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(57) Abstract

The invention relates to sensors for detecting a time—varying current by employing a plurality of coils with separate windings, disposed
on separate toroidal cores, that are placed in close proximity of each other so that each coil responds independently to the same current.
The current produces a time-varying magnetic field which in turn induces a plurality of voltages across the coils that can be combined
to provide a resultant signal. Some embodiments of the invention employ coils with opposite windings to obtain signals with opposite
phases and combine these signals through differential detection means to obtain a combined signal. One aspect of the invention relates to
production of a wide-band or a selectable band-width sensor by preparing at least one coil to be dissimilar with respect to the others. In
addition, the invention provides provisions for easy calibration of the sensor,
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CLOSELY-COUPLED MULTIPLE-WINDING MAGNETIC INDUCTION-TYPE SENSOR
Background

This invention relates to methods and apparatus for detecting a time-varying current. In
particular, the invention detects a transient current produced by a variety of physical
mechanisms, e.g., a pulse of current carried on an electrical conductor, with a better signal-to-
noise ratio than the existing current sensors provide.

One important application of the apparatus of the invention relates to the detection of a
sudden localized redistribution of charge at a defective point of an insulation which is under
high electric stress, e.g., electric power cables, high voltage transformers. Such a
redistribution of charge leads to an intermittent arcing that signals the presence of a fault. The
term fault, as used herein, refers both to an incipient fault which may not cause an immediate
failure but may eventually lead to a failure, and also to a complete failure of the system. It is
well-known that partial discharge events are common precursors to many significant failure
modes in a variety of high voltage devices.

The early detection of an incipient fault through monitoring partial discharge events can
permit remedial actions to prevent the occurrence of a complete failure which may result in
considerable inconvenience and financial loss. For example, the failure of high voltage devices
of a utility company such as transformers and high voltage distribution cables, especially
during a critical period, can lead to enormous inconvenience for the customers and financial
loss for the company.

The energy associated with a partial discharge event is typically extremely small. This
energy is particularly small when the defect that gives rise to the partial discharge is at its early
stages of development. Given the desirability of detecting defects at such early stages, it is
evident that having a sensor that detects a pulse of current with a high signal-to-noise ratio is
extremely desirable,

U.S. patent No. 5,075,629 discloses a device for detecting a partial discharge in a
transformer. In particular, this patent discloses an antenna, constructed of a single solid core

with a conducting wire wrapped around it, that is placed inside the transformer to detect
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emission of an electromagnetic wave produced by the transformer as a result of the occurrence
of a partial discharge. The center of the conducting wire wrapped around the single core is
grounded to produce two coils. The time-varying magnetic field of the electromagnetic wave
induces two voltages in the coils that provide the input signals for a differential amplifier. The
output of the amplifier signals the occurrence of a partial discharge.

The antenna disclosed in the '629 patent has a solid core that does not permit the
passage of a cable therethrough. Thus, the apparatus can not be connected directly through a
cable to the transformer to receive a current pulse that a partial discharge produces.
Accordingly, it relies on a weaker mode of coupling, i.e., detection of the electromagnetic
wave emanated from the transformer. This mode of coupling imposes the further limitation
that the apparatus can not be employed outside the transformer because high voltage
transformers are typically shielded by enclosures. \

Some prior art techniques relate to finding the location of a partial discharge event so as
to allow correction of the defect giving rise to the discharge. For example, U.S. patent No.
5,530,364 discloses an apparatus for detecting the location of an incipient fault in an insulated
cable. In particular, the apparatus of the invention scans the surface of the cable by physically
moving two separate axially spaced sensors, disposed adjacent to the surface, over the cable.
A partial discharge event produces a current pulse through the cable which, in turn, produces
electrical pulses at each of the two sensors. These two pulses are added to produce a resultant
signal whose magnitude reaches a maximum if the partial discharge occurs at a point midway
between the two sensors, thus indicating the location of the discharge.

