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Quench Detection of Multiple 
Magnet System 

Mohamed A. Hilal, George VCscey, John M. Pfotenhauer, and Felix Kessler 

Abstract-Magnet protection mandates the detection of any 
normal zone so that the magnet can be safely discharged. This is 
usually achieved by having a center voltage tap and two voltage 
taps at both ends of the windings. The voltage across the two 
sections of the winding is compared and balanced for induc- 
tance. Any voltage signal is then due only to the presence of a 
normal zone. This method is shown to be inadequate for mutu- 
ally coupled magnet systems. As a solution to this problem a 
theory of voltage detection for mutually coupled magnets is 
presented along with a voltage detection circuit based on Gauss- 
ian elimination. The method is confirmed by experiment. Two 
equivalent solutions are presented which involve either addi- 
tional voltage taps or the incorporation of dZ/dt signals from 
the coupled magnets. 

INTRODUCTION 
UPERCONDUCTING magnet protection schemes S may be broadly categorized into two classes-passive 

and active. Magnets which are operated in a persistent 
mode are likely to have passive protection systems such as 
subdivided sections with associated cold dump resistors or 
diodes (see, for example, Wilson [l]). On the other hand, 
magnets which are continually connected to current 
sources and/or which have large associated stored ener- 
gies typically require an active protection scheme. The 
vital components of an active system include a quench 
detection system, current commutating switches, and a 
dump resistor. In such systems magnet protection is usu- 
ally achieved by the fast detection of an existing normal 
zone so that the magnet can be discharged. It is necessary 
that the detection circuit responds to small normal zone 
resistive voltages, but it should not respond to other 
voltage spikes or fluctuations which may be induced by 
other sources such as power supplies. A widely used 
technique for magnet protection is to have three voltage 
taps with one of the voltage taps located at the center of 
the windings. The voltages across the two halves of the 
magnet are compared and balanced so that they are 
equal; a normal zone will induce an imbalance voltage 
and can thus be detected. The above technique has been 
successfully used for a single magnet system. The same 
technique is also widely used for multiple magnet systems 
by installing three voltage taps in each magnet. The 
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voltage across the magnet section is balanced. It is then 
assumed that any imbalance voltage is primarily due to 
the presence of normal zones. It is shown in this study 
that this is not valid unless constraints are imposed on the 
charging current of the different magnets. A new quench 
detection technique for a multiple magnet system is then 
discussed. This system is of particular importance to cou- 
pled magnet systems such as fusion torroids, hybrid mag- 
nets, and modular SMES systems. In the new technique, 
imbalance voltages will only exist as a result of the pres- 
ence of a normal zone. The new detection circuit does not 
respond to the power supply voltage spikes or any other 
inductive voltage spikes. It does not require any con- 
straints on the magnets charging. 

VOLTAGE DETECTION THEORY 
A. Conventional Voltage Detection Method 

To illustrate the problem, we first consider the single 
magnet detection circuit, Fig. 1. V, and V, are measured 
across the voltage taps shown in Fig. 1. V, and V, are 
given by 

(1) v, = a , i  + V, 

and 

V, = a, I .  (2) 

The circuit is thus described by two equations where V, 
and V, are known from measurements. Equations (1) and 
(2) have two unknowns 1 and VR. The normal zone 
voltage V, is given by 

(3) 

The above equations have a unique solution, and a volt- 
age signal is always detected in the presence of a normal 
zone (3). Note that in the absence of any normal zone, 
V,/V, = a,/a, independent of the charging rate. Varia- 
tion of the current charging rate, such as current supply 
ripples, does not lead to any normal zone false detection. 
The measurement technique used for normal zone detec- 
tion is equivalent to the above mathematical description. 
The voltage signal V, is adjusted using an amplifier so 
that the difference V, - GV,, where G is the amplifier 
gain, is zero. Note that G should equal to a l / a z .  The 
measured imbalance voltage is given by (3) and should be 
equal to the normal zone voltage. 
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a112 i I I I Fig. 1. Single winding voltage taps arrangement. 

We consider next the two-magnet system shown in Fig. 
2 where the two windings are mutually coupled. We 
assume that each magnet has two pairs of voltage taps, as 
shown in Fig. 2. The voltages across the two pairs of one 
of the windings, e.g., the first winding, are given by 

and 

Fig. 2. Voltage taps arrangement for two windings using conventional 
technique. 
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where V,, is the voltage across the first half of the first 
magnet, V,, is the voltage across the second half of the 
first magnet, all,, alZ1 is the self-inductance of the first 
magnet, all,, alZz is the mutual inductance (between the 
two magnets), I ,  = dIl/dt, and I ,  = dl,/dt of the first 
and the second magnet, respectively, and V, is the normal 
zone voltage. 

