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Abstract—Cascaded helical flux compression generators (Cascaded- HFCG) are widely used to produce pow-
erful current pulses in many industries, while there is no specific method to design these generators in any
books or articles. In this paper, firstly some mechanical and electrical criteria are described, and then an algo-
rithm is proposed based on these criteria. A computer code is written using MATLAB based on the proposed
algorithm and some programs are prepared in COMSOL to calculate electrical parameters of the generators
which can be used in the design procedure. The validity of the proposed algorithm is verified by simulation.
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1. INTRODUCTION

With the progress of using the HFCGs and Cas-
caded-HFCGs in many industries and applications, in
recent decades, providing a systematic approach to
design these generators is essential. Although, in a few
papers, some aspects of designing of these generators
are described, but most of them are very general about
HFCG and didn’t mention the details. Almost we can
say that there is no reference to design the Cascaded-
HFCG in the open literature [1-—3].

Since HFCG has a single-shut operation and
explosive nature, to reduce the manufacturing costs
and achieving the desired current gain and output
pulse characteristic it should be designed very accurate
and optimized. To optimize the design of any physical
system, it is necessary to model that system behavior
accurately. Although, there are many approaches to
model HFCGs, most of them cannot model some
aspects of the HFCG simultaneously like as: armature
and winding contact pint loss, flux penetration on the
armature wall loss, armature turn skipping from the
windings and so on. For these reasons, we have to use
some moderate factors in these models, which cause a
decrease in accuracy [4—6].

In Cascaded-HFCG, the design process becomes
more complicated because of the addition of a second
winding that has an important role in the energy trans-
fer between two stages of the generator. Some criteria
in Cascaded-HFCG are similar to HFCG such as
radius of the generator, mechanical parameters, high
explosive selection, and so on. But in some others such
as the length of the windings and number of winding
sections, the problem will be completely different.
Unfortunately, in articles and books, the criteria for
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designing Cascaded-HFCG generators have not been
mentioned in details. For this reason, most of the gen-
erators are not desirable in terms of efficiency and out-
put pulse characteristics. In this paper, the main pur-
pose is to provide an algorithm to simply design the
Cascaded-HFCGs and to optimize some parts of
these types of generators.

The design process of Cascaded-HFG includes
three steps: the selection of suitable explosive to
achieve desired explosion velocity, mechanical aspects
such as armature design and electrical design like as
windings parameters (number of turns, length, the
radius of the winding, diameter of the used wire in
windings and so on). High explosive selection is an
important challenge in the design procedure, because
choosing the best one can minimize the size of the
generator and explosion pressures and provide the
desirable output characteristic too [7]. Table 1 demon-
strates some characteristics of the useful high explo-
sive. It should be noted that although these character-
istics are considered as constant for each explosive,
many factors can change them. Some factors which
affecting the characteristics of explosives are: a little
change in the chemical composition, temperature of
starting explosion, the size of the crystals, the initial
density of the solid explosive, and so on.

Between the features mentioned in Table 1, the
explosion velocity and the produced mechanical pres-
sures are very important in the design procedure;
because the rise-time of output current is proportional
to explosion velocity from one hand, and the generator
stability during operation is related to the mechanical
pressures from the explosion on 8 km/s. Therefore, the
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Table 1. Physical characteristics of some explosives [7]
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High explosive .Power X ]j:nergy . Explosion Explosion Densitgf,

density, GW/m density, GJ/m pressure, GPa velocity, km/s g/cm

PBX 9501 9.7 x 1074 11.0 37 8.8 1.84

Composition B 6.8x 10~ 8.6 29.5 8.0 1.72
TNT 5.5x 1074 7.8 21.5 7.0 1.6

EL 5060 49x%x10~* 7.0 20.5 7.0 1.48
Baratol 4.0x 1074 7.8 14.0 5.1 2.6
Nitromethane 4.0x 1074 6.4 12.5 6.2 1.13

first one of the criteria for the maximum explosion
velocity is close to 8 km/s or a number lower than that.

2. DESIGN CRITERIA FOR ARMATURE

It can be said that the armature is the most import-
ant mechanical component in HFCG. The armature
can do more than one task simultaneously in HFCG,
which express the importance of the precise and opti-
mal design of this part of the generator. The main tasks
of the armature in an HFCG are:

(a) The inner space of an armature acts as an envi-
ronment to exchange chemical energy of the high
explosive to kinetic energy.

(b) The armature acts as an electrical conductor
between the windings and the load of the generator to
close the electrical circuit. For this purpose, the arma-
ture should be made of the high conductivity materials
such as copper and aluminum [8].

