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FIG. 1

(57) Abrege/Abstract:

A monitoring system (150) for an enclosure (102) having an arc quenching gas includes at least one fluid characteristic sensor
(152) In fluid communication with an interior (120) the enclosure, and an electronic controller (190) operatively coupled to the at
least one fluid characteristic sensor. The electronic controller forecasts a maintenance event based on values recelved from the at
least one fluid characteristic sensor.
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(57) Abstract: A monitoring system (150) for an enclosure (102) having an arc quenching gas icludes at least one fluid character -
1stic sensor (152) m fluid communication with an mterior (120) the enclosure, and an electronic controller (190) operatively coupled
to the at least one fluid characteristic sensor. The electronic controller forecasts a maintenance event based on values received from
the at least one fluid characteristic sensor.



CA 028650%4 2014-08-20

WO 2013/126397 PCT/US2013/026846

MOISTURE MONITORING SYSTEM

[0001] The present application claims the benefit of U.S. Provisional Patent
Application Serial No. 61/600,997, filed February 20, 2012, entitled MOISTURE
MONITORING SYSTEM, docket FEC0160-03, the entire disclosure of which 1s expressly
incorporated by reference herein.

RELATED APPLICATIONS

[0002] This application 1s related to U.S. Provisional Patent Application Serial No.
61/448,585, filed March 2, 2011, entitled GAS DENSITY MONITORING SYSTEM, docket
FEC0160, and U.S. Patent Application Serial No. 13/411,011, published as U.S. Patent
Application Publication No. 2012-0306656, and filed March 2, 2012, entitled GAS DENSITY
MONITORING SYSTEM, docket FEC0160-01-US, the entire disclosures of which are
expressly incorporated by reference herein.

BACKGROUND

[0003] Circuit breakers and other electrical equipment may be provided in an
enclosure having a SF¢ containing gas contained therein. The SF¢ gas 1s an arc quenching gas
that functions to reduce arc intensity or arc occurrence when a circuit breaker 1s moved to an
open state. Too much moisture in the SFg gas may cause problems. For example, the
moisture mixes with arc by-products to form acids that corrode the internals of the circuit
breaker. Circuit breakers are often equipped with desiccant bags to reduce the moisture

content 1n the SFg gas. However the desiccant bags have a limited capacity and may saturate.
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SUMMARY

[0004] The present invention relates generally to systems and methods related to
monitoring circuit breakers and 1n particular to monitoring moisture characteristics associated
with the circuit breakers.

[0005] In one embodiment, a monitoring system for an enclosure including an arc
quenching gas 1s provided. The monitoring system comprises a moisture sensor 1n fluid
communication with an interior of the enclosure, and an electronic controller operatively
coupled to the moisture sensor. The electronic controller 1s configured to forecast a
maintenance event based on values received from the moisture sensor.

[0006] In another embodiment of the present disclosure, a monitoring system for an
enclosure including an arc quenching gas 1s provided. The monitoring system comprises a
moisture sensor 1n fluid communication with an interior the enclosure, a fill port for
communicating arc quenching gas to an interior of the enclosure, and an electronic controller
operatively coupled to the moisture sensor. The electronic controller determines an
occurrence of a fill event and determines a moisture characteristic of a fill gas of the fill
cvent.

[0007] In a further embodiment of the present disclosure, a circuit breaker system 1s
provided. The circuit breaker system comprises an enclosure having at least a first conductive
clement and a second conductive element and an arc quenching gas within an interior of the
enclosure and generally surrounding the first and second conductive elements. The circuit

breaker system also comprises a monitoring system having a housing configured to receive a
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fill gas and further configured to flow the fill gas to the enclosure. Additionally, the
monitoring system includes at least one fluid characteristic sensor supported by the housing,
and an c¢lectronic controller configured to receive a signal from the at Ieast one fluid
characteristic sensor to determine at least one moisture characteristic of the arc quenching
oas.

[0008] In one embodiment of the present disclosure, a method of monitoring a circuit
breaker 1s provided. The circuit breaker has a first conductive element and a second
conductive element moveable relative to the first conductive element. The first conductive
clement and the second conductive element cooperate to provide a closed state that permits an
clectrical current to flow between the first conductive element and the second conductive
clement and an open state wherein the first conductive element 1s spaced apart from the
second conductive element. The first conductive element and the second conductive element
arc positioned 1n an interior of an enclosure including an arc quenching gas. The method
comprises the steps of positioning at least one fluid characteristic sensor 1n fluid
communication with the interior of the enclosure, monitoring a relative humidity of the
interior of the enclosure with the at least one fluid characteristic sensor, forecasting a
maintenance event of the circuit breaker based on the relative humidity.

[0009] In a further embodiment of the present disclosure, a method of monitoring
conditions within an interior of an enclosure of a circuit breaker 1s provided. The enclosure
includes a first conductive element and a second conductive element moveable relative to the

first conductive element. The method comprises the steps of introducing a fluid containing an
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arc-quenching gas into the interior of the enclosure and monitoring relative humidity of the
fluid within the interior of the enclosure. The method further comprises the steps of
comparing the relative humidity of the fluid to a predetermined threshold value and
maintaining a flow of the fluid into the interior of the enclosure when the relative humidity of
the fluid 1s less than the predetermined threshold value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing aspects and many of the attendant advantages of this invention
will become more readily appreciated as the same become better understood by reference to
the following detailed description when taken in conjunction with the accompanying
drawings.

