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(57) Abstract: A system for detecting arcing faults in an electrical distribution network having a line conductor (16) carrying an
electrical signal between a power source (14) and a load, is capable of detecting series arcs, line-to-neutral arcs and line-to-ground
arcs. The system includes a sensor (21) coupled to the line conductor (16) for monitoring the electrical signal and generating a
representative sensor signal. The system generates an arc-indicative signal (10) in response to the sensor signal having characteristics
=~ indicative of an arcing fault. A test wire is coupled to the sensor simultaneously with the line conductor and a test signal is periodically
produced on the test line. The sensor (21) also monitors the test and produces a sensor signal representing both the test signal and
the electrical signal when the test signal is present on the test line. The arcing fault detection system (10) generates an arc-indicative
signal in response to the sensor (21), signal associated with either the test line or line conductor (16) having characteristics indicative
of an arcing fault. A diagnostic test integrator (72) generates a trip signal to trigger the interruption (22) of the electrical signal in
response to certain status conditions of the test signal and the arc-indicative signal.
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A METHOD AND SYSTEM FOR DETECTING
ARCING FAULTS AND TESTING SUCH SYSTEM

FIELD OF THE INVENTION

The present invention relates generally to arcing fault detection systems for
protecting an electrical distribution system from arcing faults. More particularly, the
present invention relates to an apparatus and method for detecting series arcs, line-to-
neutral arcs and line-to-ground arcs and to a test system and method for testing said
detection system.

BACKGROUND OF THE INVENTION

Electrical systems in residential, commercial and industrial applications usually
include a panelboard for receiving electrical power from a utility source. The power is
connected to the panelboard via line bus bars and neutral bus bars. The electrical power is
delivered from the panelboard to designated branch circuits through line and neutral
conductors supplying one or more loads. Typically, various types of protective devices are
mounted to the bus bars of the panelboard to protect the branch circuits from hazardous
electrical conditions and reduce the risk of injury, damage or fires.

Standard circuit breakers are one type of protective device for protecting the branch
circuits from certain hazardous electrical conditions. In particular, standard circuit breakers
are designed to trip open and interrupt an electric circuit in response to detecting overloads
and short circuits. Overload protection is provided by a thermal element which, when
heated by the increased current, will cause the circuit breaker to trip and interrupt the power.
This can occur when too many loads draw power from the same branch circuit at the same
time, or when a single load draws more power than the branch circuit is designed to carry.
Short circuit protection is provided by an electromagnetic element that trips when sensing
high current flow.

An arcing fault detector is another type of protective device, designed to protect an
electrical distribution system from hazardous electrical arc faults, or “arcing faults,” which
are one of the major sources of fires in residences. Arcing faults occur when electric
current “arcs” or luminously discharges across an insulating medium, usually an ionized
gas, between conductors. Some specific causes of arcing faults include: loose or improper
connections, frayed or ruptured appliance or extension cords, pinched or pierced insulation

of construction wire or extension cords, cracked insulation on wire or cords from age, heat,
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corrosion or bending stress, overheated or overloaded wires or cords and insulation break
down 1in appliances.

Temperatures at the center of an arc can exceed 5000 °F and ignite the conductor
insulation and adjacent combustible materials and/or melt the conductor itself (e.g., copper,
having a melting temperature of 1980 °F). At a residential voltage of 120 Vac, an arc may
be sustained continuously if it is tracking across a surface that is at least partially
conductive. For example, the electrical insulation between conductors, over time, can
carbonize thereby forming a conductive path that can sustain an arc which can start a fire.
Quite often arcs are not sustained continuously, but rather comprise “‘sputtering arcs”that
strike intermittently, extinguish, and strike again. As they sputter, they may eject small
molten particles of conductor metal. Fires can be caused from the molten particles or the
heat from the arc.

There are three general types of arcing faults: series arcs, line-to-neutral arcs and
line-to-ground arcs. Series arcs are those which occur between two ends of a single
conductor. For example, series arcs might result from a frayed conductor in a cord which
has been pulled apart, or from a loose connection at a receptacle or in a splice. Line-to-
neutral arcs are short circuits which occur between line and neutral conductors of an
electrical distribution system. For example, line-to-neutral arcs might result from a cord
whose insulation which has been cut by a staple, or from an object, such as a piece of
furniture being placed on it. Line-to-ground arcs are those which occur between a line
conductor and a grounded conductor, in a three-wire system. Line-to-ground arcs will not
occur in a two-wire appliance or extension cord. It should be noted that there are no
“neutral-to-ground arcs” because, although electrical faults may occur between a neutral
conductor and ground, the level of current is not high enough to produce an arc.

Generally, standard circuit breakers might detect certain types of arcing faults but
can not detect all three types of arcing faults. For example, circuit breakers generally will
not detect series arcs, because the current in a series arc is limited by the load it serves and
1s not usually high enough to trip the thermal or electromagnetic elements associated with
standard circuit breakers. Similarly, standard circuit breakers quite often will not detect
line-to-neutral arcs because, if the circuit has an impedance which is relatively high, the

short-circuit current will be well below the level which would cause the standard circuit
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breaker to trip. Finally, unless the circuit breaker has a built-in ground fault detection
capability, it will not be able to detect line-to-ground arcs.

Standard circuit breakers equipped with a ground-fault detection capability
(hereinafter referred to as standard “GFI” circuit breakers) usually include a sensing coil for
sensing the differential current between the line and neutral conductors. In the absence of a
ground fault, the currents in the line and neutral conductors are equal and opposite and the
sensing coil does not detect a differential current. When a ground fault occurs, which might
result from current flowing from the line conductor to ground or from the neutral conductor
to ground, the sensing coil detects a differential current and will cause the ground fault
circuit breaker to trip if the current exceeds a predetermined threshold. The standard GFI
circuit breaker may or may not be able to detect line-to-ground arcs, depending on the trip
threshold. In residential applications, for example, the trip threshold of a standard GFI
breaker is normally very low, on the order of 5-6 mA, which is sufficiently low to detect
practically any line-to-ground arcs. In commercial or industrial applications, however, the
trip threshold of the standard GFI breaker can be much higher, up to hundreds and
thousands of Amps, in which case many line-to-ground faults will fall below the threshold
and be undetected. In any case, even though standard GFI circuit breakers might detect
some line-to-ground arcs, they generally will not detect series arcs or line-to-neutral arcs for
the reasons heretofore stated.

Accordingly, there is a need for an arcing fault protection system which provides
protection against arcing faults, preferably series arcs, line-to-neutral arcs and line-to-
ground arcs, at current levels which do not trip standard or standard GF1I circuit breakers.
Preferably, such system should detect all three of the aforementioned faults with a single
sensor coupled to the line conductor. There is also a need for a system and method for
testing such detection system, which test system preferably uses a test wire coupled to the
same sensor coupled to the line conductor. The present invention is directed to addressing

these needs.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, there is provided an
arcing fault detection system and method for an electrical distribution network having a

line and neutral conductor connected between a power source and a load. The arcing
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fault detection system includes a sensor coupled to the line conductor for monitoring a
first derivative of electrical current carried by the line conductor and generating a sensor
signal representing said first derivative of electrical current. An arc-indicative signal is
generated in response to the sensor signal having characteristics indicative of an arcing
fault selected from the group consisting of series arcs, line-to-neutral arcs and line-to-
ground arcs.

In accordance with another aspect of the present invention, there is provided an
arcing fault detection and testing system for an electrical distribution network having a
line and neutral conductor connected between a power source and a load. The system
includes a sensor coupled to the line conductor for monitoring a first derivative of
electrical current carried by the line conductor and generating a sensor signal
representing said first derivative of electrical current. The system also includes a test wire
coupled to the sensor and means for producing a test signal on the test wire simulating an
arcing fault. An arc-indicative signal is generated in response to either of the sensor
signal and test signal having characteristics indicative of an arcing fault selected from the
group consisting of series arcs, line-to-neutral arcs and line-to-ground arcs.

In accordance with still another aspect of the present invention, there is provided
a testing apparatus for an arcing fault detection system in an electrical distribution
network having a line and neutral conductor carrying an electrical signal between a
power source and a load. The testing apparatus comprises a test circuit removably
attachable to said line the neutral conductor, which test circuit is adapted to produce a
simulated arcing fault signal when attached to the line and neutral conductor. The
simulated arcing fault signal is detectable by an arcing fault detection system having a
sensor for monitoring the line or neutral conductor, which system may produce an arc-
indicative signal in response to the simulated arcing fault signal having characteristics
indicative of an arcing fault.

In accordance with yet another aspect of the present invention, there is provided a
circuit protection system adapted for installation in an electrical distribution panelboard, the
panelboard receiving and distributing power from a utility source to a plurality of branch
circuits each defining line and neutral conductors connected to a load. The circuit
protection system includes an arcing fault detection device connected to a first position

in the panelboard, the arcing fault detection device including an internal line conductor
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electrically connected to the line conductor of one of the branch circuits. A sensor
coupled to the internal line conductor monitors a first derivative of electrical current
carried by the internal line conductor and generates a sensor signal representing said first
derivative, and an arc-indicative signal is generated in response to the sensor signal
having characteristics indicative of an arcing fault selected from the group consisting of
series arcs, line-to-neutral arcs and line-to-ground arcs. A line interrupter interrupts
electrical current in the line conductor in response to the arc-indicative signal.