(c) The expanding armature moves along the wind-
ings and wipes out winding turns, which cause to com-
press the magnetic flux and produce a current pulse.

(d) The armature is used to trap the primary mag-
netic flux produced by the power supply that is com-
pressed during the generator operation. Although some
part of the flux penetrates in the armature wall during
compression, it considered as constant for theoretical
analysis.

In an HFCG, the efficiency of the chemical energy
conversion to the electromagnetic energy is very low
and is approximately close to 10% [9]. There are five
reasons that cause to a great amount of energy losses.
One of the main goal of the design of the armature is
to minimize these losses. The first part of the magnetic
flux loss is due to the penetration of flux on the arma-
ture wall, which is inevitable in HFCG. A portion of
the magnetic flux in the space between the armature
and the winding penetrates into the surface layer of the
armature during the compression process and lost.
This surface layer is called the skin layer. Usually, the
term “skin depth” is used to express this type of the
flux loss. It should be noted that in the design of
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HFCG, the thickness of the armature wall should be
considered more than the skin depth. A well-known
relationship is presented by Gover and his friends to
determine the skin depth of the armature [10]:

S -rl|, =95,
2ucu Z u

where 8(7) is skin layer depth; ¢, is starting time of the
compression; .S is the distance between the inner sur-
face of winding and the outer surface of armature; u is
radial velocity of the armature expansion; ¢ and [ are
conductivity and permeability of the armature material;
I is derivative of skin depth reduction. Using Eq. (1)
for calculation the depth of the skin layer is very com-
plicated and, therefore should be replaced by more
practical relationships. In the following, a more prac-
tical relationship will be presented to calculate the
depth of the skin layer.

The second part of the armature losses is due to the
inhomogeneity or asymmetry of the armature expan-
sion, which can be eliminate or minimized by optimal
design of the armature. It is clear that if the armature
jumps over some winding turns (i.e., without connect-
ing one or more turns moves to the turn after them)
consequently, the magnetic flux is lost. This phenome-
non is called turn-skipping. The turn-skipping occurs
when the armature and the winding are not completely
coaxial or the armature expansion is carried out heter-
ogeneously, which can be due to improper positioning
of the detonator, or the asymmetric distribution of
explosives in the internal volume of the armature.
In the manufacturing process, an allowed range should
be considered for the non-axially between armature and
windings to prevent the occurrence of the turn-skip-
ping. This allowed range is called Eccentricity Toler-
ances. At first it was proposed to determine the maxi-
mum tolerance as one of the design criteria as [8]:

o(t) =

(1)

(2)

where Aa is non-axially between armature and wind-
ings; P is winding pitch and 6 is armature expansion
angle.

Aa < gtan 0,
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In 1986, Chernychev and his colleagues presented
a newer criterion with more stringency. According to
that, the allowed range of non-axially is considered to
be much smaller [8]:

Aa<Liane. 3)
2mn

The third part of the armature losses can be due to
the phenomena such as cracks in the armature surface
or the very low wall thickness of the armature. For
example, the presence of a small gap at the armature
surface will weaken the connection between armature
and winding turns at that point and cause the flux to
be lost. It can also be shown that with the expansion of
the armature, the thickness of the wall decreases,
which, if not taking into account the depth of the skin
layer, will cause flux penetration into the interior of
the armature and increase the losses [11—13].

The fourth part of HFCG losses is due to a phe-
nomenon which called the end effect of the armature.
In HFCG, generally, an explosion starts from one side
using a detonator. At starting of the explosion, a time
is required for the formation of the pressure caused by
the explosion and conical expansion of the armature.
Since the end of the detonator is in free space, a part of
the pressure resulting from the explosion is transferred
to the free space. This causes to the first section of the
armature does not expand completely. Therefore it
expands as a bell-shaped rather than conical shape.
Due to the non-simultaneously connection between
different parts of bell-shape to helical winding, a por-
tion of the magnetic flux is trapped outside the work-
ing volume and lost. For this reason, the designers
should pay special attention to the effects of the end of
the armature and consider several initial turns of
winding out away from the range of the end effect. The
length L;,, mm, of the end effect of the armature is
considered as the distance between the starting points
of the explosion to the top of the bell-shaped part in
the direction of the armature axis, and can be calcu-
lated from the following equation [8]:

Ly =cw+ory, 4)

where 7, is the armature radius, w is the armature wall
thickness; ¢, and ¢, are two constants. For copper
armature, these constants are 6.8 and 0.219, and 1.72
and 0.266 for aluminum [8].

