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1.0 ABSTRACT

This note describes a low voltage signal detector that is useful for detecting quenches or
excessive lead voltages at superconducting magnets. It can also be used for other applications
where it is needed to detect low level signals present on high voltage installations. The
application of isolated operational amplifiers is often not practical for high voltage applications
because of their limited input voltage rating, common mode rejection and sensitivity.

The described detector can withstand 7.5 kV input to ground voltage. It has a typical
common mode rejection of -150 dB at 60 Hz and an input sensitivity better than 1 mV.

The magnetically coupled quench detector assembly is very sensitive to extremely small
(order of 1 pAmp) current changes in the sense windings. The detector assembly can therefore
also be referred to as a micro current detector.

2.0  APPLICATION OF THE MAGNETICALLY COUPLED QUENCH DETECTOR

The transition of a superconducting magnet winding conductor from the superconducting
state to the normal state is called a quench. A quench detector that compares the voltage drop
across different parts of a magnet coil can be used to start a dump (Fig. 1). Opening the dump
switch minimizes the amount of energy dissipation in the magnet windings. A quench starts at
some location in the coil winding and then propagates at a relatively low speed. During a quench
a voltage drop develops across the increasing resistance of the quenched portion of the coil
winding. At the same time the resistance of the rest of the conductor remains zero while the
induced voltage will try to keep the current constant. A typical requirement is to detect quench
voltages or lead voltage drops as low as 50 mV. The potential difference between the monitored
point and ground can be several kilovolt during a dump. Isolated operational amplifiers (ISO-OP
AMPS) are commonly used for quench detectors. These amplifiers are mostly rated to withstand
up to 2500 V and some may require cascade connections for higher voltages. Common mode
rejection is mostly in the order of -100 dB or less. Operational amplifiers are sensitive to
radiation damage and therefore may need to be located away from the load they monitor. This
complicates electrical safety and requires higher voltage rated monitoring cables, which makes
the installation more cumbersome and expensive. A quench detector using magnetic coupling
exceeds the noise and voltage withstand ratings of ISO-OP AMPS. The detector core assembly is
not easily damaged by radiation and can be mounted close to the load being monitored. All high
voltages remain in the load area, so that electrical safety is not compromised.
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Figure 1: Typical Application of a Quench/Lead Voltage Detector
3.0 GENERAL DESCRIPTION OF THE MAGNETICALLY COUPLED DETECTOR

The magnetically coupled quench detector consists of two parts, a core assembly
mounted inside a magnetic shield and an electronics card.

A simplified schematic of the magnetically coupled detector is shown in Fig. 2. The core
assembly consists of two toroidal magnetic cores with two identical excitation windings, W1 and
W2, wound on each core. There are also additional other windings installed at the cores. The
excitation windings are connected in parallel to a 7 kHz excitation voltage source. The excitation
voltage waveform may be sinusoidal, or rectangular, or triangular.

A triangular waveshape of 7 kHz, 6 V peak at 40 mA was chosen for the excitation
voltage because it is easy to generate. The triangular waveshape provides a constant slope to the
excitation voltage and yields a wide saturation current peak for the cores. This type of signal is
relatively easy to process. Triangular waves cause less ringing on long cable runs compared to
squarewaves.

The excitation winding currents create opposite directed magnetic fluxes in the cores.
Rbalance (Fig. 3) is adjusted to equalize the flux magnitude in both cores. A sense winding W3 is
wound around both cores. A current flowing through sense winding W3 boosts the excitation
flux in one core and opposes it in the other. Accordingly, the core excitation aided by the
boosting sense winding current saturates at a lower excitation current value than the core with the
opposing sense current.



An additional common winding W4 has also been added to the core assembly. This
winding can, in the future, be used for a DC offset source or as a feedback winding.

DC offset injects a constant magnetic field in both cores, which shifts the zero point. A
comparator window can be set up to accept this zero point shift as normal. This assures the
system integrity and readiness. If something is wrong with the quench detector electronics or
hookup, it will trip or not allow a magnet startup.

Winding W4 can also be used as a feedback winding to provide an answer current to the
sense current, and maintain the cores in a state of virtual zero flux. This should reduce the
amplitude of the residual inbalance voltage seen on the sense winding. Common feedback could
possibly improve the frequency response of the core assembly. Common feedback is not needed
for this application.

