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ABSTRACT

A system for determining whether arcing is present in an electrical circuit
includes a sensor for monitoring a current waveform in the electrical circuit, and an arc
fault detection circuit which determines whether an arc fault is present in response to the
sensor. The arc fault detection circuit includes a controller which produces a trip signal

5 in response to a determination that an arcing fault is present in the electrical circuit, and
an inhibit/blocking function for preventing the production of the trip signal under one or

more predetermined conditions.

CA 02329116 2000-12-20



10

15

20

25

30

BLOCKING/INHIBITING OPERATION IN AN
ARC FAULT DETECTION SYSTEM

FIELD OF THE INVENTION
The present invention relates to the protection of electrical circuits and, more
particularly, to the detection of electrical faults of the type known as arcing faults in an
electrical circuit, and more particularly still to a blocking or inhibiting function or
operation for preventing a trip operation in an arc fault detection system or arc fault

circuit interrupter (AFCI) under selected conditions.

BACKGROUND OF THE INVENTION

The electrical systems in residential, commercial and industrial applications
usually include a panel board for receiving electrical power from a utility source. The
power is then routed through protection devices to designated branch circuits supplying
one or more loads. These overcurrent devices are typically circuit interrupters such as
circuit breakers and fuses which are designed to interrupt the electrical current if the
limits of the conductors supplying the loads are surpassed.

Circuit breakers are a preferred type of circuit interrupter because a resetting
mechanism allows their reuse. Typically, circuit breakers interrupt an electric circuit due
to a disconnect or trip condition such as a current overload or ground fault. The current
overload condition results when a current exceeds the continuous rating of the breaker
for a time interval determined by the trip current. A ground fault trip condition 1s created
by an imbalance of currents flowing between a line conductor and a neutral conductor
which could be caused by a leakage current or an arcing fault to ground.

Arcing faults are commonly defined as current through 1onized gas between two
ends of a broken conductor or at a faulty contact or connector, between two conductors
supplying a load, or between a conductor and ground. However, arcing faults may not
cause a conventional circuit breaker to trip. Arcing fault current levels may be reduced
by branch or load impedance to a level below the trip curve settings of the circuit
breaker. In addition, an arcing fault which does not contact a grounded conductor or

person will not trip a ground fault protector.

There are two types of arcing faults in electrical circuits and wiring: Parallel and

Series.
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Parallel arcing occurs when there is an arc between two wires or wire-to-ground
and the current is limited by the impedance of the voltage source, the wire, and the arc.
When the fault is solidly connected and the arc voltage low, the normal breaker trips very
quickly with little heating of the wire or damage at the arc point. Occasionally, however,

s the arc blows apart the faulted components creating a larger arc voltage and reducing the
fault current below the trip curve and causing “ticking faults.” The consequences of
parallel arc damage, are usually much greater than series arcs. The average current may
not be sufficient to trip a conventional breaker by heating the bimetal strip or the peak
current may not be large enough to trigger the magnetic trip latch. This makes the

10 conventional breaker reasonably effective in protecting against parallel arcing when the
peak current is a few hundred amps. Unfortunately, the fault current can be limited by a
circuit with too much impedance to immediately trip the thermal-magnetic breaker.
Parallel arcing is generally more hazardous than series arcing. The energy released 1n the
arc is much higher with temperatures often in excess of 10,000 Deg. F. This causes

15 pyrolyzation or charring of the insulation, creating conductive carbon paths.

Series arcing begins with corrosion in pin-socket connections or loose
connections in series with the electrical loads. The voltage drop across a poor connection
begins at a few hundred millivolts and slowly heats and oxidizes or pyrolizes the
surrounding materials. The voltage drop increases to a few volts at which time it

20  becomes a “glowing connection” and begins to release smoke from the surrounding
polymer insulation. Series arc current is usually limited to a moderate value by the
impedance of the electrical load that is connected to the circuit. The amount of power
from series arc is typically far is less than in a parallel arc fault. Since the peak current 1s
typically never greater than the design load current, series arcing is much more difficult

25 to detect than parallel arcing. The signature of the series arc is an unusual variation of
the normal load current. Series arcing is usually such that the arc current remains well
below the trip curve of the breaker. Loose terminal lugs, misarranged or cross-threaded
electrical plugs, broken conductor strands inside a wire are typical sources. These arcs
cause load voltage drops and heating of the wire, plug pin, or terminal lug. This heating

30  can lead to component failure and 1gnition sources.

There are many conditions that may cause an arcing fault. For example,
corroded, worn or aged wiring, connectors, contacts or insulation, loose connections,

wiring damaged by nails or staples through the insulation, and electrical stress caused by
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repeated overloading, lightning strikes, etc. These faults may damage the conductor
insulation and cause the conductor to reach an unacceptable temperature.

Standard overcurrent devices used in circuit breakers respond to the heating effect
of current in a resistive wire to “thermal trip” the breaker, but these do not respond to the

S sputtering arc currents. We propose a better approach - to stop the arc when 1t happens
rather than wait for a circuit breaker to thermal trip. Until recently, such arc detection
capability has not been available in circuit breakers or relays. Ground Fault Circuit
Interrupters (GFCI) for personnel protection have been available in the home since the
early 1970’s. Under ideal conditions, GFCI can detect phase to ground arcs as low as six

0 milliamps, but cannot detect series arcs or improve line to neutral fault trip times.

Arc Fault detection technologies are a new and exciting innovation in circuit
protection in the U.S. We have found that Arc Fault Circuit Interrupters (AFCI) can be
designed to detect a series or parallel arc, as well as line to neutral arcs by “listening”™ for
the unique signatures which arcs generate. An arc fault circuit interrupter is a device

15 intended to provide protection from the effects of arc faults by recognizing characteristics
unique to arcing and by functioning to de-energize the circuit when an arc fault 1s
detected.