The fifth part of the flux loss is due to the occur-
rence of a complex phenomenon at the point of con-
tact between the armature and the winding. In HFCG,
the armature contacts to the winding and moves along
that. At the point of contact, the copper core of the
winding and its insulation, are exposed to an electrical
tension, which results in the loss of a portion of the
flux. This type of flux losses is inevitable in HFCG,
and there is almost no exact relationship to calculation
of that [14, 15].
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3. DESIGN CRITERIA
FOR HELICAL WINDINGS

In the design procedure of helical winding of an
HFCG, three rules have to be considered [16]:

(a) Constant voltage rule (constant intensity of the
electric field): According to this rule, the internal volt-
age must not exceed a maximum value (which is con-
sidered one of the main design criteria). The investiga-
tions show that by increasing the internal voltage to a
value higher than 125 KV, the electrical stress on the
different parts of the generator increases, especially in
electrical insulations therefore, it can lead to electrical
failure, which makes to unpleasant performance [17].
However, by adding high-pressure insulating gases
such as SFg, the chance of electric failure reduces but,
a maximum of 100 kV is considered for maximum
internal voltage in HFCG, which can be increased to
150 kV for Cascaded-HFCG [17—-20].

(b) Constant linear current density rule (constant
intensity of the magnetic field): Usually, to avoid
increasing flux losses due to the nonlinear behavior of
the armature and the wires in HFCG, the linear cur-
rent density is limited to 0.2 MA/cm [21].

(c) Containment rule: The radial displacement of
the wires in each section of the winding during flux
compression must be less than the maximum Eccen-
tricity Tolerances described in the previous section [21].

3. 1. Parameter Selection of First Stage Winding

Given that the current of an HFCG has a pulse
form and near-exponential behavior, so as far as the
end of the generator operation is approaching, the
amplitude of the current increases rapidly. For this
reason, if the cross-section of the wire at the end is
same as at the beginning, the winding may melt before
the end of the generating operation. To overcome this
problem, the cross-sectional area of the used wire should
be small at the beginning, and becomes larger when it
goes toward the end of the generator. The practical
implementation of this idea is not so easy and requires
sophisticated grinding. An alternative approach for solv-
ing the mentioned problem is using a multi-section
winding. In this method, the winding is divided into
several sections, and in each section, the cross-section
is considered suitable amount for the amplitude of
current. Nowadays, in new designs for HFCG, instead
of changing the cross-sectional area of the wire in dif-
ferent sections, parallel current paths are used. Actu-
ally, instead of increasing the cross-sectional area of
the wire, several parallel wires (parallel paths) with a
smaller cross-section are used.

In an HFCG, in addition to the cross-section, the
number of turns and the pitch of winding in each sec-
tion is also important and affects the output efficiency
and output characteristic. To clarify this, we first
define the figure of merit coefficient as follows [8]:
Vol. 62
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R
= 5
P 1+dL/dt’ ©)

where R represents the total ohmic and non-ohmic
loss, dL/dt is the rate of inductance change of the
winding, which has a negative sign (with the operation of
the armature, the turns of the winding wipes out of the
circuit and the inductance decreases). Clearly, the larger
dL/dt results in the more figure of merit. To increase the
value of dL/dt , the pitch of winding should be as large as
possible, which reduces the turns of the winding in each
section and decreases the initial inductance of the gener-
ator. Since the current and energy efficiency of HFCG
is directly related to the initial inductance of winding
[1], therefore the smaller initial inductance results
smaller efficiency. For this reason, in a multi-sectional
winding, the pitch of winding in the initial sections is
reduced as much as possible, and the pitch is increased
towards the end of the generator. It should be noted
that the smaller pitch of winding increases the turn-
skipping phenomenon and therefore, the minimum
pitch of winding has a limitation.

A study of Cascaded-HFCG shows that usually, the
first stage winding consists of 3 or 4 sections that in each
section the pitch of winding is approximately twice as
much as the previous one [22—24]. It should be noted
that the last section of the first stage winding is the pri-
mary of the transformer, which acts as the load of the
first stage. Of course, there is another criterion for cal-
culating the number of sections that are mostly used for
HFCG, not for Cascaded-HFCG. Considering the fact
that the current at the end of each section is twice as
much as the previous one, we can consider the follow-
ing relation for the current of the sections:

i [n+1 (6)
- % =2" - n=logi"",

1

where I, is the current of n-th section and /, is the cur-
rent of the first section or input current from the seed-
ing system.

