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Introduction

The present report covers work performed under Grant AFOSR-76-2886

concerning a series of investigations on pulsed superconducting inductive

energy storage systems.

The general purpose of these studies was to establish guidelines to be
used in the design of pulsed energy sources repetitive or for single bursts
of energy. In most applications encountered the load is highly inductive.
Now, it is well knovm(l) that capacitive storage systems are not economic ‘i
once the energy to be stored exceeds the 100 kilojoules level. A capacitive
system is inherently a high voltage system. Consequently, all its components
are costly since they are designed to operate under sustained conditions of

high voltage.

Inductive storage systems, on the other hand, are 'charged'" at low
voltage. The high voltage does appear, but only at the time of energy
delivery. Then, it is comparable in magnitude to the voltage of a capacitive
system of appropriate size. Another advantage of inductive system is their
compactness. The cost estimated in terms of dollars per joule as stated

above is more advantageous once the 100 kilojoule level is exceeded.

The disadvantages of inductive systems are the ohmic losses associated
with the storage. These losses are high enough that it has instigated the
development of superconducting inductors which, of course, are free of g
ohmic losses. In many instances, the added cost of the cryogenic installa-

tion is out-weighed by the overall economic gain obtained when using a
Approved for public release?

distribution uan.s 12 U 4 . 04 6
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superconducting system. Other disadvantages associated with such systems
are the relatively poor state of the art of superconducting switches and
of superconducting power supplies needed to "charge' the inductors. Final-
ly, a serious disadvantage of the inductive Storage is its inefficiency
in energy transfer when the '"load" is inductive.

In the series of investigations which have been performed at CWRU,
several of the objections encountered above have been successfully resolved.
In the first part of this report the general theory of energy transfer from

an inductive system is discussed. In the second part, specific suggestions

of improving the transfer are outlined. The experimental verifications of
these concepts by Chung and Holland are included in parts III and IV. In

the last part of the report suggested improvements in the design of inductive
systems are described.

Ref. 1 - Carruthers, R., ""The Storage and Transfer of Energy', High Magnetic
Fields, ed. by Kolm, The MIT Press, pp. 307, 1962.
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PART I

GENERAL THEORY OF ENERGY TRANSFER

I.1 Governing Relations for Transfer

The mechanism of energy transfer of the magnetic energy stored in an
inductor to another inductor can be described in the most general manner

and fram first principles by means of Maxwell equations.
The starting point of the arguments are Anpére's relation

VxH=J (1)

and Faraday's relation for a moving conductor

9B

VX(E+vXB)=-z (2)

The term corresponding to the displacement current has been omitted from
(1) for the purpose of de-emphasizing the importance of the electric energy
stored by comparison to the magnetic energy stored. Stated in a different
way we can state that the displacement current compared to the conduction
current is of the order (v/c)z, the square of the ratio of the mechanical
velocity of the conductor to the velocity of light. By invoking the
constitutive relations

B=uH (3)

manipulation of the two equations (1) and (2) leads to

B2

'aaT (?u';) =EJ+vJIxB+ V- (ExH) (4)

The above expression is well known and appears in several classic textbooks.
It actually states that the rate of change of the magnetic energy associated
1




with the moving conductor is equal to the electric power supplied from the
battery, to the rate of the mechanical work performed on the conductor and
to the power radiated from the conductor.

If one integrates over all space, it is readily found that
2 ) G = [ paen + [wd x
o
+ {(E x H)-do (5)

The above equation (5) is now applied to the case of a superconducting
inductor and to the situation corresponding to an impulsive transfer of
energy from inductors.

The first integral on the right hand size viz., [ E-Jdt = O everywhere.
This is because J # O only in the volume enclosing the conductor. Conse-
quently the volume of integration becomes the volume of the conductor. But

in the conductor E = 0 , hence the integral vanishes as stated above.

The last integral on the right hand side is related to the energy radiated
from the inductor. Now the surface of integration corresponds to the surface
of the conductor plus the surface of a sphere of infinite extent. The contribu-
tion from the large sphere is zero since E'\'% . H'\--l— and the integrand

r2

goes like %— which tends to zero as r becomes infinitely large. The value
of the surface integral evaluated over the conductor usually vanishes since

E = 0 except for the time when the circuit is opened to initiate the transfer
of energy.

Eq. (5) turns out to a very useful expression because it allows one to

discuss most of the cases associated with the transfer of energy from a

P R T T TRy g vpeam e e



superconducting inductor. To illustrate the generality of this expression
we consider a number of typical cases.

Case I No Mechanical Motion Takes Place

When the conductor does not move one is dealing with the classic situation
where a ''charged" inductor L1 delivers part of its stored energy to another
inductor 1.2 . It is clear for this particular case that Eq. (5) reduces to

B

7 U3 a0 = [@xB-a ®)
or
I-Bidrw =[dt [ (E x H)do (7)
W lo0 O Gl

The change in the magnetic energy is thus equal to the total energy that has
escaped from the system in the form of radiation. To fix the ideas let us
assume that I..1 = I..2 . This then implies that after the energy transfer the
current in each inductor will be one half the initial value of the current in
Ll . From similarity arguments it follows that the magnetic field is halved
also. This means that at t = » , the magnetic eneréy stored in the system
becomes:

B2 B2 B2 (8)

1
i =—d+ | a—dt=2(3 [ 5— dr| )
coill 2u° coil2 2uo 4 2uo t=0

indicating that half the energy has been dissipated.

