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A studyas madeof the anuents € used by the fast dump of
latge scperconucting €ona  Theorencal analysis computer
sowlation, and agiual measurements dre ysed. Theoretical
analisis £ only be applind o the simplest of models In
e camouter simulations two models Jre used, one in which
the €21] 4 Cnced surd ten sepments and another in which 3
snple el as emplmed, The circuit breaker that interrupis
& current 19 it power supply, cdusing a fast dump, is
represented by a time ard current dependent conductance.
Actual weasyrements are limited to measurements sade
:ncicentai 20 performance tests on the MFTF Yin-yang coils.

It is fcund thar the breaker opening time is the critical
fzctor in cetrermining the size and shape of the transient.
Instantaneous opening of the breaker causes a lightly
dampeq ransient 'with large amplitude voltages to ground.
Increasing the opening time causes the transient to become
a monopuise of decreasing amplitude. The voltages at the
external terminals are determined by the parameters of the
external circuit. For f{ast opening times the frequency
cepends on the dump resistor inductance, the circuit
capacitance, and the amptitude on the coil current. For
slower openings the dump resistor inductance and the
current deterin.ine the amplitude of the voltage to ground at
the terminals. Yollages tp ground are less in the interior of
the coil, where transients related to the parameters of the
coil itself are observed.

*Work performed under the auspices of the USDOE by the
LLNL under contract number W-7405-ENG-48,

Jnwoduction

Superconducting magnets are normally designed for dc
operation. However, because of the distributed capacitance
between different parts of the winding and the winding and
ground, the coil is a tightly damped resonant circuit. Even a
small disturbance has the potential 1o excite a large
amplitude oscillation with voltages that could damage the
insulation.,

In most applications the Jargest disturbance experienced by
the magnet is a fast dunp. In a fast dump the circuit
breakers connecting the magnet to the power supply are
opened and the current in the coil is forced through the
dump resistor. A fast dump protects the magnet by
transterring an appreciable portion of the magnet's stored
energy to tie resistor.

Little attention has been paid to the threat of insulation
damage from resonant oscillation in superconducting coils.
One of the earliest references to the oscillatory behavior of
coils with specific rejerence to superconducting coils is
Brechna [1] who identified and described the behavior. The
only reparted darnage [rom high frequency, high voltage
oscillations was described by Gabriel and Burkhart [2).
They conducted experimental and analytical investigations
that showed the unexpected failure of a superconducting
coil was due to this source. Recently, Chowdhuri [3]
analyzed the resonances of a superconducting coil and
showed the relationship of this behavior to the coii's
application as an energy storage coil in a power systemn.

The transient behavior of large superconducting coils
closely parallels the transient behavior of large
transformers, on which there is an abundant literature. JThe
analogy is closer than tne dissimilarity between the devices

might indicate. At hiph frequencies the tamtonmer s
esentially a  capacitiveqniuctae  Cevice  with  the
rethlance howing  fattle  efdect {85 Therefore, supers
conductivity is of jittle consequence. In addition, an on
cot'leltiil can always be converied 10 an equivalent air core
coil (s

The main diflerences between power ranstcrmers and
superconducting €oils are in their inodes ©f operation. A
transforiner js subjected 1o surges caused by iighromg and
other phenomenon, The voltage levels of the surges directly
threaten the insulation, Supercenguelting magnels, except
those connected to power systems, oOperate in a more
protected environinent and no high voltage surges are
present. The threat comes from rapid switching that
excites the resonant modes of the coil.