The energy produced by a partial discharge event in a high voltage device is typically
extremely small. Accordingly, it is imperative that the system designed for detecting such
events provide a means of coupling to the device that has a minimal loss and also a detection
means that provide a high signal-to-noise ratio. In addition, periodic monitoring of a device
for partial discharges requires a system that can be easily connected to and disconnected from
the device. Many prior art systems suffer from a number of limitations related to the above-

mentioned desirable features that the present invention seeks to remedy. For example, the use
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of the apparatus of '629 patent not only employs a weak mode of coupling to the transformer
but also requires opening up a transformer to place the antenna within it. The apparatus of the
'364 patent is essentially a timing system for signaling the arrival of two pulses at the sensors,
and does not provide new techniques for improving the signal-to-noise ratio of the detected
pulses.

It should be understood that the desirability of detecting transient currents with a high
signal-to-noise ratio is not limited to monitoring of partial discharges. Another possible
application, for example, relates to monitoring a beam of electrons or ions used in implantation
systems.

Accordingly, it is an object of the present invention to detect a transient current carried
by a wire with an improved signal-to-noise ratio.

It is another object of the invention to detect a pulse of current or a beam of charged
particles with an improved signal-to-noise ratio.

It is yet another object of the invention to provide a current sensor that can be easily
calibrated.

It is yet another object of the invention to provide a current sensor with a broad-band
and/or selectable frequency response.

It is yet another object of the invention to provide an apparatus for monitoring partial
discharges in high voltage devices with an improved signal-to-noise ratio.

The invention is next described in connection with illustrated embodiments. It is
obvious to those skilled in the art that various modifications to the embodiment can be made

without departing from the scope and the spirit of the invention.

Summary of the invention

The invention detects a time-varying current by employing a plurality of generally
toroidal coils with separate windings that are placed in close proximity of each other such that
they respond to a current signal, which passes through the central aperture of the toroids, at

substantially the same time. In particular, the current induces a plurality of voltages across
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these coils where each induced voltage indicates the detection of the current. The invention
also allows combining the induced voltages, i.e., summing and/or subtracting the voltages, to
produce a resultant signal that signifies the existence of the time-varying current. A single coil
of toroidal construction is sometimes referred to as a Rogowski coil. Design considerations for
Rogowski coils are described, for example, in A.J. SCHWAB, HIGH VOLTAGE MEASUREMENT
TECHNIQUES (1972).

It is well understood in physics that a changing magnetic flux within a coil induces a
voltage across it. Furthermore, a current due to moving charged particles produces a
surrounding magnetic field. Accordingly, a changing magnetic flux, associated with a current
pulse, through the closely-spaced coils of the present invention induces a plurality of voltages
across them. The spacings between the coils are selected such that each coil responds to
substantially the same magnetic field. In addition, each coil is electrically insulated from the
others so that each induced voltage represents an independent response to the same current.
The induced voltages can be either utilized individually or can be combined in various ways,
described more fully below, to produce a combined signal.

One aspect of the invention relates to selecting at least one coil to have either a winding
of opposite polarity with respect to another coil or to have a winding of similar polarity but
reverse output connections with respect to the other coil. Two such coils are herein referred to
as having opposite polarities with respect to each other. The induced voltages across two coils
having opposite polarities have opposite phases relative to each other. In addition, the close
proximity of two such coils ensures that the character of noise on the induced voltage across
one coil is substantially similar to that on the induced voltage across the other coil.
Accordingly, subtraction of the induced voltages across two coils of opposite polarities results
in addition of the two induced voltages and reduction of the noise, i.e., an improved signal to
noise ratio.

The invention also allows selection of at least one coil of the plurality of closely-spaced
coils as a calibration coil. The injection of a known driven current into such a calibration coil

induces a current in an electrical conductor, disposed in the middle of the sensor, which in turn
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produces a time-varying magnetic flux in the other coils. The time-varying magnetic field
induces a plurality of voltages across these coils. Because the value of the injected current in
the calibration coil is known, the value of the response induced in the other coils by the
injected current can be readily calculated. Thus, the measurement of the induced voltages due
to the injected current provides calibration of the coils.