Case II The Coil Moves Impulsively, But the Circuit is Not Interrupted

In this case, the last term of Eq. (5) vanishes since the Poynting vector
is zero at all times. An important property of this circuit is that the change
of magnetic energy goes into mechanical energy. Because the system has
become reversible it behaves like an adiabatic system from a thermodynamic
point of view. The proof of this assertion is easy to demonstrate. Indeed
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4
if we write
JxB=mv (9)
The modified equation becomes
3_{ f g_uz_ ('_“ﬁ)d (10)
or
B
= [(= —)dt (10)"
w,

which completes the proof. It is clear that v could stand equally well

for an angular velocity without loss of generality.

A corollary to the above conclusions is that from the well known work

on electromechanical analogies one can visualize v as equivalent to the charge

on a capacitor so that the results obtained above are that energy is transferred
from kinetic to potential form without any losses.

I.2 Basic Rules for Transfer

The transfer of the magnetic energy stored fram an inductor to a purely
resistive load does not pose any fundamental difficulties since all the energy
stored can be utilized.

On the other hand, the transfer of the magnetic energy from one inductor
into another can be a dissipative process as was shown in the previous section.
The discussion of the same section points to the following basic rules

1) Inductors discharging directly into inductors will lead

to an energy loss.
2) The addition of condensers to the circuit makes the

transfer lossless.




3) The provision of an electromechanical converter which is

known to be equivalent to a capacitive system also leads

to a lossless transfer of energy.

|

I i
‘; ,
E |

;

a |
|
;
;

;

b |
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PART II
IMPROVED METHOD OF ENERGY TRANSFER

II.1 Pure Inductive System

The efficiency for the transfer of energy for the purely inductive
system discussed in Case 1 of I.1 is obviously related to a geometrical

factor. An equivalent statement is that it is a function of the ratio of
Ly /Ly

To study the generality of this effect one considers the case of the
energy being stored in more than one inductor. Actually when a series/parallel
combination is used it becomes apparent that an advantageous arrangement is
that of the electromagnetic dual of the Marx generator. In this scheme, the
inductors are ''charged" in series and subsequently ''discharged' in parallel.
The theory for this scheme was first reported in 1977.(2) The details of the

proof is covered at length in Part 111 of this report.

The essential conclusion that is reached is that the transfer efficiency
is improved from the 25% value for two equal inductor to 33% with the present

scheme.

II1.2 The L-C System

It was seen in the previous section that the addition to the system of
another degree of freedom (either through electromechanical conversion or

through capacitors) makes the system reversible and hence lossless.

The disadvantage in adding a capacitive system, however, is that the
condensers must be able to handle all the energy stored in the inductors.




Under these conditions the ost of the system is unduly increased.

An alternative approach to the simple addition of capacitance to the
system is to examine various pulse shaping ciircuits made up of lossless
components (inductors and capacitances). Although the use of pulse shaping 1
circuits does not alter the condition that all the condensers eventually
have to handle a major fraction of the energy stored there is the definite
t improvement of preventing the current from oscillating (hence no current
reversal) and consequently improving the efficiency of transfer by minimizing
the mismatch between the storage system. The general theory of pulse shaping

is given in Section II.3 of this part while a specific configuration is

discussed in details in Part IV.

I1.3 Pulse-Shaping Circuit'

I1.3.1 Introduction
Of concern is pulse management and control in dynamic systems. Normally,

unless special conditions are met, the pulse response of a dynamic system shall

have tails or asymptotes that stretch out to infinity. A transducer may keep
vibrating long after the original excitation. An antennamay stretch the trans-

mitted signal. A stepping motor may continue to vibrate for extended periods

of time. A commnication channel may cause signals to overlap. Similarly, a
filter in the path of a signal, may serve well to scrub the signal off its noise,
1 but a long tail is also added.

e

Gerst and Diamond posed this problem in Reference 3. They also suggested

; j

This section contributed by D. Hazony was presented at a Conference in 5
honor of Prof. R. J. Duffin at Carnegie-Mellon Univ., July 10-14,1978. The
proceedings of the conference will appear soon in a book form.

e
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8
several solutions. Philipp Dines and the author continued the work and showed
that it is also possible to control some aspects of the output.
H These works are reviewed in this paper. Moreover, it will be seen that
a number of degrees of freedom may be added which need be no larger than the

degree of the network plus one.

h II.3.2 The Finite Laplace Transform

Consider a dynamic system where the input is ei(t) , the output is
eo(t) and they have the Laplace Transforms E] and E2 governed by the
relationship

s (M

where tz](s) represents the transfer function of an initially relaxed

dynamic system.

The problem is reduced to that of obtaining an input e; such that
the output is confined to the interval 0,T . This defines a Laplace

transform:

1
E, = { e,(t) e St gt (2)

which is denoted as a finite Laplace transform.

The following are examples of finite Laplace transforms:

(0- exp- s) l-exp-s 1-exp-(s+l) (3)
s T iy

——

Note that these functions have their poles cancelled by zeros of the
numerators. Hence they are entire functions. It has been proved by Gerst

and Diamond [1] that:

ey

Theorem 1: If P,i and D are polynomials in s with the Pi's of
lower degree than D , and if the ai’s are non negative reai numbers,

E | then:

L———n‘ . . it o s it - s - RTET——




k
G(s) = % {1 P, exp(-ais) (4)

i=

is a finite Laplace transform of length a(= max ai) if, and only if, it

is entire.

In what follows we shall insist that both E, and E_, shall satisfy

1

2

‘ the conditions of Theorem 1.
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1M.3.3 Examples
The basic procedure will be illustrated by the following example.