Conventional circuit breakers have historically been the best available protection
for wiring. Today’s design standards are based on technologies that are up to 40 years

20  old. In circuit breakers, the protection is usually provided in two ways. Short circuit
currents operate a magnetic trip latch, while overload currents operate either a bimetal
trip latch or hydraulic damped magnetic plunger. The “instantaneous trip” 1s the high
current magnetic trip action found on some but not all breakers. The time to trip during
an overload is determined by the time it takes to heat a bimetal to the temperature that

25 delatches the breaker. The more current that heats the bimetal, the shorter the time 1t
takes to trip the breaker. A hydraulic-magnetic style of breaker contains a magnetic slug
sealed in fluid which moves to a trip position in response to the square of the current.
These circuit interruption devices are selected by design engineers to protect the wiring
from overheating or melting. During arcing faults these currents are often small, short 1n

30 duration and well below the over current time protection curve designed into these
breakers.

Arcing in a faulted AC circuit usually occurs sporadically in each half cycle of the

voltage waveform. The complex arcing event causes sputtering arc’s that vary the
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current from normal load patterhs. The precursor to the arc may be a high resistance
connection leading to a “glowing contact” and then a series arc, or a carbon track leading
to line-to-line or parallel arcing. In a home circuit breaker equipped with Ground Fault
Circuit Interrupter (GFCI), a carbon or moisture track can be detected early if the short 1s

s to ground. With the introduction of AFCI breakers, protection of arcing shorts from line-
to-line, not involving ground, can also be detected and interrupted.

In our arc fault interrupter, the additional electronic devices monitor both the line
voltage and current “signatures.” In a normal operating circuit, common current
fluctuations produce signatures which should not be mistaken for an arc. Starting

10 currents, switching signatures and load changes (normal or “good arc™ events) can be
digitally programmed in the AFCI as normal signatures waveforms. Deviations or
changes from these “normal” signatures are monitored by electronic circuits and
algorithms to determine if arcing is occurring. When these arc fault signatures are
recognized, the circuit is interrupted and power is removed. The speed of this detection

15 as well as the arc magnitude can be programmable parameters at the time of manufacture.
The particular signatures identified as arcs are part of the proprietary arc fault technology
of Square D Company.

Commercial, UL approved AFCI circuit breakers are available. These are now in
the NEC and will be required in home bedroom circuits in 2002. Since the electrical

20 loads in residential circuits can vary widely, they should be designed to allow for almost
an infinite combination of electrical loads. Their AFCI programming may be combined
with GECI as well as magnetic and thermal overload components. They may be designed
to form fit and function in place of standard residential circuit breakers.

Summarizing briefly, heat, arcs or electrical ignition are often caused by loose

25 connections, broken or shorted wires in the power distribution system. In wiring,
vibration, moisture temperature extremes, improper maintenance and repair all contribute
to wiring failure. This leads to arcing and may ignite combustible components.
Furthermore, carbon tracking caused by heat generated by the arc can deteriorate the wire
insulation, exposing the conductors and resulting in intermittent short circuits between

30 individual wires. These inter-wire shorts can cause damage and malfunctions.

Elimination or reduction of these hazards with arc fault technology should become an

industry-wide priority.
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OBJECTS AND SUMMARY OF THE INVENTION

It is a general object of the present invention to provide an arc fault detection
system and method which reliébly detects arc fault conditions which may be ignored by
conventional circuit interrupters. .

A related object of the invention is to provide an arc fault detection system which
utilizes highly reliable electronic components, so as to be relatively simple and yet highly
reliable 1n operation.

A more specific object is to provide an arc fault detection system 1n which a
blocking/inhibit function 1s implemented to prevent the production of a trip signal under
predetermined conditions.

Other and further objects and advantages of the invention will be apparent to

those skilled in the art from the present specification taken with the accompanying

~ drawings and appended claims.

In accordance with one aspect of the invention, there is provided a system for
determining whethér arcing is present in an electrical circuit comprising a sensor for
monitoring a current waveform in an electrical circuit, an arc fault protection circuit
which determines whether an arc fault is present in response to said sensor, the arc fault
detection circuit including a controller which produces a trip signal in response to a
determination that an arcing fault 1s present in said electrical circuit, and an inhibitor
which prevents production of said trip signal by the controller under one or more

predetermined conditions.

According to an aspect of the present invention there is provided a system for
determining whether arcing is present in an electrical circuit, the system comprising a
sensor which monitors a current waveform in the electrical circuit, an arc fault detection
circuit which determines whether an arc fault is present in response to the sensor by
recognizing a signature of the waveform, the arc fault detection circuit including a
controller which stores signature recognition data and produces a trip signal in response
to a determination, based upon the signature recognition data, that an arcing fault is
present in the electrical circuit, and a trip inhibitor which prevents production of the trip

signal by the controller under one or more predetermined conditions, wherein the sensor detects
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current in the circuit and develops a corresponding sensor signal, and wherein the arc
fault detection circuit comprises a circuit which determines the presence of broadband
noise in the sensor signal and produces a corresponding output signal, and a controller
which processes the sensor signal and the output signal in a predetermined fashion to
determine whether an arcing fault is present in the electrical circuit, and wherein the
controller implements a plurality of counters and increments the plurality of counters in a
predetermined fashion in accordance with the sensor signal and the output signal, and
periodically determines whether an arcing fault is present based at least in part on the
state of the plurality of counters.

