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Abstract 

A « u : « >* i-;«oe«> Jhp trav.v.enu e; used by the Sam dump of 
•Urfce »'itf»"rovv.;ui:!»r!g C M I * Theoretical analysis, computer 
ssmular.en, and aciual measurements i r e used. Theoretical 
,ina!(S;s e..'1 only be aprlt^d to the simples* of models, tn 
trie c c rpu l e r simulations two models Jre used, one in which 
t h r c m is c iwcea m'o ten segment* and another in which a 
sir.?,le coi l is emploved. T.'.e c i r cu i t breaker that interrupts 
t ' !* 'cvi>er.t ! j i ! i - paat-r sup^ i j , causing a fast dump. i5 
represented by a t ime ard current dependent conductance. 
Actual measurements are l imi ted to measurements made 
incicental :o performance tests on the MFTF Yin-yang coils. 

I t is Sound that the breaker opening t ime is the c r i t i ca l 
i i c t o r in determining the size and shape of the transient. 
Instantaneous opening o l the breaker causes a l ight ly 
damped transient wi th large amplitude voltages t o ground. 
Increasing the opening t ime causes the transient t o become 
3 monopulse o l decreasing amplitude. The voltages a t the 
external terminals are determined by the parameters of the 
external c i rcu i t . For fast opening t imes the frequency 
depends on the dump resistor inductance, the c i rcu i t 
capacitance, and the amplitude on the coi l current. For 
slower openings the dump resistor inductance and the 
current determine the amplitude of the voltage to ground a t 
die terminals. Voltages t o ground are less in the inter ior of 
the coi l , where transients related t o the parameters of the 
coi l i tself are observed. 

•Work performed under the auspices of the USDOE by the 
LLNL under contract number W-7<)05-ENG-<i8. 

introduction 

Superconducting magnets are normally designed for dc 
operation. However, because of the distributed capacitance 
between dif ferent parts of the winding and the winding and 
ground, the coi l is a l ightly damped resonant c i rcu i t . Even a 
small disturbance has the potential to excite a large 
amplitude oscil lation with voltages that could damage the 
insulation. 

In most applications the largest disturbance experienced by 
the magnet is a fast dump. In a fast dump the c i rcu i t 
breakers connecting the magnet to the power supply are 
opened and the current in the coi l is forced through the 
dump resistor. A fast dump protects the magnet by 
transferring an appreciable portion of the magnet's stored 
energy to tile resistor. 

L i t t le 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 reference to superconducting coils is 
Brechna I lJ who identif ied and described the behavior. The 
only reported damage from high frequency, high voltage 
oscillations was described by Gabriel and Burkhart [2]. 
They conducted experimental and analytical investigations 
that showed the unexpected fai lure of a superconducting 
coi l was due to this source. Recently, Chowdhuri [3] 
analyzed the resonances of a superconducting coi l and 
showed the relationship of this behavior to the coil's 
application as an energy storage coi l in a power system. 

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

might indicate. At high frequencies the r a w l c n r . r r is 
essentially a capacitive-ir.aucTne deuce » i th th r 
r(";s?a"ieehc«irB l i t t l e e i i e c t ( H Therefore, super­
conductivity is at l i t t l e censequence. In addit ion, an i tcn 
core coi l can always be converted to an equivalent air cere 
wills]. 
The main diflerences between power trarvstcrme'i and 
superconducting coils are in their modes o ! operation. A 
transformer is subjected t o surges caused by l ightning and 
other phenomenon. The voltage levels o i the surges directly 
threaten the insulation. Superconducting magnets, except 
those connected to power systems, operate i n a more 
protected environment and no high voltage surges are 
present. The threat comes from rapid switching that 
excites the resonant modes of the co i l . 

Since the transient behavior of superconducting coils and 
power transformers are simi lar and since there exists a 
large l i terature on transformers but a sparse l i terature on 
superconducting coi ls, a brief review of the transformer 
l i terature is in order. In 1958 Abe t t i [5,6] gave excellent 
reviews and bibliographies of what constitutes the main 
body of the l i terature. Two supplements fol lowed in 1962 
[71 and 196* [ 8 1 Since that t ime the few publications that 
have appeared have been largely devoted to methods of 
computer simulat ion. 