It will also serve to bring out some special features of interest. Con-

sider the Low-Pass filter shown in Fig. 1.

qp}

1l

1§
wino

«,

Figure 1. Low Pass Filter

The voltage transfer function of this filter is:

L it = r‘:‘f:‘-%r'n—'y ()
1 s2425+42 * FIREH R =4

One possible input would have the Laplace transform:

1 - exp(-as-2a)
g # (6)
provided of course that the numerator is zero at (s+1+j) = 0 which are

the zeros of the denominator. This restricts ain to be 2rn .

This example is suggested by Gerst and Diamond. To remove this last

restriction on the interval 'a' they suggested the following:

(1-exp-§ s)(1-exp-§ (s4143))(1 - exp - 3 (s41-)))
g s

(7)
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The first term (1- exp-% s)/s 1s inserted to make the input piecewise
constant. The other terms are zero at (s+1+j) = 0 . Gerst and

Diamond call their method zero insertion. Note that 'a' 1is arbitrary and

can be very small. The fact that ‘'a' is arbitrary permits optimization
schemes. These can be carried out in respect to efficiency, shape, or

output energy.
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I1.3.4 Development for Degree 2

Applying the above technique to the fiiter:
tyy = (a2 + 82)/[(s + 0)2 + 2] , (8)

Gerst and Diamond determined the following input-output pair where T is

the pulse duration;

s . T(s*a-jB) _T(s*atje)
3)(1-e 3 )(l-e 3 )
] iy e R $
Is _T(s*a-jB) _T(statjg)
sl Sl e
: s[(s+a)2 + 82]

(l -e
E.(s) = +—
(9)

Let u(t-to) =1 for (t> to) and zero elsewhere. The following is the

time response of the above

Ia e R
e.(t) = u(t)-[ 1+2e 3 cos L u(t--T-)+ e 3 + 2e 3 cos =
i 3 3 3
2T
u(t-F)-e 3 ouem
o W S
e (t) =r(t)-|1+2e 3 cos:r-E r‘(t-l)* e Jape 3 cos-T—8 x
0 3 3 3
2Ta

rt-yee 3 oren)

where

%
() = (1 - (o2+8%) " o-ot oc(st- tan! %) ut) . (10)
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Thus the method has one arbitrary constant. It is piecewise constant
with three equal steps. The following input function was suggested in

Reference 4.

E] = N]/s (1)

Ny = 1 - ;Tﬁ%gﬁsy exp(- a(s+a)/B)+ ;?5{3257 exp(- b(s+a)/B)

where a and b are roots of:

¢ = cosx_- exp(-xa/8

i = constant (12)

Setting s =0, or -a + j8 gives N] = 0. A typical input-output plots

(for a =8 =1) are shown in Fig. 2.

3 .1“) PULSE DURATION = 5.0

VOLTAGE

Figure 2
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A study of f (Eq. 12) shows that it is multivalued for x > = .
Hence the resulting minimum pulse length is larger than = . The following
function (N] in Eq. 13) has no length limit. Moreover it has three

degrees of freedom. The function will be derived in Section 6.

Thus:
E; = Ny/s (13)
Ny = 1+A exp-a(s+a)/8)+ B exp-b(s+a)/8)+ C exp(- c(s+a)/8)
AD = sin(a-c) + sinc exp-ba/B ~ sinb exp-ca/B
BD = sin(c-a) +sina exp-ca/B - sinc exp-aa/B
CD = sin(a-b) +sinb exp-aa/8 - Sina exp-ba/B
D = sin(a-c) exp - ba/g+sin(c-b) exp-aa/8+sin(b-a) exp-ca/8

This function (N,) 1is zero at the origin and s = -a + j8 . The break

points, a, b, and c , are perfectly arbitrary.
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I1.3.5 The Bipolar Case

A bipolar pulse is relatively easy to produce either by switching or by
hard amplification. In what follows it will be shown that it is possible

to obtain a time limiting bipolar pulse for the degree 2 network.

Without loss in generality let o« = g8 =1 and let ¢ = in Eq. 13.
This gives
N] =1- C, exp-as + <, exp-bs - C3 exp-ms (14)
C4C] = sinb(1 + exp-n) exp-a
C4C2 = sina(1 + exp-n) exp-b

C4C3 = (sin(a-b) + sinb exp-a - sina exp-b) exp-n

Cy sin(b-a) exp-n + sinb exp-a - sina exp-b

This function simplifies considerably when

sina expa = sinb expb (15)

K
Accordingly:

Ny 1 - C1(exp-as - exp-bs) - exp-ns (6}
16
sinb(1 + expr) exp-a
sin(b-a)

G

A plot of sinx expx vs x (Egq. 15) is shown in Fig. 3.

When K + 0 the coefficients a and b approach 0 and =
respectively. Then C1 (Eq. 16) approaches unity. On the other hand
when b-a approaches zero (near x = 3n/4 ) makes C] approach

infinity. It follows that C] may assume any value 1 < C, <w,
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4" l
2t |
2 I g 2
(] | . | 4
Figure 3. sinx expx vs. x
Making C] = 2 gives:
o Tl
E] = — = — (1 - 2 exp-as + 2 exp-bs - exp-rs) (17)
s S 1

representing the bipolar pulse.

A computer plot of output signals corresponding to Eqs. 9 and 17 is

shown in Fig. 4. It is seen that the response to the bipolar input is

significantly higher.




r""T

(= 0.1)
1

Figure 4.

corresponding inputs are shown with 10:1 scale.

Outputs Corresponding to Eqs. 9 and 17.