In another aspect of the invention, the closely-spaced coils are adapted for detection of a
time-varying magnetic field that has different selected frequency regions including a wide
frequency bandwidth. In particular, at least one coil is chosen to be different from the others,
e.g., at least one coil is chosen to have a different number of windings and/or different core
material. The response of such a coil is optimal at a particular frequency which is different
from the frequencies at which the other coils exhibit their optimal responses. This results in a
current sensor with a wider bandwidth and/or with simultaneous optimal responses in different
frequency regions. For example, a broad-band sensor according to the invention can have one
coil with a frequency response centered at 60 Hz, and another coil with a frequency response
centered at 1 MHz. The invention preferably selects the coils such that the aggregate response
of the coils span the frequency band-width of interest of the time-varying magnetic field. Some
embodiments of the invention sum the induced voltages across the coils of such a wide-band
magnetic sensor to obtain a resultant signal that signifies the presence of the time-varying
current.

One important application of a wide-band current sensor relates to the detection of a
transient current having a short temporal duration and being carried by an electrical conductor.
This can be understood by noting that such a pulse of current has many frequency components
in its frequency bandwidth. The coils can be designed such that each coil responds optimally
to a selected number of these frequency components. Thus, the aggregate response of all of the
coils to the transient current is more effective than the response of each individual coil.

It should be understood that production of a current sensor that incorporates all of the
various features described above is within the scope of the present invention. In particular, a

sensor having a plurality of coils such that at least two coils yield opposite polarities with
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respect to each other, or at least one coil is a calibration coil, or at least one coil has a
frequency response that is different from the frequency response of the others incorporates all
of the above-mentioned features.

The invention also contemplates disposing a plurality of coils on a number of cores such
that each coil responds to a time-varying current at substantially the same time. According to
one aspect of the invention, the coils are disposed on separate cores. The material of the cores
is selected to have a high magnetic permeability, e.g., ferrite material, or air, so as to allow
penetration of a magnetic field into the body of the cores. The penetration of the magnetic
field into the cores results in a changing magnetic flux within the coils disposed on the cores
which in turn induces a plurality of voltages across the coils. The structures of the cores can
be selected, e.g., toroidal, or substantially toroidal, to provide sensors suitable for a variety of
applications. The use of separate cores allows attaining separate independent signals from each
of the plurality of coils in response to the same magnetic field.

It is typically desirable to select a magnetic core, on which a coil for detection of a
time-varying current is disposed, to be as large as possible. The advantage of employing a
large core can be understood by noting that as the size of the core increases, it intersects with
larger number of magnetic field lines of a time-varying magnetic field, thus resulting in a
larger magnetic flux within the core. The larger magnetic flux, in turn, results in a larger
induced voltage across the coil disposed on the core, i.e., a better signal-to-noise ratio. Large
magnetic cores are, however, costly and difficult to manufacture. The employment of multiple
cores by the present invention achieves the advantages of utilizing a single large core, e.g.,
better signal-to-noise ratio, without its drawbacks, e.g., higher cost and difficulty of
manufacture.

The toroidal and the quasi-toroidal structures are particularly suited for detecting a
current pulse being carried on an electrical conductor. One important application of such a
detection of a current pulse relates to signaling the occurrence of a fault in a high voltage

device, e.g., a high voltage transformer or a high voltage electrical cable. For example, the
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occurrence of a partial discharge in such a high voltage device produces current pulses that can
be detected by a magnetic sensor according to the present invention.

While a number of preferred embodiments of the invention employ a plurality of cores,
the invention can also be practiced by employing a single core with a plurality of coils disposed
thereon. A first coil is wound around the core, and subsequently successive coils are disposed
on the first coil, each on top of the previous one. In addition, an electrically insulating
material or an electrostatic shield can be disposed between any two adjacent coils to isolate
them from each other so that each coil provides an essentially independent response to a
transient magnetic field. The structure of the single core on which the coils are disposed can
be selected to be toroidal, and quasi-toroidal.

Similar to sensors according to the present invention that comprise a plurality of cores,
a sensor with a single core and a multiplicity of coils, as explained above, can also incorporate
the various aspects of the present invention. In particular, production of such a sensor having
at least a pair of coils with opposite polarities, and/or having at least one calibration coil,
and/or having at least one coil that is different from the others, is within the scope of the
present invention.