According to another aspect of the present invention there 1s provided a system
for determining whether arcing is present in an electrical circuit, the system comprising a
sensor which monitors a current waveform in the electrical circuit, an arc fault detection
circuit which determines whether an arc fault is present n response to the sensor by
recognizing a signature of the waveform, the arc fault detection circuit including a
controller which stores signature recognition data and produces a trip signal in response
to a determination, based upon the signature recognition data that an arcing fault 1s
present in the electrical circuit, and a trip inhibitor which prevents production of the trip
signal by the controller under one or more predetermined conditions, wherein the trip
inhibitor comprises a device for modifying the current waveform so as to appear to the
arc- fault detection circuit to be a non-arc fault waveform.

According to a further aspect of the present invention there is provided a system
for determining whether arcing is present in an electrical circuit, the system comprising a
sensor which monitors a current waveform in the electrical circuit, an arc fault detection
circuit which determines whether an arc fault is present in response to the sensor by
recognizing a signature of the waveform, the arc fault detection circuit including a
controller which stores signature recognition data and produces a trip signal in response
to a determination, based updn the signature recognition data, that an arcing fault 1s
present in the electrical circuit, and a trip inhibitor which prevents production of the trip
signal by the controller under one or more predetermined conditions, wherein the trip
inhibitor comprises a communication device which communicates information

corresponding to at least one of the predetermined conditions to the controller.

According to a further aspect of the present invention there 1s provided a system

for determining whether arcing is present in an electrical circuit, the system comprising a

Sa
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sensor which monitors a current waveform in the electrical circuit, an arc fault detection
circuit which determines whether an arc fault is present in response to the sensor by
recognizing a signature of the waveform, the arc fault detection circuit including a
controller which stores signature recognition data and produces a trip signal in response
to a determination, based upon the signature recognition data, that an arcing fault is
present in the electrical circuit, and a trip inhibitor which prévents production of the trip
signal by the controller under one or more predetermined conditions, wherein the trip
inhibitor is a plug-in module.

According to a further aspect of the present invention there is provided a method
for determining whether arcing is present in an electrical circuit, the method comprising
monitoring a current waveform in the electrical circuit, determining whether an arc fault
1s present 1n response to the monitored current waveform by recognizing a signature of
the wavetorm, producing a trip signal in response to a determination, based upon the
signature recognition, that an arcing fault is present in the electrical circuit, and
preventing production of the trip signal under one or more predetermined conditions,
wherein the monitoring the current waveform includes detecting current in the circuit and
developing a corresponding current signal, and wherein the determining comprises
determining the presence of broadband noise in the current waveform and producing a
corresponding broadband noise signal, and processing the current signal and the
broadband noise signal in a predetermined fashion to determine whether an arcing fault is
present in the electrical circuit, and wherein the determining whether an arc fault is
present includes implementing a plurality of counters and incrementing the plurality of
counters 1n a predetermined fashion in accordance with the current signal and the
broadband noise signal, and periodically determining whether an arcing fault is present
based at least in part on the state of the plurality of counters.

According to a further aspect of the present invention there is provided a method
for determining whether arcing is present in an electrical circuit, the method comprising
monitoring a current waveform in the electrical circuit, determining whether an arc fault
Is present 1n response to the monitored current waveform by recognizing a signature of

the waveform, producing a trip signal in response to a determination, based upon the

signature recognition, that an arcing fault is present in the electrical circuit, and

preventing production of the trip signal under one or more predetermined conditions,

5b
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wherein the preventing production of the trip signal comprises modifying the current
waveform so as to appear to be a non-arc fault waveform.

According to a further aspect of the present invention there is provided a method
for determining whether arcing is present in an electrical circuit, the method comprising
monitoring a current waveform in the electrical circuit, determining whether an arc fault
is present in response to the monitored current wavetform by recognizing a signature of
the waveform, producing a trip signal in response to a determination, based upon the
signature recognition, that an arcing fault 1s present in the electrical circuit, and
preventing production of the trip signal under one or more predetermined conditions
performing the monitoring and determining in an electrical receptacle, wherein the
preventing production of the trip signal comprises an operator activatable control
mounted to the electrical receptacle by prongs producing an inhibit signal.

According to a further aspect of the present invention there is provided a method
for determining whether arcing is present in an electrical circuit, the method comprising
monitoring a current waveform in the electrical circuit, determining whether an arc fault
is present in response to the monitored current waveform by recognizing a signature of
the waveform, producing a trip signal in response to a determination, based upon the
signature recognition, that an arcing fault is present in the electrical circuit, and
preventing production of the trip signal under one or more predetermined conditions
performing the monitoring and determining in an electrical receptacle, wherein the
preventing production of the trip signal comprises inserting a plug-in module into the
electrical receptacle.

According to a further aspect of the present invention there is provided a method
for determining whether arcing is present in an electrical circuit, the method comprising
monitoring a current waveform in the electrical circuit, determining whether an arc fault
is present in response to the monitored current waveform by recognizing a signature of
the waveform, producing a trip signal in response to a determination, based upon the
signature recognition, that an arcing fault is present in the electrical circuit, and
preventing production of the trip signal under one or more predetermined conditions
performing the monitoring and determining in an electrical receptacle, wherein the
preventing production of the trip signal comprises an operator activatable control
communicating information corresponding to at least one of the predetermined conditions

with means in the electrical receptacle for performing the monitoring and determining.

S5c
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BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings:

FIG. 1 is a functional block diagram of one embodiment of an arc fault detection

system which could be utilized in connection with the invention;

FIG. 2 is a simplified view showing a plug-in blocking module which may be

plugged into an electrical outlet;

FIG. 3 is a view similar to FIG. 2 showing a blocking module in accordance with

another embodiment of the invention; -

FIG. 4 is a view of an arcing fault protected outlet having one or more switches,

including an inhibitor function switch;

>d



FIG. § is a simplified schematic showing of the inhibitor switch of FIG.4 1n
connection with a microcontroller portion of the arcing fault protection system,;
FIG. 6 is a simplified showing of a controller of the system of FIG. 1, having a
communication port or device;
S FIG. 7 shows communications with the system of FIG. 1 using X-10 protocol;
FIG. 8 shows communications with the system of FIG. 1 using visible, infrared or
other “line of sight” means; and

FIG. 9 shows communications with the system of FIG. 1 using an RF transmitter.