17
- N, "-[ —
S-— -
Tt ———— . d.. ERN |
(7)
S HEE ShSiL Y] S| SRR e ol
(9
o File d
()
=2 -...JL_._.__—-_-J
e 3
(z 1)

The

The energy delivered to

the resistor (Fig. 1) is about double for the bipolar input.
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; . - II.3.6 The Main Theorem

Given an RLC network of degree n . Then it is possible to find a
stepwise constant pulse, with n+1 steps of arbitrary lengths, which will

evoke a time limited network response.

The proof is an induction. It will be shown that new poles can be

cancelled by the introduction of new steps. Let N] in Eq. 11 be written

g as:
=1 . _Ssinb y _sina 5
fap * |~ a(pdy ESRI ey St
(18)
. 500 . SN . _sinb ¥
Poe * 1 - Ginfeciy OPPistalie * grareyy S-clvteile

Clearly both Fab and Fbc are zero at (s+atjs) = 0 . Let F(0) denote

F(s)'s=0 . Then the following function, F

abc °’
F F
r L SR - (19)
abc FaSIGY Fbc(OS

is zero at s =0, and -a * js . In fact N, (Eq. 14) is the same as
Fabc/Fabc(°) . It follows that this process will generate a zero for any
additional real pole of the network. To generate an additional complex

pole, say at s_, proceed in two steps:

0

: Let U=ReF(s.), V=1mF(s ), and

: (] 0
& Ube Fab = Yab Fie U e Yed Fbe = UbcFea (20)
abe  Upe Vap = Yab Vbe bed  Uey Vbe = Une Ved




i
!
|
i
<
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Thus both G, and G, ., are zero at s = -a # je and are equal to
J a1 s = So Therefore

F

= e _be (21)
abed ~ (=) = 6 4(=)

is zero at s = -a + jE as well as S and Eb . Moreover to produce a

zero at the origin we add one more point:

r 3 _"“fpcdesgl_Fabcq_:_fggcd(o) Fhcde
abede g (0) Fopeql=l = Fapeq(0) s

Similarly, any number of zeros would be generated. This completes the

proof.
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CHAPTER I
INTRODUCTION

Since the advent of high field superconductors, inductive energy
storage has became attractive not only as a load levelling method in

(1)

electric utility system but as a pulsed power source for lasers

and electron beam sources(z,) and for controlled theormonuclear fusion
reactors.(s) As a pulsed power source, it has been shown that an in-
ductive energy storage system has advantages in size and cost over

a capacitive storage when the stored energy exceeds around 105

(4), (5

Joules.

In order to transfer energy fram the storage inductor to a load,
there has to be same interface circuit, which determmines the energy

transfer efficiency of the system. A survey by Kam.rek(s) illustrates
several possible transfer circuits, their maximum efficiency obtaina-
ble, and the design limits of each scheme. It is well known that the
simplest transfer circuit composed of shunt and series switches only
has an efficiency of maximum 25% for a matched load, and to upgrade
the efficiency it is necessary to include a reactive element in the
form of a capacitor or a mutual inductance. This in turn increases
the total cost of the storage system, since equally high rating
canponents are required.

One of the major problems in inductive energy storage is encoun-
tered in the technological limitation of the switches for the transfer

M AT v ko e e i




circuits. Different types of the current breakers have been used at

different time scales(7), and a great deal of effort is being expended
\

to meet the requirements for each application.(s)

’

The main concern of this work has been a feasibility study on a
superconducting SKRAM generator, which produces a high current out of
the magnetic energy stored in many inductors. This is an electro-

3 magnetic dual of the Marx generator, in the sense that a number of in-
ductors are charged first in a series connection and then all are
switched into a parallel circuit to produce a high current in a load.
(The name SKRAM generator is derived fram Marx generator by reversing
the order of the letters of Marx (or Marks). The main features of

this generator are:

1) An improved efficiency over the simple transfer scheme
without a reactive element.

2) Less stringent requirements on the switches, and

3) Shorter discharge time constant.

Although several methods have been worked out to minimize the
heat loss due to feed current leads to the superconducting mag-
nets,(g)‘ (10) it is preferable to avoid the use of current leads to
the liquid He dewar if it can be done. For this reason, current is
generated within the liquid He bath by a device, so called, flux pump,

on which an extensive review was done by the group at I.eiden.(n)
Flux pumps can be classified into two categories according to the mode
of operation.

. L mliin i il .
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3

1) Flux pumps employing discrete superconducting switches, (12-1%)

2) Flux pumps employing flux spots transported through super-
conducting sheets by light bears(ls), or by moving magnetic
tielas. (17-21)

The generation of current flux pumps invariably accompanies
heat dissipation, and a qualitative camparison on the efficiency of the
(22) Among those in

the last category, the flux pump of a rotating-magnet type is one of

various types of flux pumps was made by Newhouse.

the most popular and widely used. Although several mathematical
formulations have been made on the operational characteristics of the

(23-25)

similar types of the flux pumps , and an appreciable amount of

empirical informations has been obtained on the emf due to the flux

motion in a superconducting sheet(%)

, an exact theoretical under-
standing is not achieved yet. There still exist many unsolved problems
associated with the moving normal spot in the superconducting sheet

and rather an intuitive approach has been used in the design of flux

pump. (27

Chapter II is devoted to the general considerations and the
transient analysis of the SKRAM generator. In Chapter III, the design
and construction details of the flux pump are discussed. The experi-
mental apparatus and the measurements are described in Chapter IV and
the sumary is included in Chapter V.