Another aspect of the invention is to employ the multiple closely-spaced coils in
conjunction with a network of capacitors, inductors, and resistors to produce a resonant
electronic L-C-R circuit. The use of such a resonant circuit enhances currents at selected
frequencies, and hence increases the induced voltages, thus rendering the detection of weak
time-varying magnetic fields feasible. As was mentioned previously, one important application
of the sensor of the invention is for detection of partial discharges in high Voltz{ge devices.
Because such PD events are typically of short durations, e.g., less than a microsecond, the
values of the inductance, the capacitance, and the resistance of a resonant L-C-R circuit
employed in a sensor designed for detection of such events are typically selected to produce a
resonant frequency in the range 30 kHz to 5 MHz.

In a further embodiment, a sensor in accordance with the present invention can be

coupled to a high voltage transformer bushing. The sensor includes first and second cores
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having respective coils coupled to a device, such as a differential amplifier, and optionally, a
third core having a coil coupled to a voltage waveform monitor. An electrical conductor,
which is capacitively coupled to a high voltage conductor contained in the transformer bushing
can be used to extract a signal representative of the electrical power flowing into or out of the
transformer. This signal can be determined by the dual coil systems of the present invention,
which are preferably tuned to attenuate the 60 Hz (or 50 Hz) fundamental frequency of the
alternating current. If desired, the AC waveform can also be monitored using a third coil
coupled to a voltage/waveform monitor.

Thus, the invention allows the differential detection of a transient magnetic field, and
attains the aforementioned advantages including a better signal-to-noise ratio, a selectable

bandwidth, easy calibration, and possible reduction in cost.

Brief description of the drawings

FIGURE 1 depicts a cross sectional view of a sensor according to the invention that has
an enclosure to house a plurality of toroidal cores, each of which has a coil, that permit the
passage of an electrical conductor through their hollow centers in order to detect a current
pulse carried by the conductor, and the outputs from each coil are made available as needed,

FIGURE 2 is a more detailed illustration of the components of an embodiment of the
apparatus shown in figure 1, wherein a differential amplifier produces a signal proportional to
the difference of two electrical voltages with opposite phases that a current pulse induces across
two toroidal coils with opposite windings but similar output connections, for clarity the
distance between the two coils is exaggerated and any enclosure is not shown,

FIGURE 2A depicts a sensor similar to that shown in figure 2 except that the two coils
have similar windings and reverse output connections, thus producing two induced voltages
with opposite phases that are inputted into a differential amplifier,

FIGURE 2B is a cross-sectional view of figure 2,

FIGURE 2C is a cross-sectional view of figure 2A,
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FIGURE 3 shows a sensor according to the invention that employs two separate cores
having two coils of opposite polarities, and a network of inductors, capacitors and resistors to
differentially detect a transient magnetic field,

FIGURE 4 is a cross-sectional view of an embodiment of the invention that utilizes a
single toroidal core with two coils with opposite windings disposed thereon to differentially
detect a transient magnetic field,

FIGURE 5 illustrates a sensor that provides a selectable band-width response to a
transient current by employing two dissimilar coils disposed on two separate cores,

FIGURE 6 is an illustration of a magnetic sensor with two separate cores, each having a
coil, wherein one of the coils is employed for calibration of the other, and

FIGURE 7 is an illustration of a magnetic sensor having three cores, each having a coil,

coupled to a power device via a high voltage bushing.

Detailed Description

FIGURE 1 illustrates a cross sectional view of an apparatus according to the invention
in which a metallic shield enclosure 10 houses a number of cores 12 on each of which a
conductive coil is mounted. The enclosure has an aperture that permits the passage of an
electrical cable 14 therethrough. Output connections 16 and 16A provide access to the voltages
induced at the terminals of the conductive coils. Gaps 18, provided in the enclosure, allow
penetration of the magnetic field produced by a current carried by the cable into the coils.