Since the transient behavior of supercornducting c¢oils and
power transformers are similar and since there exists a
large literature on transformers but a sparse literature on
superconducting coils, a brief review of the transformer
literature is in order. In 1958 Abetti [5,6] gave excellent
reviews and bibliographies of what constitytes the main
body of the literature. Two suppiements followed in 1962
[7)and 1964 (8] Since that time the few publications that
have appeared have been largely devoted to methods of
computer simulation. -

The resonant properties of the transformer and the
relationship to insulation failure was recognized early in
this century, As early as 1919, Blume and Boyajian (9]
analyzed the transformer as a modified transmission line
using the standing wave theory, Later work modified this
analysis by taking into account the effect of mutual
inductance and the winding geometry. Much of this work is
summarized in the Looks by Rudenberg [10], Heller and
Veverka (1 1] and Greenwood {12]. With the advent of large
computers investigators turned to lumped parameter
simulations of the transformer, Here the difficulties are
related directly or indirectly to the dimensionality of the
model of the transformer and to computing capacity. A
fundamental problem is how to reduce the dimensionality
and still preserve tihe behavior of the coil. The simplest
and most common approach is to represent the transiormer
as a chain of series connected inductances with shunt
capacitance and capacitance to ground. It has been shown
that the number of inductances must be several more than
the number of natural frequencies to be preserved [4)
Mutual inductance is also important.

The transformer literature is large, and although relevant to
superconducting coils does not deal with the operating
conditions peculiar to superconducting coils. The threat to
superconducting coils is less severe and comes from
switching transients rather than surges from the outside. If
there is no restrictions on how switching is carried out, it is
possible to control the amplitude of the switching transients
by controlling the switching process. This is the main topic
of this paper.

Lumped Parameter Models of the Coil
and its External Circuits

A schematic diagram of a superconducting coil and the
circuits connected to it is shown in Figure 1. During normal
operation the fast dump circuit breaker is closed. A fast
dump begins when. the circuit breaker opens, interrupting
the flow of current to the power supply, and forcing the coil
current, which cannot change instantaneously, int> tne
dump resistor. The rapid rise of current in the, dump
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Figure 1. The Coil and its Associated Circuits

Figure 2 shows a circuit model in which the distributed
inductance and capacitance of the system is replaced by
Jumped parameters. Lg4 and Ry represent the dump resistor
and i1s associated cables while 13, and Rs represent the
power supply. The capacitance C,. is the combined
capacitance of the cables and coil terminals 1o ground; Cge
is the capacitance across the coil,
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Figure 2. A Circuit Model of
the External Circuits

The Coil Model

The superconducting coil is a three dimensional distributed
network of capacitance and mutually coupled inductance.
In some respects the cail resembles a transmission line, but
models based on transmission lines either do not take
mutual coupling into account or are too complex {or
practical computation. In order to fit the practical
{imitations of computers, models with lumped capacitance
and inductance are used.

A Jumped pararieter model should exhibit the important
features of the device it represents. In this application the
most important factor is the voltage to ground, which is the
voltage that determines the insulation requirement. The
temporal and spacizl description of the transient is of
inter2st, but does not bear directly on the design of the
jnsulation. Unfortunately, there is no known method of
forming a turnpad model of the coil with a behavior that
corresponds to the coil itself. It is necessary to procced
pragmatically, using as a guide, analysis, numerical
experimentation, and the experience of past investigators.

Two models of differing complexity are used in this study:
one in which the coil is divided into ten segments and the
other in which the coil is represented by a single
inductance., The one coil model consists of a single
inductance with shunt capacitance and capacitance to
ground at each end of the coil.
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Figure 3. The Ten-coil Model of the
Superconducting Coil

Ten self-inductances lead to 45 mutual inductances. The
mode! contains two kinds of capacitance, shunt capacitince
and capacitance to ground, The shunt capacitance
represents the turn-to-turn and layer-to-layer capacitance
of the winding. The capacitance 1o ground represunts the
capacitance of the outer conductors to the case.

The Circuit Breaker

Although circuit breakers are in wide use and are simple
mechanically, their behavior as an electric circuit elemenz
is not simple. During interruption of the current a hot
plasma is formed that is capable of rapid changes in
oroperties over a wide range {13]. The circuit to which the
breaker is connected s important in determining the
behavior.