CHAPTER 11

SKRAM GENERATCR

1. General Considerations

A superconducting SKRAM generator, shown schematically in Fig. 1 ,
consists of n storage inductors, superconducting switches and a flux
pump. Ll's are storage inductors, and I..z is a load inductor. The

method of operation is as follows.

1) The switches S,'s are kept open, while switches S's are
closed. This interconnections put all the inductors in
series.

2) The series of inductors is charged by the flux pump, and a
persistent current I i is made to circulate around the
circuit.

3) The switches Sl's are now closed, and then S's are open.
This converts all the storage inductors into parallel
configuration, and the final current If is induced in the
load.

The relation between the initial current Ii and the final
current If in the load inductor is obtained from the condition of
flux conservation in the main loop & (Fig. 1) as

Ie(lot Ly/n) = 1i(In* Ly) 1

Therefore, the current amplification A is found to be
4
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Fig. 1 A Schematic Representation of a

Superconducting SKRAM Generator.
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On the other hand, the energy transfer efficiency of the system is

given by
2
15y Iy 424

= (3
i I§(12+ nL,) 1+nL, /L, :

The functional dependence of A and n on the number of
inductors for different values of L1/L2 is shown in Figs. 2 and 3 .
When many inductors are employed and Llll.2 > 1, the current amplifi-
cation approaches its maximum attainable value A_= 1+I..1/L2 . The
highest maximum transfer efficiency of 33% occurs when L1/L2 =3,
and n=5. As Ll/I..2 increases, the maximum efficiency drops and
finally reaches to the lowest maximm efficiency of 25% . This is
readily seen by reducing Eq. (3) under the condition Ll/l_2 > 1.
That is,

o E% 1+ = o
L, /nly)

and when n-Ll/Lz, n has a maximm of 25% .

To better understand the system performance in detail, two other
parameters are introduced as follows.

W.-W

e e

1) Loss factor fL = 'i

2) Residue factor f_= 'f- 'M
R™ Vv £

i
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where wi(f) = the initial (final) energy of the system

and sz = the final energy in the load.

The loss factor determines the percentage of the energy loss
during switching, and the residue factor is the percentage of the
energy remaining in the storage inductors. Then from the relation of
Eq. (1), and the definitions (5) and (6), fL and fR are obtained as

2
(141 /L)
fL =1- L]'/Lz (7)
(141, /nL,) (1#nL /L,)
2
(141, /L)
and fp=1- /% . (8)
(140, /L) (4L /nly)

Egs. (7) and (8) are plotted as functions of n for different
values of Ll/L2 in Figs. 4 and 5, respectively. It is seen that the

two factors have cammtative effects on the efficiency such that fR

has a dominant effect for small value of n , while fL

large value of n . For a small initial current in the load inductor,
the following relation between n , f

does for

L and fR holds.

v

n+fL+ fR'bl (9)

For a large value of n , most of the energy of the system is
lost through the power dissipation in the switches and is not recov-
erable. If the system retums to the charging configuration, (1-f,)2
of the initial energy is recoverable.
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2. Transient Analysis

The transient condition of the SKRAM generator is analyzed in
detail for the following conditions.

1) Pumping of magnetic flux into the storage inductors occurs
stepwise. This is generally true when the generator is
charged by a flux pump.

2) The switches have a finite resistance in open condition.
When superconducting switches are employed, the resistance
of the switches at nomal state may not be high enough to
allow the system a fast response.

3) For the simplicity of analysis, it is assumed that n = 3
and L1/L2 =3.

The analysis is carried out based on the circuit diagrams of
Fig.6 (a) and (b). The flux pump is represented as a switch, which
introduces magnetic flux ¢ into the circuit at time t =0 in (a),
the charging period. In discharging period (b), it is short-circuited.
The currents with alphabetical subscripts refer to the real currents
in the inductors. As shown in Appendix I, the current through each

inductor and switch in charging and discharging period is obtained as
follows. Here 1 stands for the time constant Ll/R s

A. Charging Period
In the camplex frequency damain the currents are given by




Fig. 6 Circuit Diagrams of a SKRAM Generator.
k (a) During the Charging Period and
1 (b) During the Discharging Period.
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Egs. (15) - (18) are plotted in Fig. 7 with 1 as a parameter.
It is seen that for t = 0.5 sec. and a pumping speed of 20¢ per sec.,
the current in the storage inductors reaches approximately 60% of its
peak value just before the next stroke of flux pumping. In other
words, if the time constant is not short enough compared to the




Decaying Curves = Current in a Load
Rising Curves = Current in Storage
Inductors

1sec

A

0.5 1 sec

0.05 0.1

Fig. 7 Charging Cha.rac{;zristics of SKRAM Generator for Different
values of 1 = " Curves in the Insert Show currents

in the Switches. Ip refers to the steady state current

% %1 induced in the inductors at each stroke of flux pumping.
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pumping period, a good part of magnetic flux pumped into the circuit
builds up in the load inductor instead of the storage inductors

momentarily, which will give rise to a high transient current in the
load. The insert in Fig. 7 shows the dependence of the current in the
switches on the time constant. This transient current will result in .
an energy loss of the system through the power dissipation on the j
switches. The requirement for the time constant t for the fast
response of the system is given roughly by the inequality = Ll/RiZT,
where T is the period of flux pumping.