FIGURE 2 is a more detailed depiction of the cores and the coils of the apparatus of
figure 1 according to one preferred embodiment, illustrating two separate cores, namely core
20 with a coil 22 disposed thereon and having terminals 24 and 26, and core 28 with coil 30
disposed thereon and having terminals 32 and 34. The cores have toroidal structures with
hollow centers that allow the passage of an electrical conductor 36 therethrough. The distance
between the two coils in the figure is exaggerated for clarity, and the enclosure is not shown.
In practice, the two coils are placed in close proximity of each other such that they both detect

essentially the same magnetic field associated with the current in conductor 36.
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As used herein, closely-spaced coils refer to coils that are influenced at substantially the
same time by a signal propagating through the electrical conductor. As is understood by one of
ordinary skill in the art, the maximum distance between closely-spaced coils can vary
depending upon the resolution required for a particular measurement. For example, to achieve
resolution of about one foot for partial discharge locations, time measurements should be
accurate to the nanosecond level. It is understood, however, that this level of accuracy is not
necessary for other types of measurements. In one embodiment, it is preferred that the time
delay for the signal on the electrical conductor to travel from the first coil to the second coil be
less than about 100 nanoseconds, and more preferably, be less than about 10 nanoseconds.
Closely-spaced can also be defined by a maximum amount of impedance, which is associated
with the electrical conductor, between adjacent coils. In one embodiment, it is preferred that
the line impedance between adjacent coils be less than about ten percent of the total line
impedance, and more preferably, be less than about one percent.

In one application of this embodiment, for example in monitoring partial discharges, a
pulse of current passes through the conductor and induces two voltages across the two coils.
The polarity of the winding of one coil is selected to be opposite of the other. Terminals 26
and 32 are grounded, and the voltages induced across the other two terminals, i.e., terminals
24 and 34 have opposite phases relative to each other. Two resistors 38 and 40 are connected
across the output terminals of coils 22 and 30, respectively. The values of the resistance of
these resistors are chosen to influence the frequency response of the apparatus. A differential
amplifier 42 receives the voltages induced at terminals 24 and 34 at its input terminals and
produces an output voltage that is proportional to the difference of the two input voltages.

FIGURE 2A illustrates an embodiment that similar to the embodiment of FIGURE 2
employs two separate toroidal cores, on each of which a coil is disposed. Unlike the previous
embodiment, however, the polarities of the windings of the two coils are selected to be the
same, but the polarity of the output connections are reversed. For example, if a transient
magnetic field induces a positive voltage at terminal 24A of coil 224, it will induce a negative

voltage at terminal 34A of coil 30A. A differential amplifier 42A receives at one input
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terminal the positive voltage induced at one terminal of one of the coils, and at its other input
terminal the negative voltage induced at the opposite terminal of the other coil, and produces a
voltage proportional to their difference.

FIGURES 2B and 2C are cross-sectional views of the cores and the coils of the sensors
shown in figures 2 and 2A, respectively, presented to illustrate further that the invention can
produce induced voltages with opposite phases in response to the same time-varying magnetic
field in two different manners. In particular, the coils of FIGURE 2B are selected to have
opposite windings but similar output connections so that the induced voltages across them have
opposite phases. The sensor of FIGURE 2C, however, accomplishes the same result by
selecting the two coils to have similar windings but reverse output connections.

FIGURE 3 illustrates an embodiment of the invention that utilizes a network of
inductors, capacitors, and resistors to enhance the voltage induced across a plurality of coils
disposed on separate toroidal cores as a result of the passage of a current pulse through the
hollow center of the toroids. In particular, two coils 44 and 46 are disposed on two cores 48
and 50, respectively. The coils have opposite windings to produce two voltages with opposite
polarities in response to the same transient magnetic field.

An electrical conductor 52 passes through the hollow cavity at the center of the cores
and carries a current pulse. In one application of this embodiment, the conductor is connected
to a high voltage device which creates a current pulse as a result of the occurrence of a partial
discharge. This current pulse produces a magnetic field that penetrates within the cores and
creates a time-varying flux within each coil, thus inducing a voltage across each coil. Because
the two coils have opposite windings, the induced voltages across the two coils have opposite
phases relative to each other. Thus, a positive voltage is induced at the un-grounded terminal
of one coil and a negative voltage at the corresponding terminal of the other coil.