The resonant properties of the transformer and the 
relationship to insulation fai lure 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 books by Rudenberg [10], Heller and 
Veverka [11] and Greenwood [12]. With the advent of large 
computers investigators turned to lumped parameter 
simulations of the transformer. Here the di f f icul t ies are 
related direct ly or indirect ly to the dimensionality of the 
model of the transformer and to computing capacity. A 
fundamental problem is how to reduce the dimensionality 
and st i l l preserve the behavior of the coi l . The simplest 
and most common approach is t o represent the transformer 
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 [*J. 
Mutual inductance is also important. 

The transformer l i terature is large, and although relevant to 
superconducting coils does not deal w i th the operating 
conditions peculiar to superconducting coils. The threat to 
superconducting coils is less severe and comes from 
switching transients rather than surges f rom the outside. IJ 
there is no restrictions on how switching is carried out, i t is 
possible to control the amplitude of the switching transients 
by controll ing the switching process. This is the main topic 
of this paper. 

Lumped Parameter Models of the Coi l 
and its External Circuits 

A schematic diagram of a superconducting coi l and the 
c i rcui ts connected to i t is shown in Figure 1. During normal 
operation the fast dump c i rcu i t breaker is closed. A fast 
dump begins when, the c i rcu i t breaker opens, interrupting 
the flow of current to the power supply, and forcing the coi l 
current, which cannot change instantaneously, into tne 
dump resistor. The rapid rise of current in the dump 
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figure I. 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 
lumped parameters. L<) and R<] represent the dump resistor 
and its associated cables while 1.5 and R s represent the 
power supply. The capacitance C „ e is the combined 
capacitance of the cables and coil terminals to ground; C s e 

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 coil resembles a transmission line, but 
models based on transmission lines either do not take 
mutual coupling into account or are too complex for 
practical computation. In order to fit the practical 
limitations of computers, models with lumped capacitance 
and inductance are used. 

A lumped parameter model should exhibit the important 
features ol 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 spacicl description of the transient is of 
interest, but does not bear directly on the design of the 
insulation. Unfortunately, there is no known method of 
forming a lurnpod model of the coil with a behavior that 
corresponds to the coil itself. It is necessary to proceed 
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. 

Figure 3. The Ten-coil Model of the 
Superconducting Coil 

Ten self-inductances lead to <*5 mutual inductances. The 
model contains two kinds of capacitance, shunt capacitance 
and capacitance to ground. The shunt capacitance 
represents the turn-to-turn and layer-to-layer capacitance 
of the winding. The capacitance to ground represents 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 element 
is not simple. During interruption of the current a hot 
plasma is formed that is capable of rapid changes in 
properties over a wide range [13]. The circuit to which the 
breaker is connected is 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 resistor; 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 energy that must be dissipated in th^ 
circuit breaker [1ft]. 

A number of models of the circuit breaker are based on the 
physics of the arc. The Cassie model and the Mayr model 
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 
Crutz, 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 ace. 
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_= C(i) 
dt T(i) 

(1) 
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T;e cepcnierary e l she time constant T and the static 
crr.suctjutv * i en i can be determined, in principle, from 
<-»per4^'.entJl voltage and current records ol a circuit 
interruption. The values !rr a particular current can be 
ceierT.;i-.fA t! t»o sets ol time records containing that 
current j re available. 

As Smir> Sound in his !V7i [Ifc] dissertation, the 
ejperirnenTsl determination oj the parameters is not as 
easy as it sounds. Considerable elfort is necessary to 
obtain a model that matches :he circuit breaker's 
behavior. Our tests of the magnets did not yield enough 
information to satisfactorily derive the parameters. One 
problem was the paucity ol trials but another was thf? 
noisiness ol 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(j) on the breaker current i was found by trial and 
error. 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 simulations to 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 
ttie 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 
simplilied 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 symmetry, allowing the circuit to be 
simplilied as shown in Figure 1 . 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 R^ is a combination of the power supply and 
breaker resistance. The other elements are the same as 
those in Figure 2. 

Figure t . A Simplified Model of the Coil 
and its External Circuits 

Simple though the circuit is, it is not possible to 
analytically determine its behavior using a model of the 
circuit breaker in which the breaker is represented by a 
vanaole resistance. However, the circuit can be analyzed 

<t the tm-ike* ..HW'* <mtar .uv . -wl t . A H t . \ - / i -..t 
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« Kiel* 

InstaMineoi.s ™ n . n , i i ' l the rrraker i^Tlir-, i!-.r i e ; .wa l « 
the H<j, t>, Uantb ut the circuit. The rem»;-im^ <.JICI.I I 
cousins ol the superconducting ceil, the Capacitance, ana 
the dump resistor and its associated incjctance. The 
characteristic equation of this circuit is 