When a fast dump is initiated by opening the circuit
breaker, the current to the power supply is interrupted but
the current in the coil remains substantially unchanged.
The coil current is diverted to the circuit capacitance and
the dump resister; generating a voltage that depends on the
rate of change of current, the inductance of the dump
resistor and its cables, and the capacitance. This voltage
appears across the circuit breaker, and together with the
current determine the erergy that must be dissipated in the
circuit breaker (14

A number of models of the circuit breaker are based on the
physics of the arc. The Cassie model and the Mayr modet
represent the arc as a variable conductance that depends on
the arc properties [15] In the Cassie model, the arc
conductivity is held constant and the diameter is varied; in
the Mayr model the conductivity is variable and the
diameter constant.

The cybernetic arc model, proposed by Hochrainer and
Grutz, considers the arc to be an energy feedback system
with energy supplied by the arc and dissipated in the
surroundings. Smith [16] demonstrated that this model has
the virtue of being related to observable characteristics of
an actual circuit breaker rather than the theory of the arc.
Because of this advantage, the cybernetic arc model was
chosen for the study described in this report.

In the cybernetic arc model the arc is represented by a
variable conductance that is the dependent variable in a
first order differential equation. The equation has a time
constant that is dependent on the current through the
breaker and a forcing or input that also depends on the
current.

The differential equation is

dg+_g_= Gli) ()
dt  T(i)
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As Smam found in his 1974 [16) disseriation, the
esperimental cdeterminaticn of the parameters 15 not as
easy as 11 sounds, Considerable effort is necessary fo
obtaina medel  that matches she circuit  breaker's
behavior, Our tests of the magnets did not yield enough
informanon to satisfactorily derive the parameters. One
srodlem was the paucity of trials but another was the
moisiness of the time records. Noise makes it difficult to
determine the instantaneous values.

The dependance of the static conductivity G(i) and the time
constant T(i} on the breaker current i was found by trial and
errer. A rough estimate of the conductance and time scale
was made from test records of the breaker's voltage and
current. After a few trials it was possible to match the
computer simujations 1o the tests

Analysis of the One—coil Model

The one—coil model combined with the external circuit is
the most complex model that can be analyzed without
recourse to numerical methods. This model cannot show
the behavior within the coil, such as internal oscillations.
However, it does exhibit the principal modes of external
behavior and leads to an understanding of the factors
affecting the critical voltages.

For the purposes of analysis the one-coil model can be
simplified further. The center-tapped resistor gives the
circuit a partial symmetry with respect to ground. Dividing
the breaker branch and the shunt capacitance into two parts
completes the symunetry, allowing the circuit to be
simplified as shown in Figure 4. In this circuit L is the
inductance of the superconducting coil and Ce is a
combination of the shunt capacitance and the capacitance
to ground and Ry is a combination of the power supply and
Lreaker resistance. The other elements are the same as
those in Figure 2.
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Figure 4. A Simplilied Mode! of the Coil
and its External Circuits

Sitnple though the circuit is, it is not possible to
analytically deterinine its behavior using a model of the
circuit breaker in which the breaker is represented by a
variaole resistance. However, the circuit can be analyzed
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lastantanedns opening of the breaber imaliey the teireval o
the Ry, Ly brangh of the circuit. The remaung warcun
€onsists o] the superconducting 0V, the ©3Daci1ance, ann
the dump resistor and i1s  gssocaated inductance, The
charactenstic equation of this circuit is

sJ*R SZ'LGI.d 5+ R * 0

d [}
r; :ed e 4

©One of the natural frequencies of this circuit 1s a slowly
decaying exponential due to the decay of the coil current.
The other is a high irequency oscillation due 10 the
interaction of the shunt capacitance and the series
inductance of the dump resistor.

For all practical purposes, the decay of coil current is so
dow that the current in the coil can be considered constant
during the opening ©of the circuit breaker. Therefore, the
analysiz can be simplified by replacing the coil with a
constant current source, The characteristic equation of
this circuit is

s2+R s+ 1 =0
d Tl
1
the undamped natural frequency *w, = cel'd
the damping ratio = [ = Ri [Ce
Y

The MFTF coils are very lightly damped, with a damping
ratio of .0032. For cases such as these, a simplified
calculation of the peak voltage to ground can be made. At
zero time, when the breaker opens instantaneously, ail of
the current fromn the superconducting coil flows into the
capacitance, causing the voltage to rise, For lightly
damped circuits the subsequent waveshape is virtually
sinusoidal for a number of cycles. The peak voltage can be
calculated as follows:

”
T, /s
y = 1 i dt= ] Teoswtdt=1])5
" te_f ‘ c—f " r
e e
o] [

This is an important result, for it gives a measure of the
peak voitage to ground. The peak voltage is increased by
increasing the inductance of the dump resistor and its
associated cables and decreased by increasing the
equivalent capacitance to ground. This capacitance
consists of a combination of the cable and coil capacitance
to ground and the shunt capacitances.