In accordance with still yet another aspect of the present invention, there is provided
a circuit protection system adapted for installation in an electrical distribution panelboard,
the panelboard receiving and distributing power from a utility source to a plurality of
branch circuits each defining line and neutral conductors connected to a load. The circuit
protection system includes an arcing fault detection device connected to a first position
in the panelboard, the arcing fault detection device including an internal line conductor
electrically connected to the line conductor of one of the branch circuits. A sensor
coupled to the internal line conductor monitors a first derivative of electrical current
carried by the internal line conductor and generates a sensor signal representing said first
derivative. A test wire coupled to the sensor periodically carries a test signal simulating
an arcing fault. An arc-indicative signal is generated in response to the either the sensor
signal or test signal having characteristics indicative of an arcing fault selected from the
group consisting of series arcs, line-to-neutral arcs and line-to-ground arcs. A line
interrupter interrupts electrical current in the line conductor in response to the arc-
indicative signal.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which comprise a portion of this disclosure:

FIG. 1 is a block diagram of an arcing fault detection system having a sensor
connected to the line conductor of a branch circuit;

FIG. 2 is a schematic diagram of a test circuit for the arcing fault detection
system of FIG. 1;

FIG. 3 is a schematic diagram of an alternative test circuit for the arcing fault
detection system of FIG. 1;

FIG. 4 is a flow chart of an arcing fault detection system and test method

according to one embodiment of the present invention;
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FIG. 5 is a schematic diagram of an electrical circuit for implementing the arcing
fault detection system illustrated in FIG. 1;

FIGs. 6a through 6g are waveforms at various points in the circuit of FIG. 5;

FIG. 7 is a schematic diagram of an alternative circuit for use in place of the
comparator and single-shot pulse generator in the circuit of FIG. 5;

FIG. 8 is a schematic diagram of an alternative circuit for implementing the
arcing fault detection system illustrated in FIG. 1;

FIG. 9 is a block diagram of a panelboard including an integrated protection
system according to one embodiment of the present invention;

FIG. 10 is a perspective view of an arcing fault detector module which may be
used in the system of FIG. 9; _

FIG. 11 is a block diagram of the arcing fault detector module of FIG. 10;

FIG. 12 is a perspective view of a panelboard including the integrated protection
system of FIG. 9 with an isolation module at the distribution panel;

FIG. 13 is a perspective view of an isolation module which may be used in the
system of FIG. 12;

FIG. 14 is a schematic diagram of an electrical circuit for implementing the
isolation module of FIG. 13;

FIG. 15 is a block diagram of a panelboard including an integrated protection
system with a combination module according to another embodiment of the present
invention;

FIG. 16 is a perspective view of a miniature circuit breaker housing adapted for
mounting to a panelboard and which may include the combination module of FIG. 15;

FIG. 17 is a top view of a combination module installed within the miniature
circuit breaker housing of FIG. 16;

FIG. 18 is a perspective view of a panelboard including the integrated protection
system of FIG. 15 with an isolation module at the distribution panel;

FIG. 19 is a block diagram of a panelboard including an integrated protection
system according to still another embodiment of the present invention; and

FIG. 20 is a perspective view of a panelboard including the integrated protection

system of FIG. 19 with an isolation module at the distribution panel.
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DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

While the invention is susceptible to various modifications and alternative forms,
specific embodiments have been shown by way of example in the drawings and will be
described in detail herein. However, it should be understood that the invention is not
intended to be limited to the particular forms disclosed. Rather, the intention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the
invention as defined by the appended claims.

The present invention provides in one aspect a system which may be installed in
residences, commercial and/or industrial buildings to guard against fires which may be
caused by hazardous electrical arc faults, or “arcing faults.” The system uses arcing fault
detector(s) which can detect different types of arcing faults, namely series arcs, line-to-
neutral arcs and line-to-ground arcs which generally can not be detected by a standard or
GFI circuit breakers.

Most residences, commercial and/or industrial buildings include a panelboard for
receiving electrical power from a utility source. Electrical power is distributed from the
panelboard to various branch circuits having line and neutral conductors. Generally, the
system of the present invention detects arcing faults by monitoring the current or voltage in
the branch circuits and evaluating the current or voltage for characteristics of arcing faults.
In a preferred embodiment, the system of the present invention is installed within the
panelboard and uses a single sensor coupled to the line conductor. The single sensor 1s able
to detect series arcs, line-to-neutral arcs and line-to-ground arcs because each of these types
of arcs will affect the current carried by the line conductor in a manner which can be
detected by the sensor.

The single sensor in one embodiment monitors the first derivative (di/dt) of
electrical current carried by the line conductor and generates a sensor signal representing
said first derivative of electrical current. The arcing fault detection system generates an
arc-indicative signal signal if the first-derivative signal has characteristics indicative of a
series arc, line-to-neutral arc or line-to-ground arc. The system of the present invention,
using a single sensor, is generally less expensive to manufacture and requires less space
than competing systems using multiple sensors.

Turning now to the drawings and referring initially to FIG. 1, there will be

described a specific embodiment of the present invention. Arcing fault detectors 10a,
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10b ... 10n are connected to n branches of an electrical distribution system 12 having a
utility company power transformer 14 as a source of electric power. The electrical
distribution system 12 includes line conductors 16a, 16b ... 16n and neutral conductors
18a, 18b ... 18n which distribute electrical power to loads 20a, 20b ... 20n through
corresponding sensors 21a, 21b ... 21n, line interrupters 22a, 22b ... 22n, and blocking
filters 23a, 23b ... 23n. The line conductors 16 and a neutral conductors 18 are typically
at 240 volts or 120 volts, and a frequency of 60 Hz.

Each of the line interrupters 22 is preferably a circuit breaker which includes an
overload trip mechanism having a thermal/magnetic characteristic which trips the
breaker contacts to an open circuit condition in response to a given overload condition, to
disconnect the corresponding load 20 from the power source, as is known in the art. It is
also known to provide the circuit breaker 22 with ground fault interrupter circuitry
responding to a line-to-ground fault or a neutral-to-ground fault to energize a trip
solenoid which trips the circuit breaker and opens the contacts.

The sensors 21 monitor the rate of change of electrical current in the respective
line conductors 16 and produce signals representing the rate of change. The rate-of-
change signal from each sensor 21 is supplied to the corresponding arcing detector 10,
which produces a pulse each time the rate-of-change signal increases above a selected
threshold. The rate-of-change signal and/or the pulses produced therefrom are filtered to
eliminate signals or pulses outside a selected frequency range. The final pulses are then
monitored to detect when the number of pulses that occur within a selected time interval
exceeds a predetermined threshold. In the event that the threshold is exceeded, the
detector 10 generates an arcing-fault-detection signal that can be used to trip the
corresponding line interrupter 22.

In one embodiment, the sensor 21 comprises a toroidal sensor having an annular
core encompassing the current-carrying load line, with the sensing coil wound helically
on the core. The core is made of magnetic material such as a ferrite, iron, or molded
permeable powder capable of responding to rapid changes in flux. A preferred sensor
uses a ferrite core wound with 200 turns of 24-36 gauge copper wire to form the sensing
coil. An air gap may be cut into the core to reduce the permeability to about 30. The
core material preferably does not saturate during the relatively high currents produced by

parallel arcs, so that arc detection is still possible at those high current levels.
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Other means for sensing the rate of change of the current in a line conductor are
contemplated by the present invention. By Faraday's Law, any coil produces a voltage
proportional to the rate of change in magnétic flux passing through the coil. The current
associated with an arcing fault generates a magnetic flux around the conductor, and the
coil of the sensor 21 intersects this flux to produce a signal. Other suitable sensors
include a toroidal transformer with a core of magnetic material or an air core, an inductor
or a transformer with a laminated core of magnetic material, and inductors mounted on
printed circuit boards. Various configurations for the sensor core are contemplated by
the present invention and include toroids which have air gaps in their bodies.

Preferably, the rate-of-change signal produced by the sensor 21 represents only
fluctuations in the rate of change within a selected frequency band. The sensor bandpass
characteristic is preferably such that the lower frequency cut-off point rejects the power
frequency signals, while the upper frequency cut-off point rejects the high frequency
signals generated by noisy loads such as a solder gun, electric saw, electric drill, or like
appliances, equipment, or tools. The resulting output of the sensor 21 is thus limited to
the selected frequency band associated with arcing faults, thereby eliminating or
reducing spurious fluctuations in the rate-of-change signal which could result in nuisance
tripping. As an example, the sensor bandpass characteristic may have: (1) a lower
frequency cut-off point or lower limit of 60 Hz so as to reject power frequency signals,
and (2) an upper frequency cut-off point or upper limit of approximately 1 MHz so as to
effectively reject high frequency signals associated with noisy loads. These specific
frequency cut-off points for the sensor bandpass characteristic are by way of example
only, and other appropriate frequency cut-off limits may be adopted depending upon
actual frequency ranges for the power signals as well as the noisy load signals.