S 3 + R <! S 2 * L * l d S * 
^ ^ 

* d ' 

One of the natural frequencies ol this circuit is a slowly 
decaying exponential due to the decay of the coil current. 
The other is a high frequency oscillation due to 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 
slow that the current in the coil can be considered constant 
during the opening of the circuit breaker. Therefore, the 
analysis can be simplified by replacing the coil with a 
constant current source. The characteristic equation ol 
this circuit is 

S + 1 = 

*7d 
the undamped natural frequency 

the damping r a t i o = C = d / e 

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, all of 
the current from 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: 

v . - ^ i j i e d t - ^ r i c o S % t d t . i / v 

This is an important result, for it gives a measure of the 
peak voltage 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 trie circuit breaker, the breaker is 
represented by a current or time dependent resistor. 
Circuits with these models can be solved only b>- numerical 
methods. However, some insight into the circuit behavior 
can be obtained by assuming the circuit breaker resistance 
is constant. The circuit is made amenable to analysis by 
replacing the coil with a constant current source and 
neglecting the effect of series inductance in the ore3ker 
path. Applying these simplifications to Figure '•* and 
designating the fixed breaker resistance as R& results in the 
following characteristic equation. 

http://mtar.uv.-wlt.%20AHt./-/i%20-..tiei,i�ii-,%20fjs%20�n*:��.�%20,*o�ide�%20an%20.n
http://mtar.uv.-wlt.%20AHt./-/i%20-..tiei,i�ii-,%20fjs%20�n*:��.�%20,*o�ide�%20an%20.n
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Tfc* * i f « t o l the bre iker i t to s h w t the osci l latory HLC 
c i rcu i t , damping the oscillations. As the above equation 
shows, tfi* damping rat io increases as Rb. decreases; 
approaching in f in i t y as Rb approaches 7 ero. 

The e f fec t o l R|> on the voltage t o ground is even more 
important . A t the in i t i a l instant a l l o l the current f r om the 
superconducting co i l flows into the capacitance C e . As the 
voltage across C e rises, some of the current f lows through 
Rfc and some through the dump resistor branch. However, 
a t no t ime can a current larger than the co i l current f low 
through Ri,. Therefore, the voltage across Rj, , which is also 
the voltage f rom a terminal to ground, can never be more 
than IRj j . 

The ef fect o f the breaker on the oscil lations can now be 
described in qual i tat ive terms. As the breaker begins to 
open i t forms a low resistance path, shunting the oscil latory 
c i r cu i t . If the breaker remains in the low resistance regime 
for a suff icient t ime the oscillations are damped out and 
the energy in i t ia l ly transferred f rom the superconducting 
coi l to the capacitance is dissipated, (f the breaker passes 
t o a high resistance regime rapidly, oscillations persist. 

Measurements on the MFTF Coils 

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

A multichannel wideband magnetic tape recorder and digi ta l 
transient recorder were employed to record the transient 
during a last dump. The bandwidth of the instruments were 
adequate to record the transents predicted by this study. 
Records were made of the voltages across the two coils, the 
voltages to ground, and the current through the c i rcu i t 
breaker. The measurement showed that the c i rcu i t breaker 
opened in about 3 ms. As the breaker opened the current 
decreased smoothly f rom the in i t ia l current to zero. The 
voltage record contained no evidence of oscillation and no 
trace o i peaking. 

Computer Simulations 

Because of economic and technical factors i t was not 
possible to make measurements over a range of breaker and 
c i rcui t characteristics. The ef fect 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 t r ia l and error adjustment of the cybernetic arc 
model o l the c i rcu i t bteaker. The static conductivi ty and 
the current dependent t ime constant were changed unt i l the 
simulated current in the coi l matched the observed current. 
More rapid interruptions of the current were investigated 
by changing these parameters to shorten the interrupt ion 
inter .a ! while at the same t ime maintaining a smooth 
transition of the co i l current f rom rated current to zero. 
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The e f fec t o t breaker opening t ime on the peak voltage to 
ground and on the transient shape is shown in Taole 1 for 
simulations using the one co i l mode lU71 Instantaneous 
opening of the breaker, the only case amenable to analysis, 
serves as a check o l the computer results. The analytical 
results, a peak voitage to ground of I L,j / C e i ' .d a 
frequency of 1/2 L , j /C e Hz agree exactly wi th the 
simulations. Increasing the interrupt ion t ime decreases the 
peak voltage and changes the shape of the voltage 
response. For rapid openings the response is osci l latory. As 
the opening t ime increases the response degenerates into a 
monopulse and then into an overdamped response with no 
peaking. A t 3.5 ms the voltage approaches the dc fast 
dump voltage of 255 V wi th 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 Approximately 6xl0"5s 
I I iMax. ampliiuoe 
I I I of voltage to 
I Dump I Breaker I ground (volts), 