Note that there are three unknowns (I , ,  I,, and V,) 
and two algebraic equations. The above equations do not 
have a unique solution without imposing a constraint such 
as having a given ratio of the current charging rates. The 
normal zone voltage in this case is given by 

section I V,, $1 
section m 

Fig. 3. Voltage taps arrangement for the kth magnet. 

a11 + a12a1 v - V  V, - - a2, + a2,a, 

where a, is the current charging rate ratio i2/Il in the 
two windings. As can be seen, the normal zone voltage 
depends on a,; and, since a,  will vary, inductive voltage 
spikes will produce false voltage signals initiating an en- 
ergy dump in the absence of a real quench. The above 
technique cannot thus be used for a multiple magnet 
system. 

B. Voltage Detection Technique for a Multiple Magnet System 
As illustrated above, the conventional detection circuits 

of having three voltage taps and comparing the voltage 
across the two magnet halves cannot be used for a multi- 
ple magnet system. The measured imbalance voltage dur- 
ing magnet system operation may not be necessarily due 
to the presence of a normal resistive zone and may lead to 
a premature magnet discharge. 

Let there be n magnets which are inductively coupled. 
Each magnet has m pairs of voltage taps. The voltages 

across the ith section of the kth magnet, Fig. 3, are given 
bY 

where Vki is the voltage across the ith section of the kth 
magnet, aki, is the mutual inductance between the ith 
section of the kth magnet and the jth magnet, and VR,kl 
is the voltage across the normal zone of the ith section of 
the kth magnet. 

Note that there are ( n  + 1) unknowns, Il to I, and 
VR,ki, and m equations given that there is one normal 
zone only. A unique solution thus mandates dividing each 
magnet into m = ( n  + 1) sections and requires having 
(n  + 1) pairs of voltage taps. The Gaussian elimination 
technique to solve the above algebraic equations is dis- 
cussed here since it corresponds to an experimental pro- 
cedure which can be implemented in the design and the 
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construction of voltage detection circuits for multiple 
magnet systems. First we eliminate I,, from all equations 
of the kth magnet. Using the (n + 11th equation, we 
employ the standard procedure of multiplying the ith 
equation, where i goes from 1 to n, by the ratio 
ak,n + I,n/ak,i ,n and then subtracting the (n + 11th equation 
from each of the others. The procedure is repeated using 
the nth equation to eliminate I,,-, from the remaining 
(n - 1) equations. This is repeated until all the n un- 
knowns are eliminated from the first equation. The first 
equation can be solved for the first unknown which is 
assumed to be the resistive voltage. 

We assumed that the kth magnet has one normal zone 
only. If the magnet has several normal zones, the mea- 
sured total normal voltage will be a combination of the 
normal voltage across each zone. There is a possibility 
that the combined voltage is zero, but such possibility is 
remote. This is similar to having one magnet where equal 
resistance normal zones exist one in each section. 

The proposed voltage detection circuit is shown in Fig. 
4 and the experimental procedure based on the above 
method, with respect to the kth magnet is as follows. 

1) Initiate charging the kth magnet. 
2) As the magnet is being charged balance the voltage 

across all sections of the kth magnet using the first 
amplifier set so that the voltages at each summing point 
S, is zero. From this time on the voltages are insensitive 
to any current changes in the kth magnet. 

3) Initiate charging the jth magnet. Repeat the above 
procedure to eliminate the voltages across all sections of 
the kth magnet using the second set of amplifiers. The 
voltages are now insensitive to current changes in the jth 
magnet. 
4) Repeat steps 1 and 2 for each remaining magnet, 

using the next set of amplifiers. 
5) Repeat the entire procedure, 1, 2, 3, and 4 for each 

magnet which is being monitored for normal zone volt- 
ages. 
As seen in Fig. 4, the voltage across the last two taps is 

zero as long as no normal zone exists and is equal to the 
voltage across the normal zone if a magnet quench is 
taking place. 

The above procedure cannot be used for existing mag- 
net systems when each magnet has three voltage taps only 
and when it is not practical to unwind the magnet to 
install more voltage taps. To implement the above theory 
for use with the existing systems, the current charging rate 
of each magnet must be measured. This can be achieved 
by winding a toroidal coil, or Rowgowski coil, around a 
current lead on each magnet where the voltage output of 
the toroidial coil is proportional to I. To  ensure that the 
coil voltage signal is primarily due to I ,  the coil should be 
positioned far enough from the magnet system and should 
be oriented so that it has minimum coupling to the 
magnet system. The procedure for voltage detection in 
this case is as follows. 

1) Charge the nth magnet and eliminate the voltage 

across both magnet sections of the kth magnet by adjust- 
ing the gains at amplifier set n so that the voltages after 
the summing points S, are equal to zero; see Fig. 5. 

2) Charge the (n - 1)th magnet and repeat step 1 to 
eliminate the voltage across the kth magnet sections after 
summing points S, - ,. 

3) Repeat step 1 for magnet k by charging the rest of 
the magnets one at a time. 