B. Discharging Period

Similar expressions to those in A are found and are
i s(s+7j_3 5 (19)
st 2% = i
LRl ol s'_‘7L$(s+3 = T S Tl (20)

p e
L=l Lh=*s57l »

(21)

where Ii is the circulating current in the circuit before discharge.
Solving in the time domain,

i =21,01 - 3 e~3t/1y (22)
in - Ii e—3t/t (24)

Egs. (22) - (24) are plotted in Fig. 8 for different time
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Fig. 8 Discharging Characteristics of SKRAM Generator
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constants. It is seen that the current rise time in the load is
shortened by 1/3 of the simple transfer scheme. The insert in Fig. 8
shows the current through the switches in the discharging period. The
peak current to be handled by switches is equal to the initial current

Ii‘

In summary, the transient analysis reveals the following charac-
teristics of the SKRAM generator.

1) To prevent a transient build-up of current in a load inductor
while the generator is being charged, the resistance of the
open switches must be high enough to satisfy the inequality,
T = Ll/R < 2T , where T is the flux pumping period.

2) The discharging time constant of the gencrator is given by

e

WAL TR

3) Power dissipation and hence energy loss results from the
transient current in the switches and depends on t . The
peak voltage developing across the opening switches in
discharge is VR = R.Ii , where R is the resistance of the
switches in open condition.




CHAPTER I1I

FLUX PUMP

1. Design Consideration

One of the simplest version of the rotating-magnet flux pump is
shown in Fig. 9. It consists of a cylindrical Nb sheet and magnets
of a few poles rotating about a concentric shaft to the sheet. The
poles of the magnets have the same polarity facing the sheet and
produce a magnetic field which is high enough to cause the super-
conducting Nb sheet to quench to the nommal state over a small region.
Superconducting wires are connected to the top and bottam of the Nb
cylinder periodically and grouped together to form the output temminal

of the flux pump.

The operation of the flux pump relies on the principle of flux
conservation in a multiply-connected superconductor. Although an
exact theoretical prediction has not been successful yet, the
following set of equations has been fornmulated on the basis of phe-
namenological arguments for the emf and the loss of the flux

m’(23-25)

enf = nw(P-I.bI) (25)

loss = nuLbIg (26)
where n is the number of poles of the rotor, w the rotation speed
in rps, I the load current, P the flux per normmal spot, and Lb

and Io are the effective inductance of the spot, and the effective
19
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Fig. 9 A Rotating-Magnet Type Flux Pump.
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current on the spot, respectively. However, because of the
camplicated nature of the physics of the moving spot, those effective
quantities have not been quantitatively calculated.

A general idea on selecting a proper material suggests that a
thin superconducting foil of high resistivity at normal state has a
better performance than a sheet of low resistivity for high speed
operation. This is due to the fact that a moving nommal spot on the
superconductor is distorted considerably as the material is thicker

and of lower resistivity.(zs)

2. Construction Details

The dimension of the Nb sheet cylinder must be designed so as to
be able to carry the design current. By a rule of thumb, the current
carrying capacity of a pure Nb sheet is estimated to be 10-15 Amp /mm
for 1 mil thickness.(®®) To secure an efficient operation at high
speed, a thin Nb foil of 0.4 mil thickness is wound as a cylinder of
2.875" diameter, whose circumference is 9". The current carrying
capacity is then found to be around 1000 Amps. Twelve NbTi super-
conducting wires of 0.02" dia. are spot-welded on both edges of the
Nb foil. Fig. 10shows the photograph of the unwound Nb foil with
NuTi wires spot-welded. Forming a cylinder with thin foil requires
a special consideration in selecting the structural materials. Fram
a series of tests with different materials, it has been found that
teflon and micarta have significantly different themmal contraction
ratios with each other at low temperature. Therefore, the Nb foil is
allowed to fit between the teflon and micarta rings, and when it gets

R ————— -




Fig. 10 Photograph of the Unwound Nb Foil
with NbTi Wires Spot-Welded.
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cold, the outside teflon ring shrinks inward to tightly hold the foil.

Although it depends on many parameters such as its purity and
metallurgical process, the critical field of Nb is estimated to be
around 2 kG at liquid He temperature. To provide the high magnetic
field needed to create the normal spots, two ring type permanent
magnets made of Alnico V are inserted at the top and bottom of the

b o

rotor. Fig. 1l is a photograph of the rotors with various number of
poles together with the ring type permanent magnets. A closed magnetic
return path is provided by a mild steel sleeve outside the Nb foil
cylinder. The gap between the rotor and the stator is 20 mils. Due ‘
to the magnetic flux loss of the permanent magnets during the assembly

process, remagnetization is necessary after campleting the flux pump
assambly. For this purpose, two magnetizing coils have been added to
the actual design. By applying a peak current of 25 Amp to the coils
for 1 sec., a magnetic field of 4.6 kG is established in the gap.
Fig. 12 shows the cross-sectional view of the flux pump, and Fig.13 is
a photograph of the campleted flux pump. |
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Fig. 11 Photograph of the Rotors with Different Number

of Pole Pieces, Together with Ring Type Permanent
Magnets.
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Fig. 12 Cross-Sectional View of Flux Pump.
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Fig. 13 Photograph of Completed Flux Pump Together
with Superconducting Storage Inductors.
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CHAPTER IV

EXPERIMENTS

1. Description of Experimental Apparatus

A. Prototype SKRAM Generator System

A prototype superconducting SKRAM generator is shown in Fig. 14.
Three storage inductors and one load inductor are made with NbTi super-
conducting wire wound on the aluminum coil forms of 1" ID, 2" OD, and
1 3" length. Each layer of the inductors has been impregnated in the
epoxy to provide the rigidity of the winding at low temperature. The
inductance of each storage inductor is measured to be 18 mH, and the
load inductance is 5.6 mH.