The desired bandpass characteristic is realized by appropriately selecting and
adjusting the self-resonant frequency of the sensor. The current-type sensor is selected
to have a predetermined self-resonant frequency which defines associated upper and
lower frequency cut-off or roll-off points for the operational characteristics of the sensor.
Preferably, the current-type sensor is designed to exhibit the desired bandpass filtering
characteristic as it operates to detect the rate of change of current variations within the
load line being monitored. The present invention contemplates other means for bandpass

filtering the signal output within the selected frequency band. For example, a bandpass
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filter or a combination of filters in a circuit can be used to attenuate frequencies above or
below the cut-off points for the selected frequency band.

In the embodiment of FIG. 1, with the sensors 21 coupled to the line conductor,
the detectors 10 in each branch circuit are responsive to the rate-of-change of electrical
current on the line conductor and are operable to detect series arcs, line-to-neutral arcs and
line-to-ground arcs. Alternatively, the sensors 21 might be coupled to the neutral
conductor, rather than the line conductor, in which case the detectors 10 could detect sertes
arcs and line-to-neutral arcs but not line-to-ground faults, unless a second sensing coil were
coupled to the line conductor (or simultaneously to both the line and neutral conductors).
Specifically, series arcs, which occur between two ends of a broken conductor, will produce
equal and opposite rate-of-change currents on the line and neutral conductors and hence can
be sensed by a coil on the line or neutral conductor. Line-to-neutral arcs will similarly
produce rate-of-change currents on both the line and neutral conductors which may be
sensed by a coil on the line or neutral conductor. Line-to-ground faults, however, will
produce a rate-of-change current on the line conductor but not the neutral conductor.
Hence, they can be sensed by a coil on the line conductor but not by a coil on the neutral
conductor (unless the coil on the neutral conductor is simultaneously coupled to the line
conductor).

According to another aspect of the present invention, there is provided a testing
system and method for testing the arcing fault detection system. The testing system is
adapted for use with an arcing fault detection system of the type shown in FIG. 1, which
uses a single sensor coupled to the line conductor.

Turning now to FIG. 2, one embodiment of the testing system will hereinafter be
described in detail. Each branch circuit of the electrical distribution system 12 is
provided with a test circuit 35 which includes a test wire 82 passing through the sensing
coil 21 together with the line conductor 16. The test circuit 35 is adapted to periodically
produce a current in the test wire 82 (e.g., a test signal) simulating an arcing fault,
preferably an alternating current with a magnitude of less than 100 mA and a frequency
of about 10 kHz to 100 kHz.

The test signal, when carried by the test wire 82, is detected by sensor 21, which
in turn sends a signal to the arcing fault detector circuit 10. The arcing fault detector

circuit 10 processes the signal produced by the sensor 21 and generates an arcing fault
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detection signal that can be used to trip the line interrupter 22 in the same manner as it
would respond to an actual arcing fault signal which, in the embodiment where the
sensor 21 is coupled to the line conductor, might comprise series faults, line-to-neutral
faults or line-to-ground faults.

Because the current associated with the test signal is relatively small, the test wire
can be much smaller than the line conductor. In residential applications, for example,
whereas the test wire will carry a current of less than 100 mA, the line conductor will
generally carry a current of at least 15-20 A. In such embodiment, the test wire might
comprise 24-gauge wire whereas the line conductor might comprise 14- or lower gauge
wire.

In the embodiment of FIG. 2, the test signal is produced by an oscillator 84
manually controllable through operation of a push-to-test switch 86. An operator may
start the oscillator 84 and introduce the test signal in the test wire 82 by depressing the
push-to-test switch 86, and subsequently stop the oscillator by releasing the push-to-test
switch 86. Alternatively, a self-test or automatic test can be used instead of the manual
test described above. For example, the switch 86 can include a timer for automatically
starting and stopping the oscillator 84 at preselected intervals.

FIG. 3 shows another embodiment of test circuit 90 which may be used in the
arcing fault detection system of FIG. 1. The test circuit 90 may be used in arcing fault
detection systems having sensors 21 coupled to the line and/or neutral conductor of an
electrical distribution system. A first terminal 92 is adapted for connection to the line
conductor 16 and a second terminal 94 is adapted for connection to the neutral conductor
18 of a selected branch circuit of the electrical distribution system. A relay 96 is
connected between the first and second terminals 92 and 94. The relay 96 contains a pair
of electrical contacts 98 and a relay coil 100. A diode 102 and a resistor 104 are
connected between the second terminal 94 and the relay coil 100. A capacitor 106 1s
connected between the second terminal 94 and the electrical contacts 98. When the first
and second terminals 92, 94 are connected to the line and neutral conductors 16, 18 of
the selected branch circuit, alternating current from the branch circuit is introduced into
the test circuit 90 and energizes the relay 96. The diode 102 thereafter causes the relay
coil 100 to drop every half cycle, causing the electrical contacts 98 to rapidly open and

close, once every cycle. This chattering effect of the electrical contacts 98 produces a
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signal on the line conductor 16 which simulates an arcing fault condition. The simulated
arcing fault condition is thereafter detected by the sensor 21 (FIG. 1) and processed by
the arcing fault detector circuit 10 in the same manner as an actual arcing fault.

The relay 96 preferably comprises a Class 8501 Type KL-12 24VAC available
from Square D Company, but it may comprise any comparable relay known in the art.
The capacitor 106 preferably has a value of about 0.47 puF and is provided to increase the
strength of the simulated arcing fault signal. The resistor 104 is provided to drop the 120
VAC of the branch circuit down to 24 VAC for the relay 96.

In one embodiment, the test circuit 90 is removably attachable to the line and
neutral conductors of a selected branch circuit. This enables a user to externally remove
and attach the test circuit to a selected branch circuit as often as needed or desired, and at
selected positions in the branch circuit, to test the arcing fault detection system. For
example, the test circuit 90 might be clamped directly onto the line and neutral bus bars
in the panelboard, or might couple to the line and neutral conductors by plugging into an
electrical outlet downstream of the panelboard. Alternatively, the test circuit 90 may be
housed together with the arcing fault detector circuit in a common module.

A flow chart for testing an arcing fault detection system according to principles
of the present invention is illustrated in FIG. 4. Block 62 designates the initiation of a
diagnostic test within the arcing fault detection system. The initiation step 62 may be
accomplished automatically or under operator control. When the diagnostic test is
initiated, a signal generator 64 provides a test signal 65 to a sensor 21. The test signal is
designed to simulate the occurrence of an arcing fault. The signal generator 64 may
comprise the oscillator 84 described in relation to FIG. 2, the test circuit 90 described in
relation to FIG. 3 or any other means for producing a test signal 65 simulating an arcing
fault. The sensor 21 preferably comprises a toroidal current sensing coil substantially the
same as depicted in FIG. 2. The sensor 21 receives the test signal 65 and produces a
rate-of-change signal 68. The rate-of-change signal 68 is processed by the arcing fault
detection circuit 10 in the manner heretofore described to determine whether or not the
test signal 65 represents an arcing fault. In addition, the sensor 21 also monitors the line
conductor of a selected branch circuit for the occurrence of “true” arcing faults.

The arc detection circuit 10 thereafter provides an output to a diagnostic test

integrator 72 indicating that an arcing fault either was detected or was not detected. The
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diagnostic test integrator also receives a signal from block 62 indicating whether or not
the system is in test. Thus, either of four possible conditions will be received by the
diagnostic test integrator 72: (1) the system is in test and an arcing fault was detected;
(2) the system is in test and no arcing fault was detected; (3) the system is not in test and
an arcing fault was detected; or (4) the system is not in test and no arcing fault was
detected. The diagnostic test integrator 72 will produce a trip signal to trip open the
contacts of a line interrupter 22 if either condition (2) or (3) occurs. Thus, a trip signal
will be produced not only when a true arcing fault is present, but also when an arcing
fault should have been indicated during the test protocol as a sign of operability and yet
was not so indicated. Conversely, the diagnostic test integrator 72 will not produce a trip
signal if either condition (1) or (4) occurs.

Where the sensor 21 comprises a toroidal winding, the arcing fault detection
system may be tested by testing the resistance of the winding. This may be
accomplished by inputting a test signal having a known voltage through the winding and
comparing the resistance of the winding to a known value to determine whether the
winding is operating properly. Both of these steps may be accomplished while the
sensor 21 is in operation. If the winding is found to be operating outside of an
acceptable range above or below the known value, a trip signal is generated to interrupt
the current flowing in the branch circuit associated with the sensor 21. If the winding is
found to be operating properly, no trip signal is generated. In a preferred embodiment,
the presence or absence of a trip signal resulting from testing the resistance of the
winding is independent of the presence or absence of a trip signal from the diagnostic
test integrator 72 of FIG. 4. For example, if no trip signal is produced because the coil is
found to be operating properly as a result of the resistance test, a trip signal may
nevertheless still be produced by the diagnostic test integrator 72 of FIG. 4 if either
condition (2) or (3) occurs. Conversely, if a trip signal is produced by the resistance test
because the coil resistance is not within proper limits, the line interrupter 22 will be
triggered to interrupt the current in the branch circuit regardless of whether the
diagnostic test integrator 72 of FIG. 4 has produced a trip signal.

