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Some Aspects of Superconducting Magnetic
Energy Storage

by B. Oswald
Institut fir Plasmaphysik GmbH., Garching/Miinchen

This paper shall give some theoretical aspects of su-
perconducting energy storage.

Energy density

Compared with electrostatic energy storage systems, say
condensers, the magnetic field promises higher energy
density and for the entire storage systems considerable
smaller size and lower costs.

The density of the magnetic field energy is

1 2
em= EPH

This indicates that a feromagnetic core will be of ad-
vantage. However the advantage of iron becomes rather
insignificant in the range of high fields, on the other
hand a fast changing field in the iron core would cause
remarkable eddy currents and hysteresis losses, so that
we may forget iron for this consideration. On the first
picture the magnetic energy density is plotted against
the field strength. The pair of curves on the right-
hand side is continued by that on the left-hand side

if you go to smaller values of H. For these two cur-
ves you must multiply the vertical scale with 0.1.




In comparison the electrostatic field energy, given by
& s
5 E
is limited by the dielectric strength of insulating ma-
terials. For£ =5 and E = 100 kV/mm a value of

0.2 Joules/cm3
can be approached.

On this diagram the maximum value for foil condensers
would be situated at a point, which corresponds to a
magnetic field (without iron) of about 7 k Oe.

The energy density of the magnetic field is only limi-
ted by the magnetic forces and in the case of supercon-
ductors by the quenching characteristic of the wire ma-
terial.

-NbZr-wire, for instance,allows to produce fields up to
70 kOe, corresponding to an energy density of about
20 Joules/cm3; this means 100 x the condenser value.

Other superconductors capable of producing higher fields
are avalilable anqperhaps in the next future much higher
fields than 100 kOe can be achieved.

The further consideration shall be confined to complete-
ly closed systems, where the entire magnetic field is
contained in the coil. In this case an infinite coil
producing a homogeneous field along the axis represents
a configuration with the highest possible energy perunit
volume,

Considering the energy density of such a coil one can
distinguish between a net-energy density related only

to the field volume outside the wire volume and a gross
energy density related to the entire fleld volume inside
and outside the wire.
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So the field consists of two parts, the homogeneous field
inside the inner radius of the coil and the field pene-
trating the conductor cross section, which decreases to

O at the outermost layer of the coil.

The energy density related to the entire coil volume is
given by the equation on the figure. It contains as para-
ri

meters the lield strength and the radius ratio =

Dividing this equation by % po Qfa one obtains an ex-
pression only depending on %%,nﬂuch represents the gross
energy density divided by net energy density of the ho-
mogeneous field on the axis.

On the second figure the upper curve corresponds to this
ratio. If H2 is substituted by the current density 1
multiplied with the space factor we obtain a relation
between energy density and current density. The lower
curve corresponds to this relation also divided by the
net energy % K HE.

If H represents the limiting factor of the coil con-
struction it is advantageous to choose a ratio %%

near 1; and if the current density is limited a maxi-
mum of the energy density can be obtained for %%- near O,
that means, the entire coil volume must be filled with

current carrying conductors.

For superconductors we find according to the quenching
characteristic a mixture of these two limitations.

On figure three the gross energy density of an infinite
NbZr superconducting coil is plotted against the ratio

ri
75 1if a space factor of & = 0.4 is assumed.

We obtain several curves characterized by different
outer coil radius, this means corresponding values of




N

total stored energy per unit coil length.

By increasing the outer diameter the optimum ratio %%
increases simultanecusly. In addition the maximum ener-
gy density increases to finally approach the value of
the net energy. If always the upper critical field could
be achieved the curves would follow the upper limiting
curve and then decrease if the wire volume given by

r, - r1 would not be sufficient to produce the maximum

field.

For low values of -;% and low field strength, which
is of course of no interest, perhaps we have.to take
into account the magnetizatioﬁ characteristics of the
material.

The curves are calculated for uniform current distribu-
tion in the coil. To approximate the quenching charac-
teristic not only in the innermost layer, it is possible
to provide an increasing current density in two or more -
steps from inside to outside.

Stekly has shown that a toroid with a ratio between the
small and the large torus radius of % = % represents
for finite systems the configuration with the highest
possible energy, related to a certain field strength.

According to this optimum geometry on figure four, the
estimated costs of one Joule are plotted against the
storage energy. This figure is based on commercially
available NbZr wire with a uniform current density of
3.104 A/cma, which corresponds to a usual degraded

current, and a field on the axis of 60 kOe.

The diagram indicates that it would be of commercial
advantage to use inductive storage systems beyond
100 k Joules.
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This rather optimistic prediction depends of course on
the realization of large superconducting coils with high
field strength.

Perhaps the difficulties included in the construction

of large coils would suggest lower values of % than %.

Discharge characteristics

The discharge characteristics of magnetically stored
energy can be described by means of a simple circuit.

7 7 | %
b se | Re) | [] Loao

While the inductor is charged, the current flows con-
stantly in the left circuit, where R (+) = O. There is
no current flowing through the load.

Now discharge can be initiated by driving R (¢+) from O
up to a certain value R. The inductor current is now
split up into two transient currents J1 and J2' In or-
der to obtain a good energy transfer to the load a ra-
pid decrease of the current J1 is required;

The switch has to open a superconducting circuit. One
can assume that it consists of a superconducting wire,
which will be driven into the normal state by means of
an electrical or thermal triggering device. On the
other hand one can perhaps imagine a mechanically
driven switch, although it should be difificult to rea-
lize a disconnectable superconducting contact.