Several sense windings can be added to the current detector core assembly. The sense
windings can be interconnected or isolated from each other. Additional sense windings make it
possible to add or subtract signals from different sources to each other.

4.0  DESCRIPTION OF THE DETECTOR ELECTRONICS

The excitation current from each core develops an ac voltage across sense resistors
Rsensel and Rgense2 |, located at the input to the detector circuit, shown in Fig. 3. This ac voltage
is processed by a constant input impedance, split phase, full wave active rectifier circuit
(IC1,1C2).

That 1s, the positive going signal across Rgense1 18 inverted and summed with the negative
going signal of Rgepse2, which occurs 180 degrees later. This produces a negative pulsating dc
voltage that is filtered by capacitor C1. Capacitor C1 acts as a peak hold circuit with a short
charging time (~ 10 psec) and a long discharge time (~ 500 usec). Likewise, the negative going
signal on Rgepgel is inverted and summed with the positive going signal across Rgepge2. This
signal is similarly processed to produce a positive pulsating dc voltage at C2.

The two dc signals on C1 and C2 are summed in a half bridge which is connected to a
two pole low pass filter (IC3). The analog output voltage of this filter is proportional to the
current in the sense winding W3 of Fig. 2. The analog voltage is routed to a window comparator
and an output voltage buffer. The window comparator will only trip from a persistent input
signal, which lasts at least 20 msec. Sporadic input noise spikes will not cause trips.

The two dc voltages on C1 and C2 are also processed by an automatic gain control
(AGC) circuit. The purpose of the AGC is to keep the sum of the absolute peak values of the
two excitation currents constant. This helps to linearize the output signal of IC3 and reduces the
overall noise at the output. For AGC the negative voltage at C1 is inverted and summed with the
positive voltage at C2. This sum voltage is compared to a negative reference voltage in an error
amplifier. The error amplifier provides a control voltage to the voltage controlled oscillator IC7
and causes minor changes in IC7's output frequency. IC7 in turn drives IC8, a flip-flop which
produces a square wave input to IC9. IC9 is the integrator that generates the triangular excitation
voltage. The output voltage of IC9 can thus be changed by frequency variations of IC7. This
causes changes in the excitation current value of the core assembly.

A detailed schematic of the electronics card used is shown in Fig. 4.



5.0 DESIGN CHOICES AND COMMENTS

Magnetics Inc. tape wound core #80608-1/2D-MA was chosen for the transducer core
assembly. Both ferrite and tape wound type toroidal cores were tried. The tape wound cores
provided better signal to noise ratio than the ferrite cores for use in the current transducer core
assembly. Tape wound cores also produced a larger signal response.

The excitation current is chosen to drive both cores to about 1.25 Qersteds, which is well
into saturation, (Fig. 5). Operating in this region of the B-H curve eliminates remnant field
effects caused by the previous excitation history of the cores.

The two core design was chosen for several reasons as described below.

Two cores reduce the effects of external magnetic fields on the core assembly. The core
assembly is however still very sensitive to magnetic stray fields in the order of several Gauss and
must therefore be mounted in a magnetically shielded enclosure for reliable operation.

Two cores also provide a differential signal source to the electronics which reduces
induced electrical noise or common mode voltage disturbances from long cable runs.

Two cores provide a signal source for full wave rectification allowing wider bandwidth
and lower ripple levels in the output signal.

The net induced voltage produced in the sense winding by the opposing excitation of both
cores is reduced.

The effects of core differences are reduced by adjusting the differential signal to zero in
the absence of sense winding current.

Cable capacitance can add sufficient capacitive currents to the signal currents to cause a
reduction in the system gain. This occurs with long cable runs between the core assembly and
the electronics card. Approximately 25% gain reduction was observed with a 1000 ft. cable. A
working upper limit of cable length is probably 2 to 3 thousand feet unless cable capacitance can
be reduced or future electronics incorporates a compensation circuit. The capacitive cable
current increases the base noise level and makes it difficult to detect the desired signal. The
change in system gain can easily be adjusted for in the present electronics card.