FIG. 5 illustrates a preferred circuit for the arcing fault detection system of FIG.
1. The sensor 21 comprises a sensor coil T1 which is wound on a core surrounding the

line conductor 16. Connected in parallel with the sensor coil T1 are a pair of diodes D1
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and D2 which serve as clamping devices during high-power transient conditions. A
resistor R1 in parallel with the diodes D1 and D2 dampens self-ringing of the sensor,
during high-power transients. A pair of capacitors C1 and C2 in parallel with the resistor
R1, and a resistor R2 and an inductor L1 connected in series to the input to a comparator
30, are tuned to assist in attaining the desired rolloff characteristics of the filtering
network formed thereby. For example, with the illustrative values listed below for the
components of the circuit of FIG. 5, the sensor has a passband extending from about 10
KHz to about 100 KHz, with sharp rolloff at both sides of the passband.

The operation of the circuit of FIG. 5 can be more clearly understood by
reference to the series of waveforms in FIGs. 6a through 6g. FIG. 6a is an actual
waveform from an oscilloscope connected to a line conductor 16 carrying a-c. power at
60 Hz and experiencing a high-frequency disturbance beginning at time t1. Because the
high-frequency disturbance is within the frequency range to which the sensor 21 is
sensitive (e.g., from about 10 KHz to about 100 KHz), the disturbance results in a burst
of high-frequency noise in the di/dt output signal (FIG. 6b) from the sensor 21 (at point
A in the circuit of FIG. 5), beginning at time t1. The noise burst has a relatively high
amplitude from time t1 until approximately time t2, and then continues at a low
amplitude from time t2 to about time t3.

The magnitude of the rate-of-change signal from the sensor 21 is compared with
the magnitude of a fixed reference signal in a comparator 30, which produces an output
voltage only when the magnitude of the rate-of-change signal crosses that of the
reference signal. This causes the detector to ignore low-level signals generated by the
sensor 21. All signals having a magnitude above the threshold level set by the
magnitude of the reference signal are amplified to a preset maximum value to reduce the
effect of a large signal. In the comparator 30, a transistor Q1 is normally turned on with
its base pulled high by a resistor R3. A diode D3 changes the threshold and allows only
the negative pulses from the sensor 21 to be delivered to the base of transistor Q1. When
the signal to the comparator drops below the threshold level (minus 0.2 volt for the
circuit values listed below), this causes the transistor Q1 to turn off. This causes the
collector of the transistor Q1 to rise to a predetermined voltage, determined by the supply
voltage V.., a resistor R4 and the input impedence of a single-shot pulse generator

circuit 40. This collector voltage is the output of the comparator circuit 30. The
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collector voltage remains high as long as the transistor Q1 is turned off, which continues
until the signal from the sensor 21 rises above the threshold level again. The transistor
Q1 then turns on again, causing the collector voltage to drop. The end result is a pulse
output from the comparator, with the width of the pulse corresponding to the time
interval during which the transistor Q1 is turned off, which in turn corresponds to the
time interval during which the negative-going signal from the sensor 21 remains below
the threshold level of the comparator.

The noise burst in the sensor output is filtered to produce the waveform shown in
FIG. 6c at point B in the circuit of FIG. 5. The waveform at point C in the circuit of FIG.
5 is shown in FIG. 6d, and it can be seen that the amplitude has been reduced and a d-c.
offset has been introduced by summing the filtered di/dt signal with a d-c. bias from the
supply voltage V. at point C. This is the input signal to the base of the transistor Q1.

The output of the transistor Q1 is a series of positive-going pulses corresponding
to the negative-going peaks in the input signal. The transistor output, at point D in the
circuit of FIG. 5, is shown in FIG. 6¢e. It can be seen that the transistor circuit functions
as a comparator by producing output pulses corresponding only to negative-going peaks
that exceed a certain threshold in the filtered di/dt signal shown in FIG. 6¢. At this point
in the circuit, the pulses vary in both width and amplitude, as can be seen in FIG. 6e.

To convert the output pulses of the comparator 30, which vary in both width and
amplitude, into a series of pulses of substantially constant width and amplitude, the
comparator output is fed to a single-shot pulse generator circuit 40. This high-pass filter
circuit includes a pair of capacitors C3 and C4 connected in series to the collector of the
transistor Q1, and two resistor-diode pairs connected in parallel from opposite sides of
the capacitor C4 to ground. The pulses produced by this circuit will be described in
more detail below in connection with the waveforms shown in FIG. 6. The output pulses
are predominantly pulses of equal width and amplitude, although occasional larger or
smaller pulses can result from especially large or small input pulses.

The variable-width and variable-amplitude pulses of FIG. 6e are converted to a
series of pulses of substantially constant width and amplitude by the single-shot pulse
generator circuit 40. The output of this circuit 40, at point E in the circuit of FIG. 5, is
shown in FIG. 6f. Although all the pulses shown in FIG. 6f are of substantially the same

size, larger or smaller pulses may be produced by di/dt spikes that are excessively large
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or excessively small. The vast majority of the pulses at point E, however, are
substantially independent of the amplitude and duration of the corresponding spikes in
the di/dt signal, provided the spikes are large enough to produce an output pulse from the
comparator 30.

The substantially uniform pulses produced by the circuit 40 are supplied to the
base of a transistor Q2 through a current-limiting resistor R7. A capacitor C5 connected
from the transistor base to ground improves the sharpness of the roll-off of the bandpass
filtering. The transistor Q2 is the beginning of an integrator circuit 50 that integrates the
pulses produced by the circuit 40. The pulses turn the transistor on and off to charge and
discharge a capacitor C6 connected between the transistor emitter and ground. A resistor
R9 is connected in parallel with the capacitor C6, and a resistor R8 connected between
the supply voltage and the collector of the transistor Q2 determines the level of the
charging current for the capacitor C6. The magnitude of the charge on the capacitor C6
at any given instant represents the integral of the pulses received over a selected time
interval. Because the pulses are substantially uniform in width and amplitude, the
magnitude of the integral at any given instant is primarily a function of the number of
pulses received within the selected time interval immediately preceding that instant.
Consequently, the value of the integral can be used to determine whether an arcing fault
has occurred.

The integral signal produced by the circuit 50 is shown in FIG. 6g, taken at point
F in the circuit of FIG. 5. It can be seen that the integrator circuit charges each time it
receives a pulse from the circuit 40, and then immediately begins to discharge. The
charge accumulates only when the pulses appear at a rate sufficiently high that the charge
produced by one pulse is less than the discharge that occurs before the next pulse arrives.
If the pulses arrive in sufficient number and at a sufficient rate to increase the integral
signal to a trip threshold level TR (FIG. 6g), SCR1 is triggered to trip the circuit breaker.
The circuit is designed so that this occurs only response to a di/dt signal representing an
arcing fault.

When SCR1 is turned on, a trip solenoid S1 is energized to disconnect the load
from the circuit in the usual manner. Specifically, turning on SCR1 causes current to
flow from line to neutral through a diode bridge formed by diodes D7-D10, thereby

energizing the solenoid to open the circuit breaker contacts in the line 16 and thereby
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disconnect the protected portion of the system from the power source. The d-c. terminals

of the diode bridge are connected across SCR1, and the voltage level is set by a zener

diode D6 in series with a current-limiting resistor R10. A varistor V1 is connected

across the diode bridge as a transient suppressor. A filtering capacitor C7 is connected

across the zener diode D6. The trip circuit loses power when the circuit breaker contacts

are opened, but of course the contacts remain open until reset.

One example of a circuit that produces the desired result described above is the

circuit of FIG. 5 having the following values:

D1
D2
D3
D4
D5
D6
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
L1
L2
L3
Cl
C2
C3
C4
Cs

IN4148
IN4148
1N4148
1N4148
1N4148
27v zener
3.01K
1.3K
174K
27.4K
10K
10K
10K
42K
4.75K
24K
3300uH
500uH
500uH
0.012uF
0.001uF
0.001uF
0.001uF
0.001uF
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C6 6.8uF
C7 1.0uF
C8 1.0uF
Q1 IN2222A
Q2 IN2222A

SCR1 CRO8AS-12 made by POWEREX-Equal
Ve 27v

Although a circuit breaker is the most commonly used line interrupter, the output
device may be a comparator, SCR, relay, solenoid, circuit monitor, computer interface,
lamp, audible alarm, etc.

It will be understood that a number of modifications may be made in the circuit
of FIG. 5. For example, the discrete bandpass filter between the sensor and the
comparator can be replaced with an active filter using an operational amplifier. As
another example, a single-shot timer can be used in place of the single-shot pulse
generator in the circuit of FIG. 5. This circuit can receive the output signal from an
active filter as the trigger input to an integrated-circuit timer, with the output of the timer
supplied through a resistor to the same integrator circuit formed by the resistor R9 and
capacitor C6 in the circuit of FIG. 5.