For our further consideration we may assume, that it
is possible to drive R (¢) up to certain value during
a negligible short period.
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To show the principle of magnetic energy discharges

a discharge characteristic with an ohmic load is shown
on the figure 5. After the switch resistence has ap-
proached its constant value the load current increa-
ses at once to an initial value given by the ratio bet-
ween the resistances and then decreases simultaneously
with inductor and switch current according to the time
constant 1 1
T=L(g+g)

R
1

Load current and switch current are related such as

J2 R

J 1 = ﬁv
In order to obtain a fairly good energy transfer to the
load it is of importance to drive the switch resistance

to a comparable high value.

The efficiency of the discharge is characterized by the
ratio between the integral of the ohmic losses, dissi-
pated in the load and the energy originally stored in
the inductor.

The matching condition for the highest obtainable power
is given by R = Rv'

Figure 6 shows the principle discharge into a pure in-
ductive load. The inductor current decreases to a final
current given by J.= 1—+‘7"-E;/:

According to the initial conditions the load current
increases during the same time to the same final value.
Simultaneously the current in the switch path decreases
to O.

The lower the load inductance can be provided the
higher the load current will increase.

The efficiency of the energy transfer is given by

Lv
L
GRE = TR b
L
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This ratio approaches a maximum value ol 25% for the condi-
tion va .. It is not pocssible, in the case of a pure in-
ductive combination, to transfer more energy from an in-
ductor to an inductive load than a quarter of the origi-
nal stored energy. In this case the losses dissipated in
the switch, given by LLV

+ Lv
We may notice that the part of the switch losses can be

, are % &

calculated independently of R itself.

The ratio between the losses in the switch and the trans-
ferred energy is

1 + = 1

L—‘IL_‘
<

and approaches a minimum value 1 for Lv;=»=»L.
These last results are also valid, if R (¢) is conside-
red to increase with a finite velocity.

In order to transfer magnetic energy to a inductive
load with reasonable efficiency one has to use a trans-
fer condenser with an energy capacity not very far
from that of the magnetic energy storage itself.

On the following pictures some different discharge
characteristics are shown, as they have been computed
by means of the analogue computer Pace T R 10.

The first one shows the currents in the three paths
of the circuit, if the load consists of an inductance
and a resistance. For the [(irst os illogram the resi-
stance on the load is 0, as you have seen Jjust on the
last diagram.

On the following oscillograms the coefficients are chan-
ged, so one can recognize the influence of different
time constants resistances and induc tances.

On the next figure the discharge characteristics are
obtained from the same circuit/only R (+) been expo-
nentially increased from O to a certain value during




a finite period.

The time function of the switch resistivity is plotted
below the current oszillograms. It is of importance

to increase the resistance of the switch faét, compared
with the discharge time.

As you saw in the case of an inductive load magnetic
energy systems seem to be advantageous only for resi-
stive loads.

As an example of approbriate application one can consider
a load consisting of an inductance and a resistance,
where the inductive energy of the load has been delive-
red from a condenser and during the second part of the
discharge an inductor is used to keep the current con-

stant.

Such a circuit looks like a power crowbar—systemlwhere
the power condensor is substituted by an inductor.

In conclusion I may point out, that a superconducting

coil applied for magnetic field production will be usually
protected against fast field and current changes, in order
to avoid normal transition.

In the case of an inductor fast field changes are desired.
One has to find out, how the inductor can be protected
from a considerable amount of own ohmic losses, if transi-
tion occurs. For instance this is only possible, in

the case of a resistive load, if the resistance of the
load is much higher than the normal resistance of the
inductor.




— with won, saturation 22 kG

= = =without won

&
1

0
L]
%L;B ]
1

1 1 1 111

~ - IO X-X -]

net energy density
L

1 | R
40 50 60 70 8090100 H[uo-]

Magnetic Field

I P P NET ENERGY DENSITY
Abt. WITH AND WITHOUT IRON

Technik




gross - energydensity
net — energydensity

1 T, inner radius
-

» outer radius

ENERGY DENSITY
OF INFINITE COILS




]

Ws
cm3

|

Nb252r =04

gross - energy density

1 r, inner radius
r, outer radius

ENERGY DENSITY
OF NB ZR.- INFINITE COILS




condensor

DM
WS

Nb 25 Zr — wire ‘0 A
current density 310" &,
cm

n
—
2]
o
Q
o
=
g
5
-
(2]
w

space factor 0,4
costs 465 DM/jgq

Energy stored [WS]

ESTIMATED COSTS OF
SUPERCONDUCTING

ENERGY - STORAGE




IPP | oischarce cHaracTerisTic | V] 004
Abt.
Technik DRMIC, LOAD 1964




TIME t

lvlz:o ” 't."!
Lz (¥

Y oor Ly
Z (for C =1) max.

[- -]
Rl,2dt L
a{" - y = 12—(for-l[:-'=1)
-ELiO L+Lv
o0
2
[RIa L s
'!'Lvlzoo ¥

IPP

Abt.

Technik

DISCHARGE CHARACTERISTIC  §IMI003
INDUCTIVE LOAD 1964




for t <0 : R(t)=0
for t>0 : R(t)=R
INITIAL CONDITIONS

IPP COMPUTED  DISCHARGE

Abt.
Tachnilk CHARACTERISTICS




FOR t<0: R(t)=0
t>0: R(u-n_{r-é‘)

INITIAL CONDITIONS
Jre )"Jo | Jz(c.a)’o

COMPUTED DISCHARGE
CHARACTERISTICS




|
s
4
-
1
4
X
8
o
4
-t
S
% E
4
-
= 2

for t<0 : R(t)=0
for t=0 : R(t)=R

INITIAL CONDITIONS
Je=dido 5 Jpoofda0

Nne =0
Cit=0)

IPP COMPUTED DISCHARGE

Abt.
Technik CHARACTERISTICS




	IPP_4_13 Deckblatt
	IPP_4_13 Text