10 DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
Referring now to the drawings in initially to FIG. 1, there is shown in block form
a novel electrical fault detector system in accordance with one embodiment of the
invention, and designated generally by the reference numeral 10. In the illustrative
example, the fault detection system 10 is associated with an electrical circuit such as a
5 120 VAC circuit 12 which is to be monitored for faults. Of course, the invention 1s not
limited to use with a 120 VAC circuit. At least one sensor 16 is provided in association
with the 120 VAC circuit 12 for producing a signal representative of a signal condition,
such as power, voltage or current in the 120 VAC circuit 12. In the illustrated
embodiment, this sensor 16 comprises a current rate of change sensor (di/dt). A hne
20 conductor 14 of the 120 VAC circuit 12 passes through the rate of change current sensor
(di/dt) 16 which produces a current input signal representative of the rate of change of
current flow in the line conductor 14.
The di/dt sensor 16 and the ground fault sensor 20 may each comprise a toroidal
coil having an annular core which surrounds the relevant conductors, with a toroidal
25 sensing coil wound helically on the core. In the sensor 16, the core may be made of
magnetic material such as ferrite, iron or molded permeable powder, such that the sensor
is capable of responding to rapid changes in flux. An air gap may be cut into the core in
certain instances to reduce the permeability, and the core material is such that it does not
saturate during the relatively high current produced by some forms of arcing, so that arc
30 detection 1s still possible.
The di/dt sensor 16 provides an input to a broadband noise detector circuit 24 and
a current measuring circuit 26. In the illustrated embodiment, all of the components of

the broadband noise detector circuit 24, the current detector circuit 26, as well as some
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other circuit components to be described later, are provided on an application specific
integrated circuit (ASIC) 30. Suitable output signals from the ASIC 30 are fed to a
microcontroller 40 which, based on analysis and further processing of the signals
provided by the ASIC 30 makes a decision as to whether to send a trip signal to an output
s 42 for activating a trip circuit 44 which will in effect switch the line side conductor 14 of
the 120 VAC circuit 12 to an open circuit condition as indicated diagrammatically in
FIG. 1, or whether to allow the line side 14 of the circuit 12 to remain connected to a
load 50.
Referring still to FIG. 1, additional components of the ASIC 30 will next be

10 described.

The broadband noise detector 24 comprises first and second band-pass filter
circuits 80, 82 which receive the rate of change of current signal from the di/dt sensor 16.
The band passes of these circuits 80 and 82 are selected at frequency bands which are
representative of broadband noise typical of arcing faults. In the illustrative embodiment,

15 these band-pass frequencies are selected as typically 35 kilohertz and 70 kilohertz
respectively. Each of the band-pass filter circuits 80 and 82 feeds a filtered signal,
comprising those components of an input signal from the di/dt sensor which fall within
their respective band-pass frequency pass bands, to respective threshold detector circuits
84 and 6.

20 The threshold detectors 84 and 86 are responsive to those components of the
frequency signals passed by the band-pass filters 80 and 82 which are above a
predetermined threshold amplitude for producing a corresponding frequency amplitude
output to signal conditioning circuits 88 and 90. These circuits 88 and 90 produce a
conditioned output signal in a form suitable for input into the microcontroller 40. In the

25 illustrative embodiment, these latter signal conditioning circuits 88 and 90 comprise ten
microsecond one-shot circuits for producing a unit pulse signal. The output pulses
generated by the one-shots 88 and 90 are ANDed at an AND circuit 96 whose output 1s
fed to a “counter’” input of the microcontroller 40 as indicated in FIG. 1. In the
illustrative embodiment, a one volt threshold is utilized by both of the threshold circuits

30 84 and &6.

Referring still to FIG. 1, the current fault sensor or current measuring portion 26
of the ASIC 30 also receives the output signal of the di/dt sensor 16. An integrator

circuit 100 develops a signal representative of current magnitude in response to the
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output of the di/dt sensor 16. This signal is fed to a further signal conditioning circuit
portion 102 which includes an absolute value circuit as shown in FIG. 1 and a gain
circuit 104 for producing a conditioned current output signal in a form suitable for input
to the controller 40.

S The absolute value circuit 102 takes signals that are both negative- and positive-
going and inverts any negative going signals to positive signals while passing through
positive-going signals unchanged.

The output of the absolute value circuit 102 is fed into the gain circuit 104 which
in one embodiment includes a low current gain stage and a high current gain stage.

10 Briefly, the low current gain stage applies a relatively greater amount of gain to relatively
low currents so as to increase the resolution of the current signal for relatively low
current levels. On the other hand, the high current gain stage applies a relatively lower
gain to relatively higher current levels in order to maintain a full range of current signal
levels through the circuit. The outputs of the respective low current and high current

15 gain stages are fed to the microcontroller 40.

The line voltage is also conditioned at a circuit 130 and fed to the microcontroller
for further analysis and processing. This circuit 130 includes a line voltage divider (not
shown) which divides the line voltage to a lower level suitable for further processing, a
difference amplifier (not shown) which takes the output of the line voltage divider and

20 level shifts it to circuit ground to be rectified, and an absolute value circuit. The voltage
from the difference amplifier (not shown) is fed through the absolute value circuit which
has the same configuration and function as described above for the previously described
absolute value circuits. The output of signal conditioning circuit 130 1s fed to the
microcontrolier 40.