FIG. 7 illustrates a frequency-to-voltage converter circuit that can be used in
place of all the circuitry between point A and the integrator circuit in FIG. 5. In this
circuit, the signal from point A in FIG. 5 is supplied through a resistor Ra to a
frequency/voltage converter integrated circuit 55 such as an AD537 made by Analog
Devices Inc. The output of the integrated circuit 55 is fed to a pair of comparators 56
and 57 that form a conventional window comparator. Specifically, the output of the
circuit 55 is applied to the inverting input of a comparator 56 and to the non-inverting
input of a comparator 57. The other inputs of the comparators 56 and 57 receive two
different reference signals A and B which set the limits of the window, i.e., the only
signals that pass through the window comparator are those that are less than reference A
and greater than reference B.

FIG. 8 illustrates an arc detector 10 for sensing the rate of change of the line
voltage, i.e., dv/dt, rather than current. The sensor in this circuit is a capacitor C10

connected between a line conductor 16 and an inductor L10 leading to ground. The
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inductor L10 forms part of a bandpass filter that passes only those signals falling within
the desired frequency band, e.g., between 10 KHz and 100 KHz. The filter network also
includes a resistor R10, a capacitor C11 and a second inductor L11 in parallel with the
first inductor L10, and a resistor R11 connected between the resistor R10 and the
capacitor C11. The resistor R10 dampens the ringing between the capacitor C10 and the
inductor L10, and the resistor R11 adjusts the threshold or sensitivity of the circuit. The
inductors L10 and L11 provide low-frequency roll-off at the upper end of the pass band,
and a capacitor C11 provides the high-frequency roll-off at the lower end of the pass
band.

The capacitor C10 may be constructed by attaching a dielectric to the line bus so
that the bus forms one plate of the capacitor. The second plate of the capacitor is attached
on the opposite side of the dielectric from the bus. The sensor circuit is connected to the
second plate.

The output of the bandpass filter described above is supplied to a comparator 60
to eliminate signals below a selected threshold, and to limit large signals to a preselected
maximum amplitude. The filter output is applied to the inverting input of the comparator
60, through the resistor R11, while the non-inverting input receives a reference signal set
by a voltage divider formed by a pair of resistors R12 and R13 connected between V.,
and ground. The comparator 60 eliminates very low levels of signal received from the
sensor. The comparator 60 is normally off when there is no arcing on the line conductor
16, and thus the comparator output is low. When the voltage signal from the sensor is
more negative than the reference input (e.g., -0.2 volts), the output from the comparator
goes high, and a forward bias is applied to the transistor Q2 that drives the integrator
circuit. A capacitor C12 connected from the base of transistor Q2 to -V filters out high
frequency noise. A diode D11 is connected between the comparator output and the base
of the transistor Q2 to block negative signals that would discharge the capacitor C12
prematurely. The rest of the circuit of FIG. 8 is identical to that of FIG. 5.

When a fault occurs, it is desirable to isolate the branch of the distribution system
in which the arcing fault occurred from the rest of the distribution system. In the system
of FIG. 1, such isolation is provided by isolator #1 (24a, 24b...24n) and/or isolator #2
(25a, 25b...25n). Isolator #1 is designed for use in a system using a current-type sensor,

as shown in FIG. 5, while isolator #2 is designed for use in a system using a voltage-type
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sensor, as shown in FIG. 8. Both isolator #1 and #2 may be used in a system having both
a current- and a voltage-type sensor.

As shown in FIG. 5, isolator #1 comprises a capacitor C8 connected between the
load line 16 and the neutral line 18 in each branch of the distribution system. The
capacitor C8 is located between the line interrupter 22 and the power source 14 to
provide a low impedance path for an arcing fault from the line conductor 16 to the
neutral conductor 18, independent of the impedance of the load 20. More specifically,
the capacitor C8 is designed to effectively short high-frequency arcing fault signals from
line conductors 16 to neutral conductors 18, thus preventing a series path from being
created between branch circuits and preventing the erroneous detection of arcing faults in
other branch circuits. For example, with reference to FIG. 1, the isolator #1 will prevent
high frequency arcing fault signals on line conductor 16a from crossing over to line
conductor 16b. Accordingly, an arcing fault signal on line conductor 16a will properly
trigger line interrupter 22a but will not trigger line interrupter 22b.

As shown in FIG. 8, isolator #2 comprises an inductor L2 in the load line 16 for
each branch circuit. Each inductor L2 is located between the line interrupter 22 and the
sensor 21 to provide an impedance for the current produced by an arcing fault.

The arcing fault detection system also includes a blocking filter 23 in each branch
circuit for blocking false arcing fault signals or other nuisance output signals generated
by normal operation of the load 20. Each blocking filter 23 is connected between the
sensor 21 and the load 20 in each branch circuit to prevent false arcing fault signals from
being delivered to the sensor 21. As seen in FIGs. 5 and 8, the preferred blocking filter
includes a pair of capacitors C9a and C9b connected between the load line 16 and the
neutral line 18 of each branch circuit. An inductor L3 is connected in the load line 16
between the two capacitors C9a and C9b. Preferably, the capacitors C9a and C9b have a
rating across the line of about 0.47 uF. The inductor L3 has a rating for 15 amps at 500
uH and dimensions of about 1.5” diameter and 1.313” in length (e.g., Dale IHV 15-500).
These values, of course, can be adjusted for the power rating of the electrical system and
the loads 20.

The capacitor C9a creates a low impedance path for any series arcing that occurs
upstream of that capacitor, such as arcing within the wall upstream of a noisy load. This

permits series arcing to be detected in the branch containing the blocking filter. The
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inductor L3 creates an impedance that does most of the attenuation of the signal created
by a noisy load. This inductor is sized to carry the load current of the device, which 1s
typically 15 or 20 amperes. The second capacitor C9b reduces the amount of inductance
required in the inductor L3, by creating a low impedance path across the load 20.

One of the advantages of the blocking filter 23 is that it can be used locally on a
particular branch circuit that is known to connect to a load 20 which is noisy. The
expense of using the blocking filter 23 is reduced since it can be used only where needed.
The blocking filter 23 also allows easy retrofitting to existing electrical distribution
systems in residences and commercial space.

Although the above system has been described in connection with an ordinary
120 volt system, it is applicable to the voltages of any standard, including 12, 120, 240,
480, 600 and 18500 volts. The system is suitable for use in residential, commercial and
industrial applications, single-shot or multiphase systems and at all frequencies for a-c.
as well as d-c. This system is applicable to automotive, aviation, and marine needs,
separately derived sources such as generators or UPS, and capacitor banks needing
incipient fault protection.

FIG. 9 depicts a panelboard 210 including an integrated protection system
according to one embodiment of the present invention. As used herein, the term
“panelboard” is intended to encompass electrical distribution devices having current
capacities suitable for either residential, commercial or industrial uses. The panelboard
210 receives electrical power from a utility source through line buses L100 and L200 and a
neutral bus N and distributes the power to loads in a plurality of branch circuits defined
by line conductors 216a, 216b, 216c¢...216n and neutral conductors (not shown). The line
conductors 216a, 216b, 216c...216n are electrically connected to one of the line buses
L100, L200 and the neutral conductors are electrically connected to the neutral bus N.
The panelboard 210 comprises a framework for attaching various circuit protection
devices to the line and neutral conductors in either of the branch circuits.

In the embodiment shown in FIG. 9, the integrated protection system includes a
plurality of line interrupters 218a, 218b, 218c¢...218n and arcing fault detector modules
220a, 220b, 220c...220n (hereinafter “AFD modules”). Each of the line interrupters
218a, 218b, 218c...218n is designed to protect the branch circuit to which they are

connected from overcurrents by disconnecting the load from the power source in
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response to the occurrence of an overload or short circuit in the branch circuit. The line
interrupters may be plugged onto or bolted to one of the line buses L100 or L200 as
shown in FIGs. 9, or they may be mounted separately within the panelboard 210 and
connected to one of the line buses L100 or L200 by wire. The line interrupters may
comprise standard circuit breakers, fuses, relays, automatic switches or any suitable
means known in the art for interrupting electrical current in response to a trip signal.

In one embodiment of the present invention, the line interrupters comprise circuit
breakers which are connected to the panelboard by means of a miniature circuit breaker
housing 561 as depicted in FIG. 16. The miniature circuit breaker housing 561 is
comprised of an electrically-insulating base 563 closed at one face by a detachable cover
565 which together enclose the components of a miniature circuit breaker which, for
example, may comprise a standard circuit breaker, or a circuit breaker with ground fault
detection capability. A clip 577 is provided for mounting the housing 561 to a mounting
bracket 587 of a panelboard 575 of an electrical distribution system. An electrically-
conductive jaw-like terminal 569a or bolt terminal 569b extends through the base 563 to
be externally connected to a line bus bar 573 within the panelboard 575. Similarly, a
panel neutral conductor 579 extends through the housing 561 for connection to a neutral
bar 581 in the panelboard 575. External connections to the line and neutral conductors
leading to a load center of a branch circuit of the electrical distribution system are
provided through a load line conductor 583 and load neutral conductor 585, respectively.
An operating handle 588 and test button 567 are mounted through separate openings in
the base 563 for external manual operation of the miniature circuit breaker.

In one embodiment, the AFD modules 220 include a sensor responsive to the
rate-of-change of electrical current on the line conductor and are operable to detect series
arcs, line-to-neutral arcs and line-to-ground arcs in generally the same manner described in
relation to FIG. 1. It will be appreciated, however, that alternative types of arcing fault
detection systems may be enclosed within the AFD modules 220, including those which
have sensors coupled to the neutral conductor, rather than the line conductor. In the
latter case, the AFD modules 220 could detect series arcs and line-to-neutral arcs but not
line-to-ground faults.