There is both an amplitude change and a time displacement of the current peak through
the excitation winding when the cores are excited by current through the sense winding. The
measured peak to peak amplitude change of the excitation current is 4 pA with a sense winding
excitation of 100 pAturns. The measured time displacement of the current peak is 2 nanoseconds
for 100 pAturns sense winding excitation (Fig. 6A). The amplitude change of the excitation
current yields the largest and easiest signal to process. Amplitude change is therefore chosen for
sense current detection.

A magnetic and electrostatic shield surrounds the core assembly (Fig. 8). The magnetic
shield provides protection to transverse stray magnetic fields of about 600 Gauss and axial stray
fields of about 100 Gauss. Shielding is important when the core assembly is mounted in the stray
field of a magnet. The magnetic shield also provides mechanical protection for the core
assembly.



6.0 CONSTRUCTION NOTES

The construction details and sequence of the core assembly process can be seen in Fig. 7.
The schematic and wiring diagram is shown in Fig. 2.

The excitation winding is wound single layer and spaced as evenly as possible. At this
point it is Glyptal dipped and air dryed to secure the winding to prevent any motion, which can
result in electrical noise on the output signal.

The effects of capacitive currents flowing through the electrostatic shields can induce a
magnetic flux in the cores and cause poorer common mode rejection.

The first detector head assemblies used foil shields wrapped in a non-inductive manner.
All testing was done with this type of shielding. A spray on high conductivity graphite coating
(Manufacturer, G.C. Electronics #10-4807) was tried later on. This coating is easier to apply
than wrapped shields and creates a more uniform product as far as electrical characteristics are
concerned. Initial testing of graphite shielded core assembly showed an improvement in
common mode rejection and no changes in performance. Spray on shields are therefore
preferred.

The sense winding stray capacitance from either end of the sense winding to the high
potential shield should be equally distributed for best common mode rejection. This is
accomplished by winding it with a "skip turn” technique. That is, one half of the sense winding
turns are wound completely around the cores with a one wire diameter space in between the
turns. Then the second half of the turns are wound inside the space of the first turns.

The turn count of the excitation windings of the production cores is checked against a
"standard" core with a known turn count. Every production core is adjusted to have the same
number of excitation turns. This minimizes the induced inbalance voltage in the sense winding
and reduces ripple and noise on the output of the electronics card. The installed number of
excitation turns on production cores is checked with a constant voltage excitation and compared
to the "standard" core.

A second test is performed to match the production cores in sets of two for magnetic
characteristics to 5% or better. Constant current excitation at their nominal operating point is
used for this matching test.

Nine identical core assemblies, using Magnetic, Inc. cores #80608-1/2D-MA, were made
to obtain a representative data sample. The cores were wound with 100 turns for the excitation
windings and 100 turns for the sense winding. All core assemblies were tested with the same
electronics card and instrumentation.

7.0 TEST RESULTS

The first test performed on the core assemblies was a hipot test between the high potential
shield and the second earth shield. 7.5 kVDC was placed on these shields for one minute. The
core assemblies had a leakage current of 24 nanoAmps or less at 7.5 kVDC after one minute.
Cores with spray on shields had leakage currents of 2 nanoAmps or less.

The linearity of the ratio between the input sense current and the output voltage signal
was tested by changing the sense current from 0 to 5 mA. The sense current source impedance
was varied across a range from 50 Ohm to 10 kOhm. The linearity of the output signal at the



electronics card was equal to or better than = 1% for a sense current range of 10 uA to 2 mA for
the entire source impedance range. This test was done for all nine core assemblies.

The gain variation between the nine different core assemblies was about 12% This
amount of gain difference can easily be adjusted out in the electronics.

During development tests it became obvious that the transfer function of the core
assembly depended on the current source impedance, the current sense resistors in the electronics
(termination impedance), and the turns ratio between the sense winding and the excitation
windings.

The transfer function of the core assembly is the ratio of the source current in the sense
winding and difference in the peak to peak voltage developed across the sense resistor. It was
found that the relationship between the source impedance, the sense resistor, and turns ratio
follows the empirical equation 1, shown below. The value of the transfer function is a relative
number and is only used to observe the effects of changing one or more of the variables in Eq. 1.

aRsource 2= number of sense winding turns 0
Rsource + 8% Reense number of excitation winding turns

Transfer function = K ¢

K = coupling coefficient

It is apparent that making Rgense smaller or Rgource larger improves the transfer function.
However, reducing Rgepge to half value also reduces the voltage developed across Rgepge in half.
Likewise doubling Rgource reduces the input voltage sensitivity in half.