In realistic models of the circuit breaker, the breaker is
represented by a current or time dependent resistor.
Circuits with these models can be solved only by numerical
methods. However, some insight into the circuit behavior
can be obtained by assuming the circuit breaker resistance
is constant. The circuit is ade amenable to analysis by
replacing, the coil with a constant current source and
neglecting the effect of series inductance in the oreaker
path. Applying these simplifications to Figure % and
designating the fixed breaker resistance as Ry, results in the
following characterdistic equation.
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The eifect of the breaker is 10 shurt the oscillatory RLC
circuit, damping the oscillations. As the above equation
shows, the damping ratio increases as Ry decreases;
approaching infinity as Ry approaches zero.

The effect o Ry on the voltage 1o ground is even more
important. At the initial instant all of the current from the
superconducting coil flows into the capacitance Cqo. As the
voltage across C, rises, some of the current flows through
Ryp and some through the dump resistor branch. However,
atno time can a current Jarger than the coil current flow
through Ry. Therefore, the voltage across Ry, which is also
the voltage from a terminal to ground, can never be more
than IRy,

The effect of the breaker on the oscillations can now be
described in qualitative terms, As the breaker begins to
open it forms a low resistance path, shunting the oscillatory
circuit. M the breaker remains in the low resistance regime
for a sufficient time the oscilfations are damped out and
the energy initially transterred from the superconducting
coil to the capacitance is dissipated. If the breaker passes
toa high resistance regime rapidly, oscillations persist.

Measuremeats on the MFTF Ceils

An opportunity ta record the transients during a fast dump
was available during the Technical Demonstration of the
MFTF coils. During these performance tests the coil was
fast dumped a number of times at currents up to the rated
current of 5775 A,

A multichannel wideband magnetic tape recorder and digital
transient recorder were employed to record the transient
during a fast duinp. The bandwidth of the instruments were
adeguate to record the transients predicted by this study.
Records were made of the voltages across the two coils, the
voftages to ground, and the current through the circuit
breaker. The measurement showed that the circuit breaker
opened in about 3 ms. As the breaker opened the currcnt
decreased smoothly from the initial current to zero. The
voltage rucord contained no evidence of osciliation and no
trace of peaking.

Computer Simulations

Because of economic and technical [factors it was not
possible to make measurements over a range of breaker and
circuit characteristics. The effect of these factors was
-determined by means of computer simulations, using the
test data as a starting point.

Computer results that corresponded to the test results were
obtained by trial and error adjustment of the cybernetic arc
mode) of the circuit bieaker. The static conductivity and
the current Jependent time constant were changed until the
simulated current in the coil matched the observed current.
More rapid interruptions of the current were investigated
by changing these parameters to shorten the interruption
interv2! while at the same time maintaining & smooth
traasition of the coil current from rated curreat to zero.
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The effect of breaker opening time on the peak voltage to
ground and on the transient shape is shown in Tagle | for
sitnufations using the one coil model{17} Instantaneous
opening of the breaker, the only case amenable > amalysis,
serves as a check ol the computer results, The analytical
results, a peak voitage to ground of | Ly /Cp &nd a
frequency of 1f2 1Lg/Cq Hz agree exactly with the
simulations. Increasing the interruption time decreases the
peak voltage and changes the shape of the volrage
respanse. For rapid openings the response is oscillatory. As
the opening time increases the response degenerates into a
monopulse and then into an overdamped response with no
peaking. At 3.5 ms the voltage approaches the dr fast
dump voltage of 255 V with no overshoot.