One embodiment of the AFD module 220 is shown in FIGs. 10 and 11. The AFD

module 220 comprises a housing 231 which is adapted to be connected to one of the



10

15

20

25

30

WO 01/02872 PCT/US00/16877

23

positions in the panelboard. A line terminal 233 is provided for connecting the AFD
module 220 to one of the line conductors 216a...216n by wire. Line current enters the
AFD module 220 through the line terminal 233, flows through the AFD module 220 via
internal line conductor 237 and exits the AFD module 220 via load terminal 235 before
being supplied to the load. An AFD sensor 228 surrounds the internal line conductor
237 and senses the rate of change of electrical current flowing through the internal line
conductor 237. The rate-of-change signal from the sensor 228 is supplied to the
AFD/TEST circuit 234, which produces a pulse each time the rate-of-change signal
increases above a selected threshold. The rate-of-change signal and/or the pulses
produced therefrom are filtered to eliminate signals or pulses outside a selected
frequency range. The final pulses are then monitored to detect when the number of
pulses that occur within a selected time interval exceeds a predetermined threshold. In
the event that the threshold is exceeded, the detector 234 generates an arcing-fault-
detection signal that can be used to trip the line interrupter 230. The line interrupter 230
in the AFD module 220 is designed to interrupt power in the branch circuit resulting
from an arcing fault, not an overcurrent (overload or short circuit) condition.
Accordingly, as shown in FIGs. 10 and 11, it is preferred that the line interrupter 230 in
the AFD module 220 comprise a relay rather than a circuit breaker such as that described
in relation to FIGs. 13 and 14.

The AFD/TEST circuit 234 is adapted to periodically produce a current in a test
wire 282 (e.g., a test signal) simulating an arcing fault, preferably an alternating current
with a frequency of about 10 kHz to 100 kHz. The test wire 282 passes through the AFD
sensor 228 together with the internal line conductor 237. The test signal, when carried
by the test wire 282, is detected by sensor 228, which in turn sends a signal to the
AFD/TEST circuit 234 which processes the signal and generates an arcing fault detection
signal that can be used to trip the line interrupter 230 in the same manner as it would
respond to an actual arcing fault signal. The test wire 282, being coupled to the sensor
228 which is coupled to the internal line conductor 237, produces a test signal which
simulates series faults, line-to-neutral or line-to-ground faults. Alternatively, if the test
wire 282 were coupled to a sensor 228 which is coupled to the neutral conductor, rather
than the line conductor, the test signal could simulate series faults and/or line-to-neutral

faults but not line-to-ground faults.
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Turning now to FIG. 12, the integrated protection system of FIG. 9 is shown in
another embodiment using an isolation module 222 at the distribution panel. The
isolation module 222 is designed to ensure that arcing fault signals are “isolated” to the
branch circuit in which they occur. For example, the isolation device 222 shown in FIG.
12 ensures that arcing fault signals present on line conductor 216a do not cross over to
line conductor 216b, and vice versa. A series of bus bar tabs T1 and T2 extend in
alternating fashion along the length of distribution center 200. Each of the tabs T1 are
electrically connected to line bus L100 and each of the tabs T2 are electrically connected
to line bus L200. (The electrical connection between tabs T1, T2 and line buses L100,
L.200 is not visible in FIG. 12.) The isolation module 222 is electrically connected to the
neutral bus N through pig-tail wire 219. The isolation module 222 comprises a “two-
pole” module, connected to one of the tab pairs T1, T2 (not visible in FIG. 12), thus
electrically connected to both line buses L100 and L200. It will be appreciated,
however, that isolation may be provided by one or two “single-pole” isolation modules
(not shown), each connected to one of the line buses L100 or L200 and the neutral bus N.
In either case, it will further be appreciated that the isolation module(s) 222 may be
connected to the line buses L100 and/or L200 by wire or other suitable means known in
the art rather than as described above.

The electrical distribution system may also include individual isolation modules
(not shown) for one or more of the individual branch circuits instead of the dual-pole
isolation module 222 shown in FIG. 12. However, if individual isolation modules are
desired, they must be positioned on the power source side of an arcing fault detector in
any given branch circuit. For example, if branch isolation modules are used in FIG. 12,
they must be positioned on the power source side of arcing fault detector modules 220a,
220b, 220c or 220d.

The exterior housing of the two-pole isolation module 222 is illustrated in more
detail in FIG. 13. Jaws J1 and J2 on one side of the isolation module 222 are each
adapted to plug onto one of the bus bar tabs T1, T2 of the distribution panel and thus
provide an electrical connection to respective line buses L100 and L200. For instance,
jaw J1 may be electrically connected to line bus L100 through connection to bus bar tab
T1 and jaw J2 may be electrically connected to line bus L200 through connection to bus

bar tab T2. Rail clips 225 on another side of the isolation module 222 are adapted to



10

15

20

25

30

WO 01/02872 PCT/US00/16877

25

plug onto a mounting rail in the panelboard to help retain the isolation module 222 firmly
in position in the panelboard. Pig-tail wire 219 connects the device to the neutral bus N.
A window 251 in a top wall 252 of the housing allows a user to see an LED inside the
device.

FIG. 14 depicts an electrical circuit for implementing the two-pole isolation
module 222 described in relation to FIGs. 12 and 13. As shown in FIG. 14, the two-pole
isolation module 222 is connected to supply source 230 via line buses L100 and L200
and neutral bus N. The isolation module 222 includes both surge protection circuitry
(section 1) and isolation circuitry (section 2). However, it will be appreciated that
module 222 may contain only isolation circuitry.

Referring initially to the surge protection circuitry (section 1) and, more
specifically, to the portion of section 1 located between the line bus L100 and neutral bus
N, there is provided a plurality of fuses F1, F2, F3 connected between the line bus L100
and nodes 201, 202, and 203 respectively. Varistors V11, V12, and V13 are connected
between nodes 201, 202, and 203, respectively, and the neutral bus N. Preferably, the
varistors are metal oxide varistors using zinc oxide. Resistors R21, R22, R23 are
connected between nodes 201, 202, and 203, respectively, and node 204.

Fuses F1, F2, and F3 open if the respective varistors V11, V12, and V13 fail, that
is if a destructive surge occurs. Resistors R21, R22, and R23 form a resistance ladder
which develops a voltage across display resistor R31. Diode D11 provides a forward bias
between node 204 and the first display 236.

Now referring to the remainder of the surge protection circuitry (section 1)
located between the line bus 1200 and the neutral bus N, there is provided a plurality of
fuses F4, F5 and F6 connected between the line bus L200 and nodes 205, 206 and 207
respectively. Varistors V14, V15 and V16 are connected between nodes 205, 206 and
207, respectively, and the neutral bus N. Resistors R4, R5 and R6 are connected
between node 205, 206 and 207 respectively and node 208. The fuses F4, F5 and F6 are
designed to open if the respective varistors V14, V15 and V16 fail.

Display 236 comprises a resistor R31 connected in parallel with a light emitting
diode LEDI visible through an opening 251 in a top wall 252 of isolation module 222
(shown in FIG. 14). LED1 provides for monitoring the status condition of varistor and

fuse pairs such as V11 and F1. The intensity of LED1 decreases when a fuse is blown.
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When only a predetermined number of varistor and fuse pairs remain operational, LED1
will extinguish entirely to signal for replacement of the surge protection circuitry.

Specifically, the light output of LED1 varies with the operating condition of each
varistor and fuse pair. Display 236 uses the first plurality of resistors R21, R22 and R23,
the second plurality of resistors R4, R5 and R6, diode D11, resistor R31 and LED1 to
indicate when the circuit is operating correctly. The resistance ladder of the first set of
resistors R21-R23 monitors the fuses F1, F2 and F3 on line bus L100 and the second set
of resistors R24-R26 monitors the fuses F4, F5 and F6 and the line bus L200. Line buses
L100 and L200 each develop a voltage across resistor R31 that is proportional to the
number of conducting fuses F1, F2, F3, F4, F5, F6. Only when a preselected number of
these fuses are intact will sufficient voltage be available to forward bias LED1 to emit a
signal to indicate that the surge protection circuitry is operational.

The above-described surge arrestor circuit is designed to limit the voltage
between line bus L100 and neutral bus N upon the occurrence of a voltage surge. The
operation of the surge arrestor circuit is described in detail in U.S. Patent No. 5,412,526,
hereby incorporated by reference.

