) and (10)] may be solved by the
method of successive iterative calculations. The general
method is as follows:

(1) Assuming that Lpme = 0, Eq. (5) gives the first
approximation for the current value, I15¢ approx,

(2) The substitution of ISt aPProx in Eq. (10) gives the
first approximation for the initial value in magnetic flux
of the system,

BpnGload = Y P APPIOX, (11)

(3) The &,{P1, Ps,..., ¢,} matrix is used to find the
number, IV, and the dispositions for N turns of the FMG
coil that should be wound on the ferromagnet for a given
value of PpMa-l0ad (Eq. (11)). A detailed description of
the technique used to calculate the magnetic flux cou-
pled by an FMG coil can be found in [7]. Thus, the
design of the FMG current source (number of turns, N,
and dispositions of the turns) is calculated to the first
approximation.

(4) This design has an exact value for FMG induc-
tance, Lisyleration  If one makes the assumption that
Lpve = Lighleration ' Eq. (5) gives the second approx-

imate value for the current, 721d iteration —T¢ j5 obvious

2nd iteration 1st iteration
that 1205 < I> .

(5) The substitution of 7224 aPProx in Eq. (10) gives the
second approximation for the initial magnetic flux in the
FMG-load system, and so on. In practice, four iterations

are enough to get I5th iteration ~ I4th itcration.

max max

To verify the technique developed in this paper for cal-
culation of current pulse amplitudes produced by FMGs,
we performed analysis of experimental data obtained in



1030

papers [5-9]. The amplitudes of output current pulses
that were calculated with the developed technique are
in very good agreement with those obtained experimen-
tally. Based on these results, we conclude that the de-
veloped technique provides highly accurate calculation of
amplitudes of output currents produced by high-current
FMGs.

Based on the experimental data obtained in [5-9]
and Eq. (7) we determined FMG coefficients for cur-
rent and energy efficiency. For longitudinal FMG they
are 7TcurrentLFMG = 0.314 £ 0.025 and TlenergyLFMG =
0.099 + 0.06. For transverse FMG they are
Tlcurrent TFMG =~ = 0.392 + 0.015 and TlenergyTFMG =
0.154 +0.043. The difference in the energy efficiency for
longitudinal and transverse FMGs is probably related to
the difference in the kinetics of the NdsFe 4B shock de-
magnetization processes, because the characteristic time
for longitudinal shock demagnetization is longer [8] than
the characteristic time for shock transverse demagnetiza-
tion.
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