25 Referring still to FIG. 1, a watchdog circuit 140 takes a pulse input (Pulse_In)
from the microcontroller 40 to check to see if the microcontroller is still active. If no
pulses are present on this output from the microcontroller then a trip signal
(Trip Signal’) is sent to the trip circuit by the watchdog circuit 140.

A “push to test” amplifier circuit 150 receives a “test clock” signal from the

30 microcontroller when a “push to test” switch (not shown) is actuated and conditions 1t for
input to a test winding on the di/dt sensor 16. If all of the circuitry operates properly, the

microcontroller should receive back signals indicating an arcing fault. In accordance
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with a test program when these signals are received, the microcontroller will produce a
“trip” signal on line 42.

As indicated above, FIG. 1 illustrates one embodiment of an application specific
integrated circuit for performing the above-described operations.

5 Provision of the detector circuit as an ASIC is advantageous, in that it permits the
circuitry to be readily incorporated into a variety of environments. This is mainly due to
the small size and relatively modest power requirements of the ASIC. That s, this
detector circuit can be incorporated not only in panel boards or other distribution
apparatus, but could also be located at individual loads. Thus 1s true for industrial, as

o well as and commercial and residential applications. For example, the detector circuit
ASIC could be incorporated in electrically powered industrial and/or commercial
equipment or machinery, as well as in consumer products such as computers, audiovisual
equipment, appliances or the like.

The microcontroller 40 analyzes current waveforms and broadband noise to

15 determine if arcing is present in electrical conductors. A high current arc 1s 1dentified as
a current waveform that has a combination of changes in current (di/dt) and broadband
noise (10kHz to 100kHz). The controller 40 increments a plurality of counters, which
may be implemented in software, in accordance with the input signals received from the
ASIC 30. Table 1 summarizes high current arcing characteristic of current waveforms

20 and how firmware counters are incremented. A detailed description of how the counters
are used to determine if an arc is present is described later.

Conditions exist where loads have broadband noise, large (di/dt) and high
currents under normal operating conditions. To distinguish between normally noisy load
currents and arcing currents, the algorithms looks for different levels of (di/dt) broad

25 band noise, high currents, decaying currents and current aspect ratios*.

Broadband noise is calculated as logically anding two or more frequency bands in
hardware as described above. If broadband noise is present then pulses are received at
the microcontroller input. The pulses are counted every half cycle, stored and then reset
to detect broadband noise levels in the next half cycle.

30
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"TABLE 1 (each row characterizes an arcing half cycle)

peak (di/dt) high high (di/dt) high
current with (dt** = 500us) frequency current arc  count frequency
aspect broad band  counter counter
ratio* > 2 noise***

>48A  >0.328xpeak current notrequired increment increment unchanged
>48A >0.328xpeak current present increment  increment  increment
>48A >0.203xpeak current required increment unchanged 1ncrement
>48A >0.25xpeak current  required increment increment increment

* Aspect ratio is the area divided by the peak for one half cycle. Area is the sum
of 32 samples for one half cycle.

S **dt is the time between every other sample of the current waveform. This
sample time varies dynamically with the line frequency (60 + 4 Hz ) to get better
coverage of the current wavetorm.

***High frequency broadband noise is the presence of broadband noise during
the first 20 half cycles on power-up of the module with a load connected and turned on,

o and normal operation due to noisy loads at steady state (currents below 48 Apeak).

A block diagram of a typical application for a residential arc fault circuit breaker
is shown in Fig 1. Arcing and startup current waveforms are analyzed by the controller
using the algorithms described in the following description.

The firmware contains the following counters and other variables:

15 . di/dt1 (holds the maximum di/dt one half cycle ago)

. di/dt2 (holds the maximum di/dt two half cycles ago)

. di/dt3 (holds the maximum di/dt three half cycles ago)

. di/dt4 (holds the maximum di/dt four half cycles ago)

. di/dt counter (holds the integer number of times di/dt count has been

20 incremented, specified in TABLE 1)
. peakl (holds the peak current of one half cycle ago)
o peak2 (holds the peak current of two half cycle ago)
. peak3 (holds the peak current of three half cycle ago)
. peak4 (holds the peak current of four half cycle ago)
25 . peak5 (holds the peak current of five half cycle ago)

. high current arc_counter (holds the integer number of times an arcing

half cycle was detected from TABLE 1)

CA 02329116 2000-12-20
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. high frequency counter (holds the integer number of counts of high
frequency of the previous half cycles)

o high frequency noise_counter (holds the integer number of high
frequency counts during startup or steady state (currents less then 48A))

° missing half cycle (true when nonarcing half cycle follows arcing halt
cycle)

o slow rise (holds the value of peakl - di/dtl)

. peak ground fault (holds the peak ground fault current of last half cycle)

The counters described above are incremented and cleared in the following way:

If (peakl > 48A) then check the following:
If (di/dtl > (0.328 x peakl) and high_frequency counter > 4 and high frequency

noise counter < 16)

° increment di/dt_counter
o increment high frequency counter
. increment high current arc_counter

Elself (di/dt1 > (0.328 x peakl))
. increment di/dt_counter

. increment high current_arc _counter
Elself (di/dtl > (025 x peakl) and high frequency counter > 4 and

high frequency noise counter < 16)

. increment di/dt_counter
. increment high frequency counter
o increment high current_arc_counter

Elself (di/dtl1 > (0.203 x peakl) and high frequency counter > 4 and high

frequency noise counter < 16)
° increment high frequency counter

. increment high current_arc_counter

If no arcing half cycle in 0.5 seconds after last arcing half cycle, then clear all
counters