Referring next to the isolation circuitry (section 2) of FIG. 14 and, more
specifically, to the portion of section 2 located between the line bus L100 and neutral bus
N, there is provided a fuse F7 connected between the line bus L100 and a node 209. A
filter 240 consisting of a capacitor C21 in series with a resistor R9, is connected between
the node 209 and the neutral bus N. Filter 240 is designed to effectively short high-
frequency arcing fault signals from line bus L100 to neutral bus N, thus preventing
arcing fault signals on line bus L100 from crossing over to line bus L200. In completing
the arcing fault signal path from line bus L100 to neutral bus N, the filter 240
accomplishes two functions. First, it prevents an arcing fault detector (not shown) on
line bus L200 from detecting a “false” arcing fault signal on line bus L200. Second, it
increases the signal strength at an arcing fault detector (not shown) positioned on line
bus L100 on a load side of filter 240. Varistor V17 is connected between the node 209
and the neutral bus N. Varistor V17 provides a degree of surge protection for the
isolation circuitry connected between the line bus L100 and the neutral bus N. A resistor

R7 and a diode D12 are connected in series between the node 209 and a display 238.
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Referring now to the remainder of the isolation circuitry (section 2) located
between line bus L200 and neutral bus N, there is provided a fuse F8 connected between
the line bus L.200 and a node 211. A filter 242 consisting of a capacitor C22 in series
with a resistor R30 is connected between node 211 and the neutral bus N. Filter 242 is
designed to complete the arcing fault signal path from line bus L200 to neutral bus N by
effectively shorting high frequency arcing fault signals from the line bus L200 to neutral
bus N. Thus, similar to the filter 240 described above, the filter 242 prevents an arcing
fault detector (not shown) on line bus L100 from detecting a “false” arcing fault signal
on line bus L100, and increases the signal strength at an arcing fault detector (not shown)
positioned on line bus L200 on a load side of filter 242. A varistor V18 provides a
degree of surge protection for the isolator circuitry connected between line bus L.200 and
neutral bus N. Resistor R8 is connected between node 211 and display 238.

Display 238 consists of a resistor R32 connected in parallel with an LED2.
Display 238 provides a means for monitoring the operating status of the isolation
circuitry. Should fuse F4 or F8 blow for any reason, causing a loss of isolator
functionality, the LED2 will turn off. LED2 is visible through an opening 251 in the top
wall 252 of the isolation module 222 (shown in FIG. 13).

Referring now to FIG. 15, there is depicted a panelboard 210 including an
integrated protection system according to another embodiment of the present invention.
In this embodiment, the arcing fault detection and line interrupting functions described
above are accomplished by combination arcing fault detector and line interrupter
modules 224a, 224b, 224c¢...224n (hereinafter “combination modules™). Each of the
combination modules is associated with one of the branch circuits of the electrical
distribution system and includes both arcing fault detection circuitry and a line
interrupter. The combination modules 224a, 224b, 224c...224n may be plugged onto or
bolted to one of the line buses L100 or L200 as described in relation to FIG. 12, or they
may be mounted separately within the panelboard 210 and connected to the line buses
L100 or L200 by wire. As shown in FIG. 18, the integrated protection system may also
include an isolation module 222 for electrically isolating arcing fault signals to the
branch circuit on which they occurred, as described in relation to FIGs. 12-14. Branch
isolation may also be achieved by isolation circuitry within the combination modules

224a, 224b, 224c...224n. The isolation module 222 or combination modules 224a...n
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may also include surge protection circuitry to protect the line buses or either of the
branch circuits from voltage surges.

In one embodiment, the combination module 224 comprises a circuit breaker
with arcing fault detection capability. Alternatively, the combination module 224
comprises a relay, fuse, automatic switch or circuit breaker combined with an arcing
fault detector. In either case, the combination module can include a test circuit (not
shown), generally of the type described in relation to FIG. 1, which includes a test wire
82 coupled to the AFD sensor 21, and which periodically produces a current in the test
wire 82 (e.g., a test signal) simulating series arcing faults, line-to-neutral arcing faults or
line-to-ground arcing faults.

Turning now to FIG. 17, there is shown one embodiment of a combination
module 224 including standard circuit breaker components and an arcing fault detection
capability. The combination module 224 of FIG. 17 is adapted to be enclosed within a
miniature circuit breaker housing 561 of the type shown in FIG. 16 and connected
directly to the panelboard. In FIG. 17, the combination module 224 is in a closed
position, enabling line current to flow completely through the module and toward a load
center of a designated branch circuit. Line current enters the module 224 through the
jaw-like terminal 569a and flows through a stationary contact carrier 562 integral with
the terminal 569a. The stationary contact carrier 562 has a stationary contact 566
mounted thereon. When in the closed position, the stationary contact 566 abuts against a
movable contact 568 which is mounted to a movable contact carrier 564. Line current
thereby flows from the stationary contact carrier 562 to the movable contact carrier 564
through the stationary and movable contacts 566 and 568, respectively.

A pigtail conductor 589 is electrically connected at one end to the movable
contact carrier 564 and at another end to a yoke 572, enabling line current to flow from
the movable contact carrier 564 to the yoke 572 when the circuit breaker 522 isin a
closed position. A bimetal conductor assembly 590 composed of two dissimilar
thermostat materials is electrically connected to the yoke 572. The bimetal conductor
assembly 590 includes a conductive plate 591 at one end which is electrically connected
to an internal conductor 593. When the module 224 is in the closed position, electrical
current flows from the yoke 572 through the bimetal conductor assembly 590 to the

conductive plate 591 and through the internal conductor 593. Thereafter, current flowing
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through the internal conductor 593 passes through a sensing coil 521 substantially as
described in relation to FIG. 1 which monitors the rate of change of electrical current
flowing through the circuit breaker 522. After exiting the sensing coil 521, the line
current flows to load terminal block 570 to which the load line conductor 583 (FIG. 16)
may be attached to provide the line current to a load. The load terminal block 570 is
defined by two conductive plates adapted to be clamped together by a screw. The load
line conductor 583 may be attached by inserting it between two conductive plates and
tightening the screw of the load terminal block 570.

The miniature circuit breaker 522 also includes a neutral terminal block 571 to
which the load neutral conductor 585 (FIG. 16) may be attached in a similar fashion as
the load line conductor 583 is attached to the load terminal block 570. The miniature
circuit breaker further includes an internal neutral conductor 603 electrically connected
at one end to the circuit board 596 and at another end to the panel neutral conductor 579
described in relation to FIG. 16. In embodiments with ground fault interruption (GFI)
circuitry, the panel neutral conductor 579 is routed through the sensor 521 along with the
internal line conductor 593 to permit sensing of an imbalance of current flow between
the internal line and neutral conductors 593 and 603 as is known in the art. A more
complete description of GFI circuitry is disclosed in U.S. Patent No. 5,446,431, assigned
to the instant assignee and incorporated herein by reference.

Now referring to FIGs. 18 and 19, there is depicted a panelboard 210 including
an integrated protection system according to still another embodiment of the present
invention. In this embodiment, the arcing fault detection and line interrupting functions
described above are accomplished by separate arcing fault detector modules 220a, 220b,
220c...220n and line interrupter modules 218a, 218b, 218c¢...218n. However, in this
embodiment, the arcing fault detector modules 220a, 220b, 220c...220n are attached
externally to the line interrupter modules 218a, 218b, 218c...218n rather than being
mounted to one of the positions in the panelboard 210. The line interrupter modules
218a, 218b, 218c...218n may be plugged onto or bolted to one of the line buses L100 or
L200 as shown in FIG.9, or they may be mounted separately within the panelboard 210
and connected to one of the line buses L100 or L200 by wire.

In one embodiment, AFD modules 220 include a test circuit (not shown),

generally of the type described in relation to FIG. 1, which includes a test wire 82
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coupled to the AFD sensor 21, and which periodically produces a current in the test wire
82 (e.g., a test signal) simulating series arcing faults, line-to-neutral arcing faults or line-
to-ground arcing faults. The integrated protection system may also include isolation
module(s) 222 and/or branch isolation means substantially as described in relation to
FIGs. 12-14. The isolation module(s) 222 or branch isolation means may also include
surge protection circuitry to protect the line buses or either of the branch circuits from
voltage surges.

While the present invention has been described with reference to one or more
particular embodiments, those skilled in the art will recognize that many changes may be
made thereto without departing from the spirit and scope of the present invention. Such
variations are contemplated as falling within the spirit and scope of the claimed

invention, as set forth in the following claims.
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WHAT IS CLAIMED IS:

1. An arcing fault detection system for an electrical distribution network having
a line and neutral conductor connected between a power source and a load, the arcing
fault detection system comprising:

a single sensor coupled to the line conductor for monitoring a first derivative of
electrical current carried by the line conductor and generating a sensor signal
representing said first derivative of electrical current; and

means for generating an arc-indicative signal in response to said sensor signal
having characteristics indicative of an arcing fault selected from the group consisting of
series arcs, line-to-neutral arcs and line-to-ground arcs.

2. The system of claim 1 wherein the single sensor comprises a coil surrounding
the line conductor and not the neutral conductor.

3. In an electrical distribution network including a panelboard for receiving and
distributing power from a utility source to a plurality of branch circuits each defining line
and neutral conductors connected to a load, the panelboard defining a framework for
electrically connecting circuit protection devices to said branch circuits, a circuit
protection system comprising:

an arcing fault detection device connected to a first position in said framework,
the arcing fault detection device including an internal line conductor electrically
connected to the line conductor of one of the branch circuits;

a sensor coupled to the internal line conductor for monitoring a first derivative of
electrical current carried by the internal line conductor and generating a sensor signal
representing said first derivative of electrical current;

means for generating an arc-indicative signal in response to said sensor signal
having characteristics indicative of an arcing fault selected from the group consisting of
series arcs, line-to-neutral arcs and line-to-ground arcs; and

a line interrupter adapted to interrupt electrical current in the line conductor in
response to the arc-indicative signal.