From Eq. (6), we can obtain the number of sections
of helical winding to twice increase in current of two
adjacent sections. Also, to simplify and achieve a
smoother characteristic of the inductance change, the
length of all sections are usually considered the same,
although this assumption does not affect the overall
problem. If the pitch of winding in each section is
twice of the adjacent section and assuming the same
length for all sections, the number of turns of each sec-
tion can be obtained from the following equation:
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(7)

=2N,=4N,=...=2""'N,,

where P, [, and N,, respectively, represents the pitch
of winding, the length and number of turns of the i-th
section and # is the number of sections. Usually, the
number of turns in the last section of the first stage
winding is considered a number between four and
eight [22—24]. The further number of turns for the pri-
mary winding of the dynamic transformer, due to the
high number of parallel paths of current in this section,
can lead to bulking of the winding and increase the
diameter of the generator, which is not very desirable.
Given that the current increment in two adjacent sections
is twofold, so the number of parallel paths for passing the
current in the two adjacent sections must have a doubly
increment. Usually, for the first section of the winding,
one current path is considered, and for the n-th sec-

tion, the number of parallel paths is equal 2"

An important issue related to HFCG is the determi-
nation of the diameter or cross-sectional area of the used
wire. In a helical, an insulator is used around the wire in
order to prevent the electrical breakdown between adja-
cent turns. Since the internal voltage of the HFCG can
sometimes increase to 150 kV, so the used insulation
should have high electrical strength but low thickness.
Experimental results indicate that in HFCG and Cas-
caded-HFCG which manufactured so far, the solid
insulators like as Teflon or Mylar are well equipped to
withstand the produced electric fields [17, 25]. Also,
the maximum thickness required to prevent electrical
breakdown between the adjacent turns is considered to
be 0.5 mm, which is considered as a criterion for insu-
lating thickness in the design of HFCG [17, 25]. Con-
sidering a maximum insulation thickness of 0.5 mm,
we can easily calculate the diameter of the wire used
for winding according to the following equation:

D =l _2%05 (8)
N

wirel
1

where D, is the diameter of the wire; /; and N, are
the lIength and the number of turns of winding. The
term after the negative sign is due to the thickness of
the insulation. If the insulating thickness is taken into
account another number, it will be replaced.

3.2. Parameter Selection of Second Stage Winding

By referring to various articles, one can find that for
the second stage of a Cascaded-HFCG, a minimum
operating time is considered. This minimum time is
close to 10 us for many applications [23]. On the other
Vol. 62
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hand, as previously discussed, the explosion velocity is
dependent on the type and characteristics of the
explosive and is 8200 m/s as maximum. Considering
these constraints for the second stage operation time
and the explosion velocity, the length of the second
stage can be calculated from the following equation:

/

second —

Vexplosiontﬁnal . (9)

Since, for the purpose of reducing the rise time of
the output pulse, the length of the second stage is much
shorter than the first stage, the second stage winding has
usually one section. To provide a smoother inductance
profile, the diameter of winding (diameter of the gener-
ator) should not exceed 1.5 times the length of each
section [21]. So:

Dwinding < l'Slsecond’ (10)

where D,;, ;... is the generator diameter and /., is the
length of the second stage that can be calculated from
Eq. (9). The diameter of the winding has a minimum
possible value. The minimum possible diameter of the
winding is determined by the maximum linear current
density of the generator [21]. Therefore, the minimum
diameter of the winding can be obtained from the fol-
lowing equation:

In_ (11)
21J,

max

min(Dwinding) =

where [, is the maximum current and J,,, is maximum
linear current density that is considered 0.2 MA/cm for
HFCG.

Since the energy transfer between the two stages of
a Cascaded-HFCG is carried out by the dynamic
transformer, the mutual inductance between the pri-
mary and the secondary must be optimal. Experimen-
tal results from manufactured generators show that in
order to achieve optimal energy transfer between two
stages, the following condition must be established
between turns of primary and secondary stages of the
dynamic transformer [22—24]:

N, >4N,, (12)

where N; and N, are the turn number of the second
stage and the first stage winding of dynamic trans-
former. Using N, and /, the pitch of the second stage
winding can be calculated as follow:

/

P = second
N

The diameter of the wire used for the second stage
winding considering the thickness of the insulator can
be calculated from the following equation, same as the
first stage one:

(13)

N

/

second

D,,, =< —2x0.5. (14)
N,

wire
s
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3.3. Calculation of the Minimum Cross-sectional Area
Jor the Second Stage According
to the Thermal Point of View

Investigating the performance of Cascaded-HFCG
shows that in the final section of the generator, the
amplitude of the current increases strongly, therefore
inappropriate cross-section may cause to melting the
winding before the end of the generator operation, and
the output will be undesirable. To achieve a criterion
for determining the minimum cross-sectional area of
the wire, we first approximate the output current
exponentially [26]. That’s mean:

z
L(t) = I, (15)
where 7T is the time constant that will be expressed in

the follows. Considering ¢ as the end time of the gen-
erator operation, the final current is equal to:

5
b(tr) = Ip = Le™. (16)

Experimental studies show that the thermal losses
generated by the current in a copper conductor lead to
a limitation in the integral of current action. The inte-
gral J of current action is defined as follow:

L) tr
i (1) 1122

J = | 224t = — | i, (t)dt, 17
!Se Selzo (17)

where S, is effective cross-section of current.