A line to neutral arc or ground fault arc is present under the following conditions

of the above firmware counters:

If (ground fault > threshold)

CA 02329116 2000-12-20
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If (peak currents > 35A for 3 half cycles and missing_half cycle is true and
di/dt counter > 1 and high current_arc_counter > 1)
If (peak currents > 35A for 4 half cycles and missing_half cycle 1s true and high
current_arc counter >2)
If (peak currents > 35A for 5 half cycles and missing_half cycle 1s true and
high current arc counter > 3)
If (peak currents > 35A for 5 half cycles and high current_arc_counter > 3 and
di/dtl > di/dt3 and di/dt_counter > 2)
If (peak currents > 35A for 5 half cycles and high_current_arc_counter > 3 and
di/dt1 > di/dt3 and high frequency counter > 2 and di/dt_counter > 1)
If (peak currents > 35A for > 5 half cycles and < 9 half cycles and
high current_arc_counter > 3 and missing_half cycles 1s true)
If (peak currents > 35A for > 5 half cycles and < 9 half cycles and
high current_arc counter > 3 and di/dt_counter > 3)
If (peak currents > 35A for > 5 half cycles and < 9 half cycles and
high current arc counter > 3 and high_frequency counter > 1 and di/dt_counter > 2)
If (peak currents > 35A peak for > 5 half cycles and < 9 half cycles and
high current arc_counter > 3 and high frequency_counter > 2 and di/dt_counter > 1)
[f (high current arc > 6)
Start-up Algorithms:
If (peakl to peak4 > 35A and missing half cycle = false) then check the
following:
If (((peakl < (peak3 - 7A)) and (peakl < peak2)) and ((peak2 < peak3) and
(peak? < peak4 - 7A))) ’
tungsten lamp startup, clear the following counters
high current arc_counter
di/dt counter
high frequency counter
Elself((peak3 > peakl) and (peak5 > peak3) and (di/dtl < peakl / 2) and (dv/dt2 <
peak2 / 2) and (di/dt3 < péak3 / 2) and ((di/dt5 + 1.4A) >= di/dt3) and ((dv/dt3 + 1.4A)
>= di/dt1) and (slow risel > 48A))
inductive load startup, clear the following counters

di/dt counter

CA 02329116 2000-12-20
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high frequency counter

Note: The numerical values in the above expressions are selected for residential
applications. However, specific numerical values, current levels and counter values are
not limited to the above specifications, but may vary for other applications. Also, the
invention is not limited to the above-described embodiments of the ASIC 30 and
controller 40

In accordance with the invention, a blocking or inhibiting function 1s also
implemented in connection with the arc fault detector or arc fault circuit interrupter of the
invention. Two possible forms of blocking are shown in FIG. 1, which might be
implemented together or individually.

In accordance with one form of a blocking arrangement, a blocking module 310 1s
interposed in the electrical circuit 12. Referring briefly to FIG. 2, this module 310 may
be incorporated in a plug-in module 320 which plugs into a receptacle of an AFCI outlet
330, which outlet incorporates the arc fault detection and protection elements of FIG. 1,
or some other arc fault circuit interrupter (AFCI) arrangement. The load would then be
plugged into a receptacle provided in the plug-in module 320. The module 310 would
modify the current waveform from an appliance plugged into its receptacle to prevent the
arcing fault protected receptacle 330 from tripping in response to the current waveform
caused by certain “noisy” loads. The module 310 might comprise a simple low pass
filter, which could be of either passive or active design. Alternately, a bandpass filter
designed or tailored to block only the signal from given load, but not broadband noise
characteristic of arcing faults, as discussed above, might be utilized in the module 310.

As yet another alternative, the module 310 could include a digital signal processor
having an algorithm specifically designed to prevent signals from a noisy load from
reaching and tripping the arc fault protected outlet or receptacle 330 while permitting
broadband noise and other current waveforms characteristic of true arcing ftaults to reach
the arc fault detection circuitry or apparatus associated with the receptacle 330. In this
regard, the arc fault detection or AFCI of FIG. 1 may be incorporated in the receptacle
330, in another receptacle wired in series on the line side of the receptacle 330, or in the
panel board or breaker box which supplies the branch circuit in which the receptacie 330
1s located.

A second form of blocking module 310 might take the form of a communications

device or module 350 (FIG. 3) which communicates with the controlier 40 via the arc

CA 02329116 2000-12-20
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- fault-protected AC branch circuit 12, as shown in FIG. 7. This communication module

350 could comprise an X10 protocol communications module. As shown in FIG. 3, the
communication module 350 could also plug directly into the arc fault protected outlet
330 (i.e., the outlet in which the arc fault circuit interrupter is located). The module 350

S could also plug into another outlet on the same A.C. branch circuit 12, on the load side of
the AFCI outlet 330. This would permit communications between the communication
module 350 and the controller 40 via the A.C. line. The module could also communicate
through the ground fault signal, for example in the form of a pulse signal below the
ground fault trip threshold where the outlet 330 is also a ground fault protected or GFCI

10 type of outlet.

Referring to FIGS. 4 and 5, as an alternative to the blocking module 310, certain
loads might be prevented from tripping the AFCI by use of an inhibit “key” type of an
arrangement, which might be implemented as a pushbutton or switch 370 in the arcing
fault protected or AFCI receptacle 330. The pushbutton may be combined with an

15 existing reset button, if desired, in a receptacle 330 having test and reset buttons 332,
334. This pushbutton 370 might activate a switch 380 which is operatively coupled with
a suitable analog input port of the controller or microcontroller 40, in order to inhibit the
trip output.