4) Charge the kth magnet and adjust amplifier k to 
compensate for the difference in the inductance of the 
two halves of magnet k. 

5 )  Repeat steps 1 to 4 for all magnets. 

EXPERIMENTAL VERIFICATION 

A. Experiment Description 
We have conducted experiments to confirm the above 

voltage detection theory. The experimental arrangement 
details and results are reported elsewhere [l], [2]. Two 
superconducting solenoid coils were used, Fig. 6, and the 
dimensions of the coils are given in Table I. The inner coil 
is segmented to three sections which are not equal in 
length in order to have large unbalanced voltages. The 
inner coil is instrumented with four voltage taps. No 
voltage taps are used within the outer coil. The voltage 
detection circuit is shown in Fig. 7. 

B. Experimental Results 
The two coils are simultaneously charged at different 

but fixed rates. The conventional voltage detection tech- 
nique is first implemented, Fig. 6(a). The voltages V, and 
V, are balanced only with one specific value of I,/I,; 
otherwise a nonzero voltage signal is observed, Figs. 8(a) 
and 8(b). The presence of a voltage signal without having 
a normal zone confirms that the conventional voltage 
technique is inadequate for a multiple magnet system. 
The experiment is then performed using all voltage taps 
and the new voltage detection circuit, Fig. 7(b). The 
voltages are balanced as discussed before. The two coils 
are then charged. The charging rate of each coil is inde- 
pendently varied, Fig. 9(a); and the voltage signal ob- 
tained is very small, Fig. 9. A section of the inner and the 
voltage signal obtained is very small, Fig. 9. A section of 
the inner solenoid is driven normal using a heater and a 
voltage signal is observed, Fig. 9(b). The heater power 
versus time is shown in Fig. 9(c). Finally, the quench 
detection circuit, shown in Fig. 7(c), is used with the 
voltage V, being replaced by a signal proportional to 
dI,/dt. A Rogowski pick-up coil located at room tempera- 
ture is used to provide the dI,/dt signal. G, and G, 
perform the function of compensating for the voltages 
induced to sections 1 and 2, respectively, of coil 1 due to 
dIJdt. G, compensates for the difference in the self-in- 
ductances of sections 1 and 2 of coil 1, thereby eliminating 
sensitivity to dI,/dt. As shown in Fig. 10 the output 
voltage is insensitive to dI,/dt and dI,/dt, but displays 
the resistive voltage which corresponds to that generated 
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Fig. 4. Voltage detection circuit for multiple windings. 
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Fig. 5. Voltage detection circuit using pick up coils for Z measurement. 
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TABLE I 
COIL DIMENSIONS 

I. D. (cm) 0. D. (cm) height (cm) inductance (H) 
magnet 1 
top section 1.91 6.99 4.76 0.34 
middle section 1.91 6.99 3.81 0.29 
bottom section 1.91 6.99 3.49 0.20 

magnet 2 7.62 15.2 24.1 19.8 

magnet 1 (a) 

v2 Jj 
magnet 2 

r-- 
I 

Fig. 6. Magnets arrangement. (a) Using two sections only for voltage 
detection. (b) Using all three sections for voltage detection. 
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Fig. 7. Voltage detection circuit. (a) Using two pairs of taps. (b) Using 
three pairs of taps. (c) Using I. 

by the heater. In this test we demonstrated the idea only 
-greater care in setting the precise values of GI and G, 
will eliminate all residue of the dl,/dt signal at the 
output, Note that this quench detection method is pre- 
ferred for a magnet system where the number of coupled 
magnets may change. Traditional two-paired-voltage-tap 
detection systems can be augmented by signals propor- 
tional to dIi/dt for each ith magnet added to the system. 

I .  I I 

I 

0 50 100 150 200 
time[s] 

Fig. 8. Detection circuit output. (a) Currents in the magnets. (b) 
Voltage using two pairs of taps. 
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Fig. 9. Magnet current and detection circuit output voltage using three 
pairs of voltage taps. (a) Magnets current. (b) Detection circuit output 
voltage-signal at R represents normal zone voltage generated by 
heater. (c) Heater power versus time. 

CONCLUSIONS 
Conventional voltage detection techniques are not ap- 

propriate to use for multiple magnet systems since the 
initial voltage balancing does not ensure that the voltage 
detection circuit for n magnet systems require having 
n + 1 pairs of voltage taps or measuring I for each 
magnet. 
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General Dynamics, and the Swiss Institute for Nuclear Research. His 
interests focused on magnet system design and cryogenics. During 1991 
and 1992 he developed the ideas for coupled magnet quench detection. 

Dr. Hilal passed away unexpectedly on November 5, 1992, during a 
brief hospitalization in Madison, WI. 

George Vescey, photograph and biography unavailable at the time of 
publication. 
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Fig. 10. (a) Magnet current. (b) dZ2/dt. (c) Detection circuit output 
voltage employing Rogowski coil for voltage compensation. 
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