The value of the integral of current action is the
determinant for the metal phase and for the solid
phase is equal to (up to the instant of melting) [27]

J... =0.80492x10"7 A’s/cm”.

max

(18)

With the value of J,,,, and 7 being known and the
current profile, the minimum value for the effective
surface of the wire can be calculated. It should be
noted that the cross-section calculated from Eq. (14)
should not be less than the value obtained in Eq. (17).
Otherwise, the cross-section of the wire is considered
equal to the value obtained in relation Eq. (17).

3.4. Determination of the Armature Radius,
the Depth of the Skin Layer,
the Thickness of the Armature Wall

The current passing through the expanding arma-
ture can lead to cracking on its surface, which will
result in loss of energy and inadequate generator oper-
ation. Experimental results and X-ray photography
show that the expansion of the armature to 2.13 times
the initial radius does not lead to cracking in armature
surface [8]. Therefore, if the initial radius of the arma-
ture is considered to the half of the radius of the wind-
ing, with the expansion of the armature and the
increase of its radius to twice the initial value, the best
Vol. 62
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contact between the armature surface and the winding
turns is made. The expansion ratio of the armature is
considered as the ratio of the radius of the winding to
the initial radius of the armature:

a=", (19)
rﬂ

where a is usually equal to 2. Therefore, the optimal

radius of an armature is equal to half of the radius of

winding which can be calculated from Eq. (10) and
Eq. (11).

As mentioned in the previous section, the thickness
of the armature wall should be greater than the depth
of the skin layer, due to the loss occurred by the pene-
tration of the magnetic flux into the armature wall.
Using Eq. (1) to calculate the depth of the skin layer is
not very possible because the derivative of the skin
layer reduction is not distinguished, therefor more
practical relationships should be used to calculate of
that. Since the depth of the skin layer is dependent on
the frequency, therefore the frequency of the generator
must be calculated to determine the depth of the skin
layer and also to calculate the electrical resistance of
the generator windings. The concept of the frequency
as defined for alternating waveforms and since the
waveform of output of the helical generator has a pulse
form, therefore it is not possible to determine the fre-
quency for that. For this purpose, an average fre-
quency can be used which, in order to calculate that, it
is necessary to obtain harmonic components of the
output waveform with the help of the Fourier series
expansion, and calculate the average frequency from
them. On the other hand, the waveform of the HFCG
output cannot be expressed analytically. In some
cases, with the approximation of the output waveform
as an exponential function, the average frequency of
the generator can be calculated. In some another case,
instead of using the average frequency, the concept of
equivalent frequency is used, which is, in fact, the
physical interpretation of the average frequency, and
can be calculated from the following equation [8]:

_ dI@)/dt

s al(t)

(20)

It is obvious that using the above equation also
needs to know the output waveform of the generator.
In the design procedure of an HFCG, usually the
equivalent frequency is considered to be the worst
case, which is equal to 100 kHz [22]. Considering the
equivalent frequency of the generator, the depth of the
skin layer, and also the characteristic time constant of
the HFCG can be obtained using the following rela-
tions [28]:

§ = 1

vnfcuo;
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T = &’omy,, (22)
where §, T, ¢ and |, are respectively, the depth of the
skin layer, the time constant of the generator, the con-
ductivity of the armature and the magnetic permeabil-
ity of the vacuum.

With a simple analysis, it can be shown that the
minimum of the armature wall in order to prevent a
cracking in the armature surface after expansion can
be calculated from the following equation [29]:

w2 = 2rw
1- 1+%,

a

=7, (23)

where r, and r, are initial and final armature radius; w;
and w, are initial and final armature wall thickness.
It should be noted that the minimum value of wy is
equal to the skin depth which can be calculated from
Eq. (21).

Another important limitation for an HFCG is the
maximum current of the armature. By determining the
armature radius and the maximum linear current den-
sity of the armature, the maximum current of the
armature can be calculated as follows:

Imax = (2n’21)']ma)(' (24)

In the design process of an HFCG, the current of
armature should not be greater than the value obtained
from the above equation.