The scheme of magnetic switching of the superconducting Nb strip
to nomal state has been conceived for the superconducting switches.
The cross-sectional area and the length of the strip are to be designed
to meet the requirements of the high resistance in the normal state
and the high current carrying capacity in the superconducting state.
For the design current of 20 Amp and the normal state resistance of
0.1 ohm, 0.5 mil thick Nb foil is cut into 1/8" wide and 12" long
strips. Each strip is folded several timesto fit into the hole of the
switching coils. Fig. 15 shows the close-up view of the supercon-
ducting switches. One coil contains 4 strips and the other coil
contains 2 strips, corresponding to the circuit diagram of Fig. 1 .
The magnetizing current in the switching coils is controlled by the

SPDT relay control circuit of Fig. 16 . In the charging period of the
27
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Fig. 14 Photograph of a Prototype Superconducting
SKRAM Generator.
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Fig. 15 Superconducting Switches
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generator, the latch output is maintained LOW to energize the relay,
and the magnetizing current flows through the switching coil having 4
strips in it. For the discharge, the latch is set to HIGH to release
the relay and the current is transferred to the other switching coil
with 2 strips. As soon as the magnetic fiéld at the center of the coil
exceeds the critical field of Nb, the Nb strips became resistive and

the energy transfer takes place.

B. Instrumentation

The quantities to be monitored in the experiments are 1) the
temperature inside the liquid He dewar, 2) the liquid He level, 3)
the magnetic field in the gap between the rotor and the stator of the
flux pump, 4) the emf of the flux pump and 5) the currents in the
storage and load inductors.

The temperature is monitored with a transistor RCA 148 by
measuring the forward voltage drop across the emitter-base junction
for 10uA forward current, which has been calibrated against the
temperature sensing diode DRC-7*. It is found that the voltage drop
of the transistor has a good reproducibility below the liquid nitrogen
temperature, and when it reaches the liquid He temperature, the junction
becames a camplete open circuit. Several types of switching diodes
and carbon resistors have been tested, but any of these does not have
such a good reliability as the transistor.

*Made by Lake Shore Cryotronics, Inc.




The liquid He level is measured with a liquid He level sensor and
Model 110 liquid He level meter made by the American Magnetics, Inc.

The magnetic field in the gap of the flux pump and the currents
in the inductors are measured with a transverse and an axial Hall
probes made by F. W. Bell, Inc. The transverse Hall probe has been
inserted in the gap during the assembly process of the flux pump. The
currents in the storage inductors and the load inductor are measured
by detecting the magnetic field at the center of the inductors with
separate axial Hall probes, which have been calibrated with known
currents. Fig. 17 is a photograph of the transverse and axial Hall

prcbes together with a temperature sensing transistor.

C. Experimental Procedures

Fig. 18 shows the schematic view of the apparatus put into the
liquid He dewar. Before the cooling process, dry gaseous He is used
to purge out all the air inside the dewar to prevent the air fram
freezing around the bearing and the other moving parts. The latent
heat of the liquid He is as small as 0.65 cal/an>, compared to 38.6
ca.l/cm3 for the liquid nitrogen. The specific heat of most of the

metal decreases as the temperature is lowered. Therefore, precooling

of the system down to the liquid nitrogen temperature precedes the .
liquid He transfer by filling the outer dewar with the liquid nitrogen
and allowing heat transfer through the gaseous nitrogen layer between
the inner and outer dewars. It takes about 4-5 hours to campletely

cool down to 77.3°K. After the precooling, the nitrogen gas layer




33

e

Fig. 17 Axial and Transverse Hall Probes Together with
a Temperature Sensing Transistor.
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Fig. 18 A Schematic Representation of Experimental Apparatus.

(1) Motor (2) Liquid He Dewar (3) Liquid Nitrogen
Dewar (4) Switching Coil (5) Load Inductor

(6) Storage Inductor (7) Liquid He Level Sensor
(8) Flux Pump.
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begins to be evacuated. With a liquid nitrogen cold trap, the

diffusion pump can pump out the nitrogen gas down to 10'6torr within

2 hours. Fig. 19 shows the photograph of the dewar with the motor
installed on top of it. The rubber stopper on the side neck is to
release the heavy pressure arising fram the vaporizing helium. He is
transferred via vacuum-jacketed flexible transfer line made of stain-
less steel. The transfer rate is controlled by the pressure in the
liquid He container, which can be adjusted with the external pressur-

izing gaseous He. About 3-4 1b of pressure is necessary to continue

transferring. Fig. 20 is a photograph of the liquid He transfer

process.

2. Measurements

First, the flux pump was tested with one storage inductor to see
its performance characteristics. The normal spot size is 3.32 cn2
and the magnetic field at the center of the spot is 4.6 kG. Fig. 21
shows an oscilloscope display of the magnetic field variation in the
gap (a) at roaom temperature and (b) at the liquid He temperature as
the rotor rotates. Observations have been made for different rotation
directions and it has been confirmed that the nonuniformity of the
magnetic field is not due to the geametry of the pole face but due to
the eddy currents induced around the moving spot. With a rotation
speed of 120 rpm, the current induced in the storage inductor reached
18 Amp after 5 min. operation, and it showed a linear increase up to
110 Amp, the critical current of the NbTi superconducting wire. In

fact, the current increase in the storage inductor is a discontinuous

TR U—— e TN -




36

Fig. 19 Photograph of the Liquid He Densor,
also Showing the Motor Mount and the
Pressure Release Rubber Stopper
Arrangement .
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Fig. 20 Liquid He Transfer
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(a) Ver. 1 mV/em, Hor. 10 ms/cm.