Further reference to FIGURE 3 shows two identical capacitors 54 and 56, each
connected electrically in parallel with one of the coils. Two identical resistors 58, and 60 are
connected electrically in parallel with the capacitors 54 and 56, respectively. Further, two

identical inductors 62 and 64 are connected electrically in parallel with the resistors 58 and 60,
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respectively. The capacitance, the inductance, and the resistance of the capacitors, resistors
and the inductors are selected in a manner known in the art such that the combination of each
coil with its associated capacitor, resistor, and inductor produces a resonant circuit with a
resonant frequency in the range 30 kHz to 5 MHz. The induced voltages in the coils produce
two voltages at terminals 66 and 68.

Referring again to FIGURE 3, a differential amplifier 70 receives the induced voltages
at terminals 66 and 68 at its input terminals, and produces an output signal proportional to the
difference between the two input voltages. Because the two input voltages are 180 degrees out
of phase, the magnitude of the output signal is proportional to the sum of the magnitude of the
two input signals whereas the root mean square magnitude of the noise carried on the output
signal is lower than the sum of the root mean square magnitude of the noise on each of the two
input signals. Accordingly, the signal-to-noise ratio of the output signal is higher than that of
the input signals. The differential amplifier can be replaced with a balanced center-tapped
transformer to achieve the same result.

If the apparatus is utilized for monitoring a partial discharge, a waveform analyzer 72
receives the output signal of the differential amplifier and analyzes the waveform associated
with the current pulses in search of the fingerprints of a partial discharge event in a manner
well-known in the art. Once such a signal is found, the waveform analyzer signals the
occurrence of the event.

As was describe previously, the practice of the invention is not limited to employing a
plurality of cores. In particular, FIGURE 4 illustrates a cross-sectional view of an embodiment
of the invention that employs a single core 74 with a toroidal shape. The core has a high
magnetic permeability, e.g., a ferrite material, or an air core, to allow penetration of a
magnetic field into the core. A first coil 76 is disposed directly on the core with two output
terminals 78 and 80. An electrically insulating material 82, e.g., polyethylene, is disposed on
the first coil, and subsequently a second coil 84 is disposed on this insulating material with two
output terminals 86 and 88. Terminals 80 and 88 are grounded. The insulating material

ensures that the coils respond independently to the same time-varying magnetic field (although



10

15

20

25

30

WO 99/63352 PCT/US99/12327

13-

there is some couplilng via the common core. The polarities of the windings of the two coils
are selected to be opposite to each other. Accordingly, an induced voltage at the terminal 78 of
the first coil, produced for example by a current passing through a conductor 90, is opposite in
phase with respect to the voltage at the terminal 86 of the second coil. The same type of phase
relationship exists between the other two terminals of the two coils. A differential amplifier 92
receives two induced voltages with opposite phases and produces an output voltage
proportional to their difference. Thus, this embodiment also allows a differential detection of a
time-varying magnetic field.

As was described previously, one aspect of the present invention relates to producing a
sensor with a wide-band frequency response and/or frequency response selected in particular
bandwidths. FIGURE 5 illustrates a wide-band sensor according to the invention in which a
toroidal core 94 with a coil 96 disposed on it is placed in close proximity of another toroidal
core 98 on which a coil 100 is disposed. The two cores are closely-spaced so that each coil
responds to a magnetic signal substantially at the same time. The windings of the two coils
have the same polarity, but the two coils are made intentionally dissimilar. For example, the
two coils can be selected to have different number of turns. This results in each coil having a
bandwidth of response to a transient magnetic field which is different from that of the other.
Thus, the sensor as a whole has a bandwidth which is wider than that of each coil.

One application of such a sensor is in detecting a short current pulse that is carried on
an electrical conductor. Referring again to FIGURE 5, such a pulse of current being carried
on a conductor 102, disposed in the hollow centers of the cores, produces a time-varying
magnetic flux within each coil. The time-varying flux in turn induces two voltages across the
two coils. A summing amplifier 104 adds these two induced voltages to produce a resultant
voltage. The Fourier transform of the temporal profile of the pulse comprises of a number of
components. Because the two coils are selected to be different, each responds preferentially to
a particular set of these components. Thus, the two coils jointly respond to the current pulse

more efficiently than a sensor with a single coil (or two identical coils).
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It should be understood that the coils of any of the embodiments described above can be
made dissimilar in order to construct a wide-band and/or selectable band-width magnetic
sensor. Thus, toroidal, and quasi-toroidal structures can be employed to construct a wide-band
sensor of time-varying magnetic fields.