One or more wireless forms of communication might also be utilized to

20 implement the ground fault inhibiting “key” in place of the module 350. Thus, when
remotely activated this “key” could disable the AFCI from tripping. The key could be set
for given time limit, for example, it wouldn’t trip for 10 minutes, or the user could define
the length of time during which the AFCI trip function is disabled. This “key” could also
be implemented either as the button or switch as described above with reference to F1GS.

25 4 or 5, or alternatively, as a wireless arrangement as just mentioned.

In order to implement a wireless “key” or inhibitor, and referring to FIG. 6, a
communications terminal 45 of the controller 40 is coupled with a communications port
35.

The communication port 35 may take a number of forms in accordance with the

30 invention. In one embodiment, the communication port 35 may utilize an optical device
such as light sensitive semiconductor in a visible light spectrum or in the infrared
spectrum. As indicated in FIGS. 7-8, this optical device 35a can respond to a hand-held

or other type of control unit or communications device 50 which would comprise the

CA 02329116 2000-12-20
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“key” or inhibitor and communicate a variety of types of information, in human

perceptible or human imperceptible form. That is, this information might be conveyed In
the form of a human imperceptible pulsing or flickering of an LED or the like. While not
human perceptible, this higher frequency pulsing of the LED would be readable by the
communications port 35a. Any of a number of communications protocols could be used
in this connection, as well as proprietary communications protocols, if desired. The
information communicated could select or update a trip algorithm to accommodate
various loads or other conditions.

Other information which might be communicated to the controller 40 via the
communication port 35 includes commands to perform various functions, such as a selt-
test routing, in addition to commands to enable or disable the trip function as required for
various loads or conditions, or updates to the trip algorithm, to vary the fashion in which
the controller 40 produces a trip signal, or make the decision to produce a trip signal.
These algorithm updates might be in the form of software updates, or the like.
Cooperatively, in this regard, the controller 40 could contain one or more programmable
memory components for receiving such updated information. Alternatively, the
controller could be preprogrammed with multiple trip algorithms for use in different
situations, with the communications device 50 passing a control signal to the
communications port for selecting one of these algorithms for use in a particular
situation.

Yet other forms of communication which might be utilized to communicate
information to the port 35 from the control unit 50 including a radio frequency
transmitter and receiver as indicated in FIG. 9, and the above-described X-10 protocol
through the AC line, as indicated in FIG. 7. In this regard, FIG. 8 indicates a “line of
sight” type of communication, whether visible light, infrared, or otherwise.

While particular embodiments and applications of the present invention have
been illustrated and described, it is to be understood that the invention is not limited to
the precise construction and compositions disclosed herein and that various
modifications, changes, and variations may be apparent from the foregoing descriptions

without departing from the spirit and scope of the invention as defined in the appended

claims.
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The embodiments of the invention in which an exclusive property or privilege 1s

claimed are defined as follows:

1. A system for determining whether arcing is present in an electrical circuit, the
system comprising:

a sensor which monitors a current waveform in said electrical circuit;
an arc fault detection circuit which determines whether an arc fault 1s present in response
to said sensor by recognizing a signature of the waveform, said arc fault detection circuit
including a controller which stores signature recognition data and produces a trip signal
in response to a determination, based upon said signature recognition data, that an arcing
fault 1s present in said electrical circuit; and

a trip inhibitor which prevents production of said trip signal by the controller under one
or more predetermined conditions;

wherein said sensor detects current in said circuit and develops a corresponding sensor
signal, and wherein said arc fault detection circuit comprises a circuit which determines
the presence of broadband noise in said sensor signal and produces a corresponding
output signal, and a controller which processes said sensor signal and said output signal
in a predetermined fashion to determine whether an arcing fault is present 1n said
electrical circuit; and

wherein the controller implements a plurality of counters and increments said plurality
of counters in a predetermined fashion in accordance with said sensor signal and said
output signal, and periodically determines whether an arcing fault 1s present based at least

in part on the state of said plurality of counters.
2. The system of claim 1, wherein said counters are implemented 1n software.

3. The system of claim 1 or 2, wherein said trip inhibitor comprises an operator

accessible control for producing an inhibit signal.

4, The system of claim 3, wherein said operator accessible control comprises a

manually activatable control member wired 1n circuit with said arc fault detection circuit.

16
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5. The system of claim 4, wherein said sensor and said arc fault detection circuit are
mounted in an electrical receptacle, wherein said control member 1s mounted to said

receptacle.

6. The system of claim 3, wherein said operator accessible control communicates

with said controller via wireless communications.

7. The system of any one of claims 1 to 3, wherein said sensor and said arc fault

detection circuit are mounted in an electrical receptacle.

8. A system for determining whether arcing is present in an electrical circuit, the
system comprising:

a sensor which monitors a current waveform in said electrical circuit;

an arc fault detection circuit which determines whether an arc fault is present in

response to said sensor by recognizing a signature of the waveform, said arc fault
detection circuit including a controller which stores signature recognition data and
produces a trip signal in response to a determination, based upon said signature
recognition data that an arcing fault is present in said electrical circuit; and

‘a trip inhibitor which prevents production of said trip signal by the controller under one
or more predetermined conditions;

wherein said trip inhibitor comprises a device for modifying said current waveform so

as to appear to said arc fault detection circuit to be a non-arc fault waveform.

9. The system of claim 5, wherein said device comprises a passive filter.

10.  The system of claim 8, wherein said device comprises an active filter.

11.  The system of claim 8, wherein said device comprises a digital signal processor.
12. A system for determining .whether arcing 1s present in an electrical circuit, the

system comprising;:

a sensor which monitors a current waveform in said electrical circuit;

17
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an arc fault detection circuit which determines whether an arc fault 1s present in
response to said sensor by recognizing a signature of the waveform, said arc fault
detection circuit including a controller which stores signature recognition data and
produces a trip signal in response to a determination, based upon said signature
recognition data, that an arcing fault is present in said electrical circuit; and

a trip inhibitor which prevents production of said trip signal by the controller under one
or more predetermined conditions;

wherein said trip inhibitor comprises a communication device which communicates
information corresponding to at least one of said predetermined conditions to said

controller.