(b) Ver. 2 mV/cm, Hor. 10 ms/cm.

Fig. 21 The Magnetic Field Variation in the Gap while the Rotor

Rotates. (a) At Room Temperature and (b) At the Liquid
He Temperature.
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process, as is evident fram the oscilloscope picture of the emf of the
flux pump in Fig. 22. It is seen that the flux pumping occurs once in
every B_xli sec., where n is the number of poles and » is the rota-
tion speed in rps. The emf was measured by AC voltmeter for different
rotation speeds as in Fig. 23, It shows a deviation fram the linear
increase of emf at high speed range, owing to the degradation of the

moving nomal spot at high speed operation.

After the flux pump test, the entire SKRAM generator system was
tested. Table 1(a) and (b) sumarize the caurging and the discharging
test results. Due to the small current carrying capacity of the Nb
foil superconducting switches, the test was performed in the current
range of 10-20 Amp. The first three colums in (a) shows the current
rise in both storage and load inductors while the flux pump was running
at 120 rpm, and the last two colums are the currents approaching the
steady state after the flux pump stopped pumping. It is seen that the
resistance of the Nb foil switches was not high enough to prevent the
transient build up of current in the load inductor. 1In Table 1(b),
the current changes in the load inductor due to the switching are
shown at various situation. When the generator was discharged just
after the flux pump stopped, the current amplification obtained was
1.5. When the discharge was done after the system reached steady
state, it approaches 1.8 which is very close to the theoretical predic-
tion of 2 . The difference of currents between the original value

and the value after the generator returned to the charging




Fig. 22 The emf of the Flux Pump at 80 rpm.
Ver. 2mV/cm. Hor. 50 msec/cm.

BRI v T




41

(mV) ’
0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

n i I

1 200 300 4
% %0, (rpm)

Fig. 22 The emf vs. Rotation Speed, Measured
by AC Voltmeter.
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% s Flux Pump Running After Charge up
8 . ) ) ) :
& S5 min 8 min { 10 min| 5 min | 10 min
2 6.59 | 9.72 |12.22 | 9.00 |7.84
(Amp) :
Ey
(amp) | 5.03 | 6.37 | 7.70 | 7.70 |6.70
Ip/ly | 1.31 | 1.52 | 1.50 | 1.18 |1.17

(a) The currents in the load and storage inductors

during the charging period, where 1Io is the

load current and Il

storage inductors.

is the current in the

Bt:)fore Return t

Oy Dzzcm%'gem Original A

&%3,& (Amp) |  (Amp)
Just After
Charge up 10.97 16.59 8.47 1.5
3 min.after

10. . : .

- up 0.34 17.54 7.84 1.73
10min. after
Charge up 7.84 14.09 7.22 1.80

Table 1.

after the discharge.

(b) The current amplification in the load inductor

Experimental Results of the Charging and the

Discharging Test of the SKRAM Generator.
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configuration resulted from the power dissipation on the switches.
It was observed that for a flux pump rotation speed of 300 rpm, the
current rise in the load inductor was much faster than that in the
storage inductor. The discharge switching time was observed to be

around 10 msec.
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CHAPTER V
DISCUSSION AND CONCLUSIONS

The superconducting SKRAM generator is shown to be a feasible
scheme to generate a high current out of the magnetic energy stored
in many inductors. Campared to the simple inductive energy storage
systam, it has the following features.

1) The maximum efficiency of energy transfer is 33%.

2) The current to be handled by the switches is less than

the current generated in the load inductor.
3) The discharpge time is shorter by a factor of 1/n, where

n 1is the number of the storage inductors.

As shown in the transient analysis and the experimental test
results, the nomal state resistance of the superconducting switches
detemmines the transient condition of the system not only in the
discharging period but in the charging period. When the time
constant is too large compared to the pumping period in the charging
period. a high transient current builds up in the load inductor, and
a good part of the energy is lost through the power dissipation on
the switches. In the discharging period, it limits the fast delivery
of energy to the load. In the prototype SKRAM generator, the Nb
strip switches could not be made to have a resistance higher than
0.1 olm due to the space limitation. To increase the resistance of

the switches with a designed current carrying capacity, the length of

44
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the strips must be increased, which may be impractical in quenching
the superconductivity with a magnetic field in the solenoid. The
Nb wire would be better than the strips in increasing the length
and also in removing the fringe effect as present in the strip
switches. However, it is not cammercially available yet. One
suggestion is to make use of a thin film superconductor deposited
on a coaxial form, but further study has to be made for the design
parameters, since the thin film superconductor has different

characteristics from the bulk superconductor.

The flux pump built in this work has a good performance
characteristic up to 400 rpm rotation. To further improve the
efficiency at high speed, the idea of substituting a thin film of
Nb for the foil has been suggested. One of the disadvantages that
the present design of the flux pump has is the high cost of initial
cooling due to the heavy weight of the mild steel sleeve and the
other accessories used for the magnetic return path. If the electro-
magnets are substituted for the pemmanent magnets, the overall weight
is expected to reduce substantially.

In the experimental procedures, precooling of the system down
to the liquid nitrogen temperature turned out to be a very important
procedure to effectively make use of the liquid He in reaching the
superconducting state. The pressure in the vacuum layer between
the liquid He and the liquid nitrogen is to be ensured to be low
enough to provide a good themmal insulation.
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1. Charging Period

APPENDIX I

Referring back to Fig. 6(a), the following s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>