Capacitance llnductance llnductance I a single pulse 

c 
c 
c 

1 
1.5 
12 
1 

Ld 
Ld 
Ld 

• 1 
1 
1 
j 

Lb 
Lb 
Lb 

1 1SS0 
1 1010 
1 3015 

.5 C 
2 C 

1 
I Ld 

Ld 
1 
1 

Lb 
Lb 

1 1S65 
1 1SS0 

C 
C 

1 
1 

Ld 
Ld 

1.18 
1 3 

Lb 
Lb 

1 18S0 
1 IS95 

A computer study was made of how the peak voltage to 
ground is af fected by the inductance of the dump resistor, 
the capacitance of the c i rcu i t , and the inductance of the 
breaker. The breaker opening t ime was held at 6 x I0~ 5s. 
The results are summarized in Table 2. In the f i rs t line of 
the table the c i rcu i t parameters are the same as in Taole 1. 
fri each of the succeeding lines on? of the three c i rcu i t 
parameters is increased or decreased in accordance with the 
factors shown. The dump inductance L^ and the 
capacitance C have been varied over a range of I to (*; while 
the range for the breaker inductance is greater. 

As the results show, only the inductance associated u-ith the 
dump resistor has a significant e f fect on the peak voltage 
to ground. As the dump inductance increases so ooes tne 
peak voltage. The c i rcu i t capacitance and the breaner 
inductance have l i t t l e ef fect on the peak. This resuli 
cannot be predicted f rom analysis of the simple circuit in 
which the breaker opens instantaneously. For this case the 
peak voltage depends on the ra t io of L d to C e . 
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ptrJ.c iea i rcui t'te anj,l>tis "'' the one-ceil model. For 
s.'?»cr cpeninfl t ime, the enternal waveshape obtained from 
t-.e o n r < c i i ana ten-coi l novels j r e undistinguishable. This 
ieass to tne conclusion that the one-eoi] model is suff icient 
to precict she snuiimgm voltage to ground. 

The inter ior voltages o t the ten-coil model demonstrate the 
existence of the circuit 's additional natural frequencies. In 
tfce interior die external c i rcu i t parameters do not predom­
inate and waveshapes consisting of many damped sinusoidal 
components are visible. 

Summary and Conclusions 

The study of transients in large superconducting coils is 
similar to the study of transients in power transformers. 
However, unless the coi l is connected to external lines, i t is 
safe from the large transients that threaten the insulation 
of power transformers. The main danger is from transients 
tr iggered by a fast dump. The objective of this study is to 
determine the shape and amplitude of these transients and 
the fac:ors that a f fect these two attr ibutes. 

The two most important factors affect ing the size of the 
voltage to ground are the breaker opening t ime and the 
inductance of the dump resistor and i t s associated cables. 
The largest amplitude transient occurs when the current to 
the power supply is interrupted instantaneously. The 
current in the coi l , which remains unchanged, cannot 
immediately flow into the dump resistor because of i ts 
series inductance. Instead, i t in i t ia l ly flows into the system 
capacitance causing a l ightly 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 coi l current and 
the square root ol the dump resistor inductance and 
inversely proportional to the square root of the effect ive 
shunt capacitance. If the coi l inductance is much larger 
than the dump resistor inductance, the coi l inductance 
itself has l i t t l e e f fect on the frequency or the size of the 
transient. 

Breaker opening t imes slower than instantaneous can be 
studied only by computer 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 t ime causes the shape of the 
transient to change from a sinusoid to a monopulse. As the 
breaker opening t ime 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 coi l 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 dump resistor. The circui t capacitance, which is impor­
tant when the breaker opening is instantaneous, has l i t t l e 
ef lect at slower breaker speeds. Inductance in series with 
Ene breaker is aJso oj negligible importance. 

In f inal conclusion, theory, computer simulation and 
measurements have demonstrated that the transients 
induced by a fast dump of a superconducting coi l can be 
damped by making the t ime taken to interrupt the c i rcu i t 
long relative to the system's natural frequencies. During a 
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