It was decided to use 50 Ohm for Rgepge because it provides a workable signal level and
this value matches the impedance of the cable used between the core assembly and the
electronics.

The effect of the turns ratio between the sense and the excitation windings was also
studied and follows Eq. 1. This ratio affects the reflected impedance of the current sense
resistors.

The core assembly was built with a=1, Rgepse = 50 Ohm and Rgpurce as large as possible.
Rsource Was chosen to be 2 kOhm when used for quench detection or lead voltage detection.
Choosing 2 kOhm for Ryouree vields a scaling factor of 1 mV input equal 1 mV output at Reenge
and a noise level of 0.5 mV. High values of Rgoyrce make it possible to reduce the wattage rating
of the bridge resistors (Fig. 1) used for superconducting magnet quench detection. The wattage
ratings of these resistors are a concern because the entire dump voltage is developed across them.

A 2 kV peak 60 Hz voltage source was used to generate a voltage for common mode
tests. The measured common mode rejection varied for different core assemblies. This is
probably due to minor construction variations. The poorest CMR observed was -147 dB. More
than 50% of the core assemblies had a CMR of -150 dB or better.

The effect of a dc magnetic stray field at the core assembly was studied in a uniform
magnetic field. Stray fields cause an output voltage shift, which depends on the field magnitude
and direction. Both axial and transverse stray fields through the core assembly cause output
shifts which look like an "apparent input signal".

Each core assembly is therefore protected by a shield as shown in Fig. 8. The shielded
core assembly produces a worst case "apparent input signal” of 4 mV at 100 Gauss axial field.



This error can be reduced by aligning the core assembly axis perpendicular to the stray field
direction or by installing additional magnetic shielding. The ratio between the "apparent input
signal" and various values of the magnetic stray field is not linear.

7.0  MAGNETICALLY COUPLED QUENCH DETECTOR PERFORMANCE DATA

. Maximum comon mode voltage input to output: + 5000 Vpeak
. Common mode rejection @ 2 kVpeak 60 Hz AC: -150 dB typ.
. Leakage current input to output @ 7.5 kVDC: 0.1 uA max.
. Input capacitance to ground: 60 pF typ.
. Recommended source impedance: 100 Ohm or greater
. Maximum permissible stray field at core assembly: 600 Gauss transverse
100 Gauss axial
Gain set to minimum, Output scale factor: 1.5 V/1mA input
Gain set to maximum, Output scale factor : 10 V/1mA input
Stray field disturbance: 1 mV a%parent input at 600 Gauss transverse
*+ 4 mV apparent input 100 Gauss axial
. Output voltage span : 10V
. Input to output trip response delay: 20 msec
. Output ripple at minimum gain: Igense = 0.0 mA 250 pV peak (0.1 Hz to 30 kHz)

Isense = 6.6 mA 1 l’IlV pea.k (0.1 HZ to 30 kHZ)

. Frequency response of core assembly and electronics:
(limited by two pole filter)

Bandwidth: DCto 100 Hz: -1dB
250 Hz: -6 dB
500 Hz: -12dB

. Temperature coefficient of electronics card output with
scale factor at 2V/ImA, range 20°C to 40°C: 200 pv/oC
. Distance of core assembly to electronics: 1000 ft typ.

. Interconnecting cable between core

assembly and electronics: Belden #9773 or equiv.

Shielded, 3 pair, AWG #18
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VOLTAGE DEVELOPED ACROSS 50 QHM Rsense

Tap trace:

Zero Amp Sense Current

Bottom frace:

5 mA Sense curremt

1V 7/ em
20 usec / cm

Fig. 6A

PHASE RELATIONSHIP

Top trace
Excitation voltage
5V /cm

Middle trace

Voltage across excitation winding
5V/cm

Bottom trace

Voltage across 50 Ohm Rsense
2Viem

Fig. 6B

20 usec / cm
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