4. The system of claim 3 wherein the sensor comprises a coil surrounding the

internal line conductor.
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5. The system of claim 3 wherein the panelboard includes a line bus and a
neutral bus for distributing said power to said branch circuits, the first position in said
framework defining a position adjacent to and electrically connected to said line bus.

6. The system of claim 5 wherein the arcing fault detection device and the line
interrupter are housed within a common module connected to said first position in said
framework.

7. The system of claim 3 wherein the panelboard includes a line bus and a
neutral bus for distributing said power to said branch circuits, the first position in said
framework defining a position downstream from and electrically connected to said line
bus.

8. The system of claim 7 wherein the arcing fault detection device is housed
within an arcing fault detection module connected to said first position in said
framework, the line interrupter being connected to a second position in said framework
upstream of said arcing fault detection module.

9. The system of claim 8 wherein the second position in said framework defines
a position adjacent to and electrically connected to said line bus.

10. The system of claim 9 wherein the line interrupter is housed within a
standard circuit breaker housing connected to said second position in said framework.

11. An arcing fault detection and testing system for an electrical distribution
network having a line and neutral conductor connected between a power source and a
load, the system comprising:

a single sensor coupled to the line conductor for monitoring a first derivative of
electrical current carried by the line conductor and generating a sensor signal
representing said first derivative of electrical current;

a test wire coupled to said sensor;

means for producing a test signal on the test wire simulating an arcing fault
selected from the group consisting of series arcs, line-to-neutral arcs and line-to-ground
arcs; and

means for generating an arc-indicative signal in response to either of said sensor
signal and test signal having characteristics indicative of an arcing fault selected from

said group.
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12. The system of claim 11 wherein the single sensor comprises a coil
surrounding the line conductor and test wire and not the neutral conductor.

13. In an electrical distribution network including a panelboard for receiving and
distributing power from a utility source to a plurality of branch circuits each defining line
and neutral conductors connected to a load, the panelboard defining a framework for
electrically connecting circuit protection devices to said branch circuits, a circuit
protection system comprising:

an arcing fault detection device connected to a first position in said framework,
the arcing fault detection device including an internal line conductor electrically
connected to the line conductor of one of the branch circuits;

a sensor coupled to the internal line conductor for monitoring a first derivative of
electrical current carried by the internal line conductor and generating a sensor signal
representing said first derivative of electrical current;

a test wire coupled to said sensor;

means for producing a test signal on the test wire simulating an arcing fault
selected from the group consisting of series arcs, line-to-neutral arcs and line-to-ground
arcs;

means for generating an arc-indicative signal in response to either of said sensor
signal and said test signal having characteristics indicative of an arcing fault selected
from the group consisting of series arcs, line-to-neutral arcs and line-to-ground arcs; and

a line interrupter adapted to interrupt electrical current in the line conductor in
response to the arc-indicative signal.

14. The system of claim 13 wherein the sensor comprises a coil surrounding the
internal line conductor and the test wire.

15. The system of claim 13 wherein the panelboard includes a line bus and a
neutral bus for distributing said power to said branch circuits, the first position in said
framework defining a position adjacent to and electrically connected to said line bus.

16. The system of claim 15 wherein the arcing fault detection device and the line
interrupter are housed within a common module connected to said first position in said
framework.

17. The system of claim 13 wherein the panelboard includes a line bus and a

neutral bus for distributing said power to said branch circuits, the first position in said
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framework defining a position downstream from and electrically connected to said line
bus.

18. The system of claim 17 wherein the arcing fault detection device is housed
within an arcing fault detection module connected to said first position in said
framework, the line interrupter being connected to a second position in said framework
upstream of said arcing fault detection module.

19. The system of claim 18 wherein the second position in said framework
defines a position adjacent to and electrically connected to said line bus.

20. The system of claim 19 wherein the line interrupter is housed within a
standard circuit breaker housing connected to said second position in said framework.

21. The system of claim 11 further comprising a signal generator connected to
said test wire for producing said test signal.

22. The system of claim 21 wherein said test signal is an alternating signal
having a frequency substantially above the frequency of the power signal.

23. The system of claim 22 wherein said test signal has a frequency above 60 Hz
and below about 1 MHz.

24. The system of claim 11 wherein said test signal is a repetitive oscillating
signal.

25. The system of claim 11 wherein said arcing-fault-detection signal is produced
in response to the occurrence of signals having frequencies substantially above the
frequency of the power signal, on said line conductor.

26. A method of detecting arcing faults in an electrical distribution system that
includes a line conductor connected to a utility power transformer, said method
comprising the steps of:

monitoring a first derivative of electrical current carried by the line conductor

with a single sensor and generating a sensor signal representing said first derivative of

electrical current; and

generating an arc-indicative signal in response to said sensor signal having
characteristics indicative of an arcing fault selected from the group consisting of series
arcs, line-to-neutral arcs and line-to-ground arcs.

27. The method of claim 26 further comprising the step of periodically applying

a test signal to said sensor through a test line, the test signal simulating a line current
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produced by an arcing fault, said sensor simultaneously monitoring the test signal and
the electrical signal when the test signal is present on said test line, the arcing fault
detection system generating an arc-indicative signal in response to the sensor signal
associated with either of said test line or said line conductor having characteristics
indicative of an arcing fault selected from the group consisting of series arcs, line-to-
neutral arcs and line-to-ground arcs.

28. The method of claim 27 further comprising the step of generating a trip
signal to trigger the interruption of the electrical signal on said line conductor, the step of
generating a trip signal being accomplished when said test signal is not present on said
test line and said arc-indicative signal was produced in response to the sensor signal
representing both said test signal and said electrical signal.

29. The method of claim 28 wherein the step of generating a trip signal is further
accomplished when said test signal is present on said test line and said arc-indicative
signal was not produced in response to the sensor signal representing both said test signal
and said electrical signal.

30. The test method of claim 28 wherein the step of generating a trip signal is
inhibited when said test signal is present on said test line and said arc-indicative signal is
produced in response to the sensor signal representing both said test signal and said
electrical signal.

31. A testing apparatus for an arcing fault detection system in an electrical
distribution network having a line conductor carrying an electrical signal between a
power source and a load, said arcing fault detection system including a sensor coupled to
said line conductor for monitoring said electrical signal and generating a sensor signal
representing said electrical signal, said arcing fault detection system generating an arc-
indicative signal in response to said sensor signal having characteristics indicative of an
arcing fault, said testing apparatus comprising:

a test line coupled to said sensor simultaneously with said line conductor, and
means for periodically producing a test signal on said test line, said sensor
simultaneously monitoring said test signal and said electrical signal when said test signal
is present on said test line, said sensor signal representing both said test signal and said

electrical signal when said test signal is present on said test line, said arcing fault

detection system generating an arc-indicative signal in response to said sensor signal
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associated with either of said test line or said line conductor having characteristics
indicative of an arcing fault.

32. The testing apparatus of claim 31 further comprising a diagnostic test
integrator for evaluating status conditions of said test signal and said arc-indicative
signal and generating a trip signal to trigger the interruption of the electrical signal in
response to certain status conditions of said test signal and said arc-indicative signal.

33. The testing apparatus of claim 32 wherein said diagnostic test integrator
generates said trip signal when said test signal is not present on said test line and said
arc-indicative signal was produced in response to the sensor signal representing both said
test signal and said electrical signal.

34. The testing apparatus of claim 32 wherein said diagnostic test integrator
generates said trip signal when said test signal is present on said test line and said arc-
indicative signal was not produced in response to the sensor signal representing both said
test signal and said electrical signal.

35. The testing apparatus of claim 32 wherein said diagnostic test integrator does
not generate said trip signal when said test signal is present on said test line and said arc-
indicative signal is produced in response to the sensor signal representing both said test
signal and said electrical signal.

36. A testing apparatus for an arcing fault detection system in an electrical
distribution network having a line and neutral conductor carrying an electrical signal
between a power source and a load, said arcing fault detection system including a sensor
coupled to said line conductor for monitoring said electrical signal and generating a
sensor signal representing said electrical signal, said arcing fault detection system
generating an arc-indicative signal in response to said sensor signal having
characteristics indicative of an arcing fault, said testing apparatus comprising:

a test circuit removably attachable to said line and neutral conductor, said test
circuit being adapted to produce a simulated arcing fault signal when attached to said line
and neutral conductor, said sensor being adapted to monitor said simulated arcing fault
signal and generate said sensor signal representing said simulated arcing fault signal, said
arcing fault detection system generating an arc-indicative signal in response to said
sensor signal associated with said simulated arcing fault signal having characteristics

indicative of an arcing fault.
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37. The testing apparatus of claim 36 wherein said test circuit comprises:

a first terminal removably attachable to said line conductor;

a second terminal removably attachable to said neutral conductor;

a relay comprising an electrical switch and a relay coil connected between the
first and second terminals, the electrical switch rapidly opening and closing to create said
simulated arcing fault signal when said first and second terminals are attached to said

line and neutral conductors.
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