3.5. Maximum Internal Voltage and dI/dt

The internal voltage is one of the design criteria for
an HFCG, which is produced by the inductance and
current changes. The operation of an HFCG can be
expressed using the below equation:

dL 4 14l pr=o,
dt dt
where R is the total loss of the generator and L is the
instantaneous inductance of the helical winding.

(25)

The expression (dL/dt)I denotes the internal volt-
age due to the inductance changes. As mentioned
before, the maximum internal voltage to prevent elec-
tric breakdown between the generator parts is 150 kV
which can be considered less than that depending on
the type and size of the generator.

The expression (d1/dt)L is also another part of the
produced voltage. It is obvious that the amplitude of this
voltage is proportional to the variations of the current in
the generator. To prevent the electrical breakdown in
generator, dI/dt has a maximum value. In many refer-
ences, the maximum value of d1/dtis considered in the
range [24]

10" s%g 3.5x10" A/s.

t

(26)
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Fig. 1. A schematic of Cascaded-HFCG.

4. DESIGN PROCEDURE
OF CASCADED-HFCG

In the previous sections, the main required criteria
for the design of different parts of a Cascaded-HFCG
were presented. Some of these criteria are empirically
obtained using the experiments; therefore the results
may not be optimal. As mentioned, there are many
criteria for designing a Cascaded-HFCG, so choosing
the appropriate values between these criteria, as well as
choosing an appropriate algorithm for design, would
be a very complicated task. In this section, an algo-
rithm is proposed for the proper selection of the Cas-
caded-HFCG’s parameters to achieve the desired
output characteristic. In order to implement the pro-
posed algorithm, a computer program is written using
MATLAB. During the execution of this program and
in order to calculate the first and second current of the
generator, the electrical model presented in [22] is
used. In this model, some coefficients are used to
account for non-ohmic losses, while there is no theo-
retical relationship to calculating them. The amount of
these coefficients in the proposed algorithm is selected
based on references [22, 30, 31]. Also, the self-induc-
tance, mutual inductance, and resistances profiles of
the windings, are required to calculate the current in
each instant of generator operation. For this reason, a
three-dimensional finite element model is prepared in
COMSOL software that is called during the execution
of the algorithm program for calculation the induc-
tance and resistance profile.

At the beginning of the design process, at first, a
schematic of the generator is considered which shown
in Fig. 1. As mentioned in Section 3.1, it should be
better to build up a Cascaded-HFCG with a maximum
of four sections in the first stage and a further increase
in the sections number is not recommended due to the
complexity of the assembly process.

Figure 2 illustrates the cut-off schematic of the
generator in the COMSOL. The COMSOL model is
executed in every iteration of the algorithm and calcu-
lates the inductance and resistance profiles of the
winding taking into account the dynamics of the
armature, as well as the effects such as magnetic pene-
tration and so on.
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—100

Fig. 2. 3D Schematic of Cascaded-HFCG in COMSOL.

At the beginning, some parameters must be given
as input to the algorithm such as the output current / ,,
inductance and resistance of the load L4, R, , deto-

nation velocity v,,,..... and the capacity of seeding
capacitance.

As we know, in many applications of HFCG and
Cascaded-HFCG, a time range is considered for the
output pulse. In many references, the minimum time
for the output pulse is considered 7= 10 us [23]. Thus

the second stage length /; is calculated having v ,,,,,.asion
and 7, as

ls = Vdetonationt f- (27)
Using Egs. (10), (11) and calculated /,, a permissi-
ble range for the winding diameter (diameter of the
generator) can be obtained. On the other hand, it can
be shown that the larger length-to-diameter ratio of a
winding, results the greater inductance [32]. Therefore,
the design algorithm considers the amount of winding
diameter as the worst possible (maximum value) and
reduces the amount of that during the algorithm itera-
tions. Having the amount of winding diameter and
using the Eq. (19), the diameter of the armature is also
obtained. On the other hand, using the characteristics
of explosives from Table 1 and Graney’s equation [8],
the armature expansion angle can be calculated.
After calculating the length of the second stage
winding, the next step is calculating the number of
turns of this winding. Since there is no equation for
calculation of N, the proposed algorithm changes the
amount of N, based on the Eq. (12) and during the
design process, until to achieve the desired output
characteristic. In order to use the Eq. (12), it is neces-
sary to determine N ,,. For this purpose, with the help
of aloop in the program, N ,, gets the minimum value

and then N, is determined. If during the design pro-
cess, the output current, the maximum internal volt-
age, etc., are out of allowed range, the value of N ,, will
be increased and the program will be restarted.
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Table 2. Designing results for 100 kA and 50 kA generators
Design Seeding Internal Internal - mm - mm I mm I mm
parameter generator voltage, kV | voltage 1, kV | voltage 2, kV | ¥ @ » P