Table 2.
The Effect of Dump Resistor Inductance, Circuit

Capacitance, and Breaker Inductance on the Transient
Voltage to Ground, Using the One-~Coil Model

For a Breaker Opening Time of Approximatety 6x10-3s
! ] IMax. amplisuoe
i t | of voltage to
| Dump | Breaker | ground (volts),
Capacitance lInductance llnductance | a single pulse

C 1y { Ly [ 1880
(od 1.5 Lg ! L | 10t0
[ IlZ L4 s Lp ; 3015
S C ] Lg } Ly }o1865
2 C : Lg ; Lp | 1880
l
c ! Ly 48 Ly | 18%0
c { L4 {3 Ly I 1895

A computer study was made of how the peak voltage to
ground is affected by the inductance of the dump resistor,
the capacitance of the circuit, and the inductance of the
breaker. The breaker opening time was held at 6 x 10-%s,
The results are summarized in Table 2. In the first line of
the table the circuit parameters ace the same as in Taole .
[ each of the succeeding lines one of the three circuit
parameters is increased or decreased in accordance with the
factors shown. The dump inductance L4 and the
capacitance C have been varied over a range of | to 4; while
the range for the breaker inductance is greater,

As the results show, oniy the inductance associated with the
dump resistor has a significant effect on the peak voltage
to ground. As the dump inductance increases so does e
peak voltage. The circuit capacitance ang the breaxer
inductance have little eflect on the peak. This result
cannot be predicted {rom analysis of tne sunpie circurt in
which the breaker opens instantaneously. For this case the
peak voltage depends on the ratio of L, 10 Cq.
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The interior votages of the ten=coil model demonstrate the
existence of the circuils additional natural frequencies. In
<he Interior the external circuit parameters do not predome-
inate and waveshapes consisting of many damped sinusoidal
compcnents are visible.

Summary and Cuonclusions

The stwudy of transients in large superconducting coils is
similar to the study of transients in power transformers.
However, unless the coil is connected to external lines, it is
safe fromn the large transients that threaten the insulation
of power transformers. The main danger is from wansients
triggered by a fast dump. The objective of this study is to
determine the shape and amplitude of these transients and
the faclors that affect these two attributes.

The wo most important factors affecting the size of the
voltage to ground are the orcaker opening time and the
inductance of the dump resistor and its associated cables.
The largest amplitude transient occurs when the current to
the power supply Iis interrupted instantaneously. The
current in the coil, which remains unchanged, cannot
immedgiately flow into the dump resistor because of jts
series inductance. Instead, it initially flows into the system
capacitance causing a lightly damped sinusoidal transient
with a frequency depending on the system capacitance and
dump resistor inductance. The peak voltage to ground for
the one-coil model is proportional to the coil current and
the square root of the dump resistor inductance and
inversely proportional to the square root of the effective
shunt capacitance. If the coil inductance is much larger
than the duinp resistor inductance, the coil inductance
itself has little eifect on the {requency or the size of the
transient.

Breaker opening times slower than instantaneous can be
studied only by coinputer simulation for even the simplest of
coil models, When the breaker opens rapidly, the transients
are similar to those that occur when the opening is instan-
taneous. Increasing the opening time causes the shape of the
transient to change from a sinusoid to a monopulse. As the
breaker opening time decreases so does the amplitude of the
transient, For opening times in the millisecond range the
transient has no peak; the voltage proceeds smoothly to a
voltage equal to the product of the coil current and the dump
resistor.

At the slower breaker speeds the amplitude of the mono-
pulse transient is roughly proportional to the inductance of
the duinp resistor. The circuit capacitance, which is impor-
tant when the breaker opening is instantaneous, has little
effect at slower breaker speeds. Inductance in series with
the drea~er 15 also ot negligible irnportance.

In final conclusion, theory, computer simulation and
measurements have demonstrated that the transients
induced by a fast dump of a superconducting coil can be
damped by making the time taken to inzerrupt the circuit
long relative to the system's natural frequencies. During a
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