FIGURE 6 is yet another embodiment of the invention that illustrates a magnetic sensor
with a provision for easy calibration. In particular, reference to FIGURE 6 shows two separate
toroidal cores, 106 and 108, disposed in close proximity of each other, and having coils, 110
and 112, disposed thereon. The coil wound on the core 106 is employed for calibration
purposes. In particular, further reference to FIGURE 6 illustrates a signal generator 114 that
injects a known driven current into the calibration coil. The current produces a magnetic field
within the core which in turn produces a current through a conductor 116 disposed in the
hollow centers of the two cores. This current produces a known magnetic flux through the
other core that induces a voltage across the coil 112. A measurement of this induced voltage
by a voltmeter 118 leads to calibration of the sensor.

FIGURE 7 shows a sensor 120 in accordance with the present invention coupled to a
bushing 122 of a high voltage transformer 124. Within the bushing 122, a high voltage, e.g.,
500kV, conductor 126 is located to provide an input (or output) for the transformer. A
concentric conductive ring 127 is also disposed within the bushing insulation such that it is
capacitively coupled to the high voltage conductor 126 and serves as a tap to extract a lower
voltage signal for analysis by the sensors of the present invention. The sensor 120 can include
first and second closely-spaced cores 128,130 having respective first and second coils 132,134
of opposite polarity disposed thereon. The first and second coils 132,134 can be coupled to a
device, such as a differential amplifier 42 like that shown in FIGURE 2. The sensor 120
further includes a third core 136 having a third coil 138 coupled to a voltage/waveform
monitor 140. In this instance the coil can be tuned to detect the 60 Hz (or other) alternating
current waveform. An electrical conductor 142 extends from the conductor 127 through the
cores 128,130,136. The conductor 142 can be surrounded by insulation 144 that is useful to

isolate the coils from any voltage on conductor 142. The conductor 142 can be grounded or
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coupled to ground via capacitor 139, as shown. By employing capacitor 139, a voltage can be
maintained on the conductor 142 while also providing a current path to ground for pulse
currents detected by the sensor. In practice, this arrangement permits other measurement
devices to be used in tandem with the present invention (e.g., monitoring devices for
measuring voltages across the capacitor 139).

Alternatively, the voltage/waveform monitor can serve as a calibration signal generator,
which can generate a relatively high frequency signal on the electrical conductor 142 via the
third coil 138. The resultant signal on the conductor 142 generates corresponding signals on
the first and second coils 132,134, which appear at the differential amplifier. This
arrangement allows the characteristics of the input signal to be verified.

The above descriptions of the various embodiments should be interpreted as illustrative
and not in a limiting sense. It is obvious to those skilled in the art that many variations can be
made to the embodiments described above without departing from the scope and the spirit of
the invention. In particular, although many of the described embodiments were presented with
two coils, it should be understood that the practice of the invention is not limited to employing
only two coils. A plurality of coils with separate windings and disposed on separate cores or on
a single core, according to the methods of the invention, can be employed to effectuate the
objectives of the invention.

Thus, the invention attains the objectives set forth above by employing a plurality of
closely-spaced coils that respond independently to the same time-varying magnetic field.

What is claimed is:
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1. Apparatus for detecting a current pulse, said current pulse being carried by an
electrical line, said apparatus comprising

a plurality of electrically conducting coils, each coil being electrically insulated from
the others, and each coil being disposed on a separate core having a toroidal structure with a
hollow center to allow the passage of said electrical line therethrough, said cores being
disposed in close proximity of each other such that each coil responds to said current pulse at
substantially the same time, whereby said current pulse induces a plurality of voltages across

said coils.

2. Apparatus of claim 1 wherein the apparatus further comprises a signal combiner
coupled to the coils for combining said induced voltages to obtain a resultant signal, thereby

indicating the passage of said current pulse.

3. The apparatus of claim 1, wherein said cores are formed of high magnetic

permeability material.