100 kKA 1.034 17.6 148.6 147.4 73.8 196.8 590.4

50 kA 3.01 19.02 140.26 111.6 55.8 148.8 446.3
Design parameter generator| D;, mm D,, mm N, turns | Ny, turns | Ny, turns | N, turns | N3, turns

100 kA 2.514 3.016 49 7 56 28 14

50 kA 1.324 2.099 48 8 64 32 16

After calculating the parameters of the second
stage, the next step is calculating the first stage param-
eters. In order to straightforwardly and simplicity of
the design process, the length of the first stage sections
should be considered the same, although this assump-
tion will not affect the subject. It can be said that:

Ll=LZ=L3:LpO'

According to Eq. (7), the relation between the turns
of first stage sections is as follows:

(28)

N, =2N, =4N; =8N . (29)

At the beginning of the first stage operation, since
the current is not very high, then one current carrying
path is enough. Knowing N, and using Eq. (8), the
diameter of the used wire for winding can be calcu-
lated. It should be noted that in a real generator, the
pitch of winding should be taken into account, which
makes the Eq. (8) to change a little. In the proposed
algorithm, since the some parameters are computed
with the help of trial and error, so using approximate
relations does not affect the design process. The num-
ber of current paths in sections two to four is equal to

Current, kA
120

Current (second stage
100k ( ge)

80

60

40

20

0 20 40 60 80

100
Time, ps

Fig. 3. Load current-100 kA generator.
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2, 3, and 4, respectively [20—24]. From Eq. (29), the
number of turns of the first sections is obtained, fol-
lowed by the diameter of the wire, and so on.

After calculating the turns of the first and second
stage winding, their length and other parameters,
these values are given to the finite element model and
the inductances and resistances profiles are obtained
again. At the end, with the help of inductance and
resistance profiles and using the Cascaded-HFCG
electrical model, the first and second stage current pro-
files in terms of time are calculated. Given the current
profiles and the inductances and resistances of the
windings, it is possible to calculate the produced inter-
nal voltage and d[I/dt. Also, using the current profiles
of the first and second stages align with Eq. (17) and
Eq. (18), it is possible to obtain the cross-sectional
area (or diameter) of the wire used for the winding in
terms of thermal constraints. The obtained value is
compared with the value obtained from Eq. (14) and
finally, the biggest one is considered as the cross-sec-
tional area of wire.

Within the main body of the program, there are
several other loops that, during the design process,
examine each of the constraints raised for the genera-
tor. These constraints are the maximum output cur-
rent, the maximum internal voltage, the minimum
pitch, the depth of skin layer, and the minimum thick-
ness of armature wall, etc. The flowchart of the pro-
posed algorithm is presented in appendix. Due to the
long and bulky algorithm, the flowchart is presented
in several separate sections.

5. SIMULATION RESULTS
AND DISCUSSION

As we have seen, in this paper an algorithm was
proposed for the design of Cascaded-HFCG. Since in
almost no book or article, one can find a specific pat-
tern for designing this kind of generator, the proposed
algorithm can be very useful in designing and reducing
the manufacturing costs of cascaded-HFCG. In order
to evaluate the performance of the proposed algo-
rithm, the design of a cascaded-HFCG to produce a
Vol. 62
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Fig. 4. Simulation results-100 kA Generator.

current pulse with 100 kA amplitude is considered in
this section. The load current of 100 kA, 100 uH load
inductance, 0.01 Q load resistance and detonation
velocity of 8200 m/s are given as the input informa-
tion. The operation time of the second stage, which is
the rise time of the output pulse, is also in the range of
10 to 24 ps. This time starts from the minimum value
at the beginning of the algorithm and, if necessary, will
increase. Table 2 shows the outputs of the design algo-
rithm for the considered generator. It should be noted
that the mentioned results are obtained after 37 iterations
of the algorithm to achieve the desired output.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Investigating the results of Table 2, shows that the
obtained N, and N ,, satisfy the Eq. (12), which means
the maximum energy transfer occurs between two
stage windings by the dynamic transformer. Figure 3
demonstrates the output current profile obtained from
the computer simulation. As we can see, the load cur-
rent amplitude is close to 100 kKA. The operation time
of the second stage is calculated from the crowbar
instant to the complete destruction of a generator that
is close to 20 ps, which is acceptable for many applica-
tions of Cascaded-HFCG.