13. The system of claim 12, wherein said communication device includes a visible

light emitting device.

14.  The system of claim 12, wherein said communication device comprises an X-10

protocol device.

15.  The system of claim 12, wherein said communication device comprises an

infrared transmitter.

16.  The system of claim 12, wherein said communication device produces said

information 1n the form of a pulse signal.

17.  The system of claim 12, wherein said communications device comprises a radio
frequency transmutter.
18. A system for determining whether arcing is present in an electrical circuit, the

system comprising:
a sensor which montitors a current waveform in said electrical circuit;
an arc fault detection circuit which determines whether an arc fault is present in

response to said sensor by recognizing a signature of the waveform, said arc fault

detection circuit including a controller which stores signature recognition data and

18
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produces a trip signal in response to a determination, based upon said signature
recognition data, that an arcing fault 1s present 1n said electrical circuit; and

a trip inhibitor which prevents production of said trip signal by the controller under one
or more predetermined conditions;

wherein said trip inhibitor 1s a plug-in module.

19. A method for determining whether arcing is present in an electrical circuit, the
method comprising:

monitoring a current waveform in said electrical circuit;

determining whether an arc fault 1s present in response to the monttored current
waveform by recognizing a signature of the waveform;

producing a trip signal in résponse to a determination, based upon said signature
recognition, that an arcing fault 1s present in said electrical circuit; and

preventing production of said trip signal under one or more predetermined conditions;

wherein said monitoring the current waveform includes detecting current in said circuit
and developing a corresponding current signal, and wherein said determining comprises
determining the presence of broadband noise in said current waveform and producing a
corresponding broadband noise signal, and processing said current signal and said
broadband noise signal in a predetermined fashion to determine whether an arcing fault 1s
present in said electrical circuit, and

wherein said determining whether an arc fault is present includes implementing a
plurality of counters and incrementing said plurality of counters in a predetermined
fashion 1n accordance with said current signal and said broadband noise signal, and

pertodically determining whether an arcing fault is present based at least in part on the

state of said plurality of counters.
20.  The method of claim 19, wherein said counters are implemented in software.
21.  The method of claim 19 or 20, wherein said preventing production of said trip

signal comprises communicating information corresponding to at least one of said

predetermined conditions to means which performs said determining.
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22.  The method of claim 21, wherein said communicating information includes

emitting visible light.

23.  The method of claim 21, wherein said communicating information comprises

using X-10 protocol.

24.  The method of claim 21, wherein said communicating information comprises

transmitting infrared radiation.

25.  The method of claim 21, wherein said communicating information comprises

producing said information in the form of a pulse signal.

26.  The method of claim 21, wherein said communicating information comprises

transmitting radio frequency signals.

27.  The method of any one of claims 19 to 26, wherein said preventing production of

said trip signal comprises an operator activatable control producing an inhibit signal.

28.  The method of claim 19, including performing said monitoring and detenhining

1n an electrical receptacle.

29. A method for determining whether arcing 1s present in an electrical circuit, the
method comprising: .

monitoring a current waveform in said electrical circuit;

determining whether an arc fault is present in response to the monitored current
waveform by recognizing a signature of the waveform,;

producing a trip signal in response to a determination, based upon said signature
recognition, that an arcing fault is present in said electrical circuit; and

preventing production of said trip signal under one or more predetermined conditions;

wherein said preventing production of said trip signal comprises modifying said current

wavetorm so as to appear to be a non-arc fault waveform.

20
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30.  The method of claim 29, wherein said modifying the current waveform comprises

frequency filtering said current waveform.

31.  The method of claim 29, wherein said modifying the current waveform comprises

digitally processing said current waveform.

32. A method for determining whether arcing 1s present in an electrical circuit, the
method comprising:

monitoring a current waveform in said electrical circuit;

determining whether an arc fault is present in response to the monitored current
waveform by recognizing a signature of the waveform,;

producing a trip signal in response to a determination, based upon said signature
recognition, that an arcing fault is present in said electrical circuit; and

preventing production of said trip signal under one or more predetermined conditions
performing said monitoring and determining in an electrical receptacle;

wherein said preventing production of said trip signal comprises an operator activatable

control mounted to said electrical receptacle by prongs producing an inhibit signal.

33. A method for determining whether arcing is present 1n an electrical circuit, the
method comprising:

monitoring a current waveform in said electrical circuit;

determining whether an arc fault is present in response to the monitored current
waveform by recognizing a signature of the waveform,;

producing a trip signal in response to a determination, based upon said signature
recognition, that an arcing fault 1s present in said electrical circuit; and

preventing production of said trip signal under one or more predetermined conditions
performing said monitoring and determining in an electrical receptacle;

whereln said preventing production of said trip signal comprises inserting a plug-in

module into said electrical receptacle.

34. A method for determining whether arcing is present in an electrical circuit, the
method comprising:

monitoring a current waveform in said electrical circuit;

21
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determining whether an arc fault is present 1n response to the monitored current
waveform by recognizing a signature of the waveform,;

producing a trip signal in response to a determination, based upon said signature
recognition, that an arcing fault 1s present in said electrical circuit; and

preventing production of said trip signal under one or more predetermined conditions
performing said monitoring and determining in an electrical receptacle;

wherein said preventing production of said trip signal comprises an operator activatable
control communicating information corresponding to at least one of said predetermined
conditions with means in said electrical receptacle for performing said monitoring and

determining.

22
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