4. The apparatus of claim 1, wherein said cores and said coils are housed in a
conductive enclosure, said enclosure having at least one region to allow penetration of

magnetic flux into said cores and said coils.

S. The apparatus of claim 1, wherein at least a first coil among said coils has an
opposite polarity with respect to a second coil among said coils whereby the induced voltage
across the first coil has a first phase and the induced voltage across the second coil has a

second phase, said first phase being the opposite of said second phase.

6. The apparatus of claim 5, wherein said signal combiner comprises
a summer for summing the voltages with said first phase to obtain a first signal and

summing the voltages with said second phase to obtain a second signal, and
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a differential detector for differentially detecting said first and second signals.

7. The apparatus of claim 6, wherein said differential detector comprises a
transformer with balanced center-tapped input and unbalanced output receiving said first and
second signals at its input terminals to produce an output signal proportional to the difference

between said first and second signals.

8. The apparatus of claim 6, wherein said differential detector comprises a
differential amplifier receiving said first and second signals at its input terminals to produce an

output signal proportional to the difference between said first and second signals.

9. The apparatus of claim 1, wherein a fault in a high voltage device generates said

current.

10.  The apparatus of claim 9, wherein said high voltage device comprises a high

voltage electrical cable.

11.  The apparatus of claim 9, wherein said high voltage device comprises a

transformer.

12.  The apparatus of claim 1, wherein at least one of said coils is a calibration coil.

13.  Apparatus for detecting a pulse of current having a selectable frequency
bandwidth, said apparatus comprising

a plurality of electrically conducting coils having separate windings and at least one of
said coils having a frequency response to said pulse that is different from the frequency
response of another of said coils, each of said coils being disposed on a core having a toroidal

structure with an open aperture to allow the passage of said current therethrough, said cores
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being disposed in close proximity of each other such that said pulse induces a plurality of

voltages across said coils.

14.  The apparatus of claim 13, wherein said current is carried by an electrical

conductor.

15.  The apparatus of claim 14, wherein said electrical conductor is surrounded by an

electrically insulative material.

16.  The apparatus of claim 13, wherein moving charged particles generate said

current.

17.  The apparatus of claim 13, further comprising
a combiner for combining said induced voltages to produce a resultant signal, thereby

indicating the passage of said pulse of current.

18.  The apparatus of claim 13, wherein at least one of said coils is a calibration coil.

19. A method for detecting a current pulse being carried by an electrical line, said
method comprising the steps of

disposing a plurality of electrically conducting coils on separate cores such that each
core has a coil, said cores having toroidal structures with hollow centers to allow the passage
of said electrical line therethrough, and

disposing said cores in close proximity of each other such that each of said coils
responds to said pulse at substantially the same time, whereby said pulse induces a plurality of
voltages across said coils, wherein each said induced voltage indicates the passage of said pulse

of current.



10

15

- 20

25

30

WO 99/63352 PCT/US99/12327

-19-

20.  The method of claim 19, further including the step of combining said induced

voltages to produce a resultant voltage.

21.  The method of claim 19, further including the step of selecting at least a first
coil among said coils to have an opposite polarity with respect to a second coil among said
coils, whereby the induced voltage across said first coil has a first phase and the induced
voltage across said second coil has a second phase, said first phase being the opposite of said

second phase.

22.  The method of claim 21, further comprising the steps of
summing the voltages with said first phase to obtain a first signal and summing the
voltages with said second phase to obtain a second signal, and

subtracting said first signal from said second signal.

23.  The method of claim 19, wherein a partial discharge in a high voltage device

produces the pulse of current.

24. A method for detecting a pulse of current, said method allowing detection over a
selectable frequency bandwidth and comprising the step of disposing a plurality of electrically
conducting coils having separate windings in close proximity of each other such that said coils
respond to said pulse at substantially the same time, wherein at least one of said coils has a
frequency response to said pulse that is different from the frequency response of another of said
coils, whereby said pulse induces a plurality of voltages across said coils, wherein each

induced voltage indicates the passage of said current pulse.

25.  The method of claim 24, further comprising the step of combining said induced voltages

to produce a resultant signal.
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