One of the most important design parameters in an
HFCG is the thickness of the armature wall. If its
No. 6
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Fig. 5. First and second stage currents-50 kA generator. # is the number of iteration of simulation program.

amount is not suitable, the magnetic flux penetrates
the surface of the armature and affects the generator
operation performance. The algorithm calculates the
thickness of the armature wall about 13.9 mm. On the
other hand, the depth of the skin layer for the worst
working frequency (100 kHz) and for the armature
made of aluminum and copper is given by Eq. (21),
respectively: 0.2593 and 0.2061 mm. Therefore, the
thickness of the armature wall obtained by the algo-
rithm is acceptable.

Figure 4a-f shows the other generator variables
including the first stage current, the internal voltage,
the self-inductance of the first and second stages and
their mutual inductance, as well as the resistance of
the second stage winding. It is clear from the internal
voltage diagram that its maximum is close to 148 kV,
which is lower than its maximum limit. These results
indicate that the design is acceptable in terms of inter-
nal voltage.

In the follow of this section, the designing of a cas-
caded-HFCG with the current pulse of 50 KA ampli-
tude is carried out. The practical information of the
proposed generator is given in [22]. This generator
delivers a current pulse with 50 kKA amplitude to a load
of 2.68 nH inductance and 30 m< resistance. Table 2
shows the parameters obtained for the different sec-
tions of this generator. The further number of the turns
in the first stage winding leads to an increase in the ini-
tial inductance of the first stage and a decrease in the
rate of the inductance changes, consequently, leads to
a lower final current of the first stage than the manu-
factured generator in [22].

Figure 5a,b shows the current of the first and sec-
ond stage of the generator. As it can be seen, the cur-
rent of the first stage is limited to a value less than
100 KA while, this current is raised to about 300 kA in
Ref. [22]. Since the current of the first stage does not
get to the load, cause to increase the ohmic loss of gen-
erator and decrease in efficiency. The rise-time of cur-
rent obtained by the algorithm is about 15 us, while its

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

practical value is close to 10 us. The main reason for
this difference is that the practical generator in [22] has
a conical form end, which will increase the amount of
dl/dt, consequently, decrease the rise-time of cur-
rent. Generally, the cone-shaped end of the generator
in cascaded-HFCG is one of the approaches to reduce
the rise-time of current, which has been addressed in
various references [30].

6. CONCLUSION

With the increasing advances in the use of HFCG
in different sciences and industries in recent years, it is
necessary to provide an algorithm for designing these
generators. There are many design criteria for these
types of generators but, there is no specific pattern for
appropriate selection of these criteria in papers and
books. In this paper, the essential criteria for designing
and manufacturing of Cascaded-HFCG are pre-
sented. In order to optimize the design process, a
design algorithm is proposed. The simulation results
are presented in several sections and it can be seen that
the proposed algorithm largely satisfy the require-
ments in relation with the design process of HFCG.
The simulation results show that in the first stage of
the generator, the maximum value of the current is
lower than the conventional one, which helps to
decrease the ohmic loss and consequently to increase
the generator efficiency. Most of the limitation related
to the practical implementation of the generators
include the internal voltage, the minimum pitch of
winding, the minimum thickness of the armature wall,
and so on are also considered in this algorithm.

APPENDIX

The flowchart of the proposed algorithm in this
paper is as follows:
Vol. 62
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increasin, , < 150KV
flux lossg JYes Trcatcutatea) >dlf(desimble) Vlnlcrna]nd150
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coefficient V; > ISOKV If(calcula!ed) > 1,

internal f(desirable)

di/dt > di/d(max) calculation of the inductance and
or resistance profile of the first stage
calculation of: skin depth, ’ Vinternar > | 50KV winding using COMSOL
ls’ T T Ipimax T

If(calculalcd) > If(dcsimblc

(1, — X)/1,) > 0.05

N, = iNNP
flux_loss_coefficient =
0.1+ (0.85/(100e3x10e—6))ItL,,,q

'

inductance calculation of the primary
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'
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solving the differential
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= current (end)
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equivalent frequency

l
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and the resistance
profile of the windings

'
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‘ calculation of ’

the first and second stage winding parameters
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winding, dimeter of winding, minimum
of wire diameter, number of parallel path of
current and effective cross sectional area
of used wire considering skin effect

di/dt> 10"
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or
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Vingermay > 1507
cross-sectional area of
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of thermal)
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profile of the second stage using COMSOL

v

calculation of the resistance and inductance
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transformer and mutual inductance between
primary and secondry windings using COMSOL
T
12
solving the differntial equations of thr second
stage using the inductance and resistance profile
obtained in previous steps and initial value for
the current of the primary stage No end

¢ :
© & @
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