[0011] FIG. 1 1llustrates a representative view of an exemplary circuit breaker system
including an enclosure;

[0012] FIG. 2 1llustrates the circuit breaker system of FIG. 1 wherein access 18

provided to an interior of the enclosure of the circuit breaker system;

[0013] FIG. 3 1llustrates a representative moisture sensor;

[0014] FIG. 4 1llustrates an exemplary housing for the moisture sensor of FIG. 3;
[0015] FIG. 5 illustrates the exemplary housing of FIG. 4 with a top of the housing
removed;

[0016] FIG. 6 1llustrates a representative view of an exemplary fill system for the

circuit breaker system of FIG. 1;
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[0017] FIG. 7 1llustrates an exemplary monitoring system for the circuit breaker
system of FIG. 1;
[0018] FIG. 8 1llustrates a representative view of the moisture 1n the enclosure of FIG.

1 over time; and

[0019] FIG. 9 1llustrates a flow chart of a fill operation of the exemplary fill system of
FIG. 6.
[0020] Corresponding reference characters indicate corresponding parts throughout

the several views. Although the drawings represent embodiments of various features and
components according to the present disclosure, the drawings are not necessarily to scale and
certain features may be exaggerated 1n order to better 1llustrate and explain the present
disclosure. The exemplification set out herein illustrates embodiments of the invention, and
such exemplifications are not to be construed as limiting the scope of the invention 1 any
manner.

DETAILED DESCRIPTION OF THE DRAWINGS

[0021] For the purposes of promoting an understanding of the principles of the
invention, reference will now be made to the embodiments illustrated 1n the drawings, which
are described below. The embodiments disclosed below are not intended to be exhaustive or
[imit the invention to the precise form disclosed 1n the following detailed description. Rather,
the embodiments are chosen and described so that others skilled 1in the art may utilize their
teachings. It will be understood that no limitation of the scope of the invention 1s thereby

intended. The invention includes any alterations and further modifications 1 the illustrated
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devices and described methods and further applications of the principles of the invention
which would normally occur to one skilled 1n the art to which the invention relates.

[0022] Referring to FIG. 1, an exemplary high voltage circuit breaker system 100 18
shown. Circuit breaker system 100 includes an enclosure 102 which houses a circuit breaker
110. Enclosure 102 1s supported off of the ground 104 by a frame 106. Circuit breaker 110 1s
connected to power line 112 and power line 114 through high voltage bushings 116 and 118,
respectively.

[0023] Exemplary circuit breakers 110 are disclosed in U.S. Provisional Patent
Application Serial No. 61/448,5835, and U.S. Patent Application Serial No. 13/411,011, the
disclosures of which are expressly incorporated by reference herein. As explained in U.S.
Provisional Patent Application Serial No. 61/448,585, and U.S. Patent Application Serial No.
13/411,011, an exemplary circuit breaker 110 includes a first conductive element and a
second conductive element which 1s moveable relative to first conductive element. When the
first conductive element and the second conductive element are 1n a closed state, 1.e., when
the first conductive element 1s 1n physical contact with the second conductive element,
clectricity 1s able to flow between first power line 112 and second power line 114. By
contrast, when the first and second conductive elements are 1n an open state, 1.¢., when the
first conductive element 1s separated from the second conductive element, electricity
generally 18 unable to flow between the first power line 112 and the second power line 114.
[0024] Returning to FIG. 1, enclosure 102 provides a sealed interior 120 which houses

circuit breaker 110. Interior 120 may be filled with various gases having characteristics to
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suppress arc events when circuit breaker 110 1s opened. An exemplary gas 18 Sulfur-Hexa-
Fluoride ("SFg") or a mixture including SFs. Other exemplary gases may be used. The
presence of the gas as a dielectric reduces the amount of damage experienced by circuit
breaker 110 due to an arc because the gas acts to extinguish the arc. An exemplary circuit
breaker 110 and enclosure 102 are the Siemens SPS2 circuit breaker (15kV-245kV) available
from Siemens Power Transmission and Distribution located at 444 Hwy. 49 S 1in Richland,
MS 39218 USA.

[0025] Enclosure 102 provides a generally sealed volume around the circuit breaker
110. The gas 1n enclosure 102 may over time leak from the interior 120 of enclosure 102 to
the exterior of enclosure 102. Further, outside air may enter the enclosure 102 bringing with
it moisture. This increased moisture may result in degradation of the components of the
circuit breaker 110. Enclosure 102 includes within 1ts interior 120, drying members 122
which operate to remove moisture from the gas within interior 120 of enclosure 102.
Exemplary drying members 122 include desiccant bags which are held 1n a holder 124 and are
in contact with the gas within interior 120 of enclosure 102. The desiccant bags remove
moisture from the gas. Over time the desiccant bags become saturated with moisture. When
this happens the moisture content within interior 120 of enclosure 102 increases.

[0026] Utilities periodically replace the desiccant bags in an attempt to prevent
saturation of the desiccant bags. Reterring to FIG. 2, the desiccant bags are provided 1n an
end cap 130 of enclosure 102 which 1s removable from a main body 132 of enclosure 102.

End cap 130 and main body 132 include mating flanges 134 and 136 which may be used to
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couple end cap 130 to main body 132. To replace the desiccant bags, end cap 130 1s
removed, the old desiccant bags are removed, new desiccant bags are installed, and end cap
130 1s reattached to maimn body 132.

[0027] Returning to FIG. 1, a control cabinet 140 1s shown. Control cabinet 140 may
be supported by enclosure 102 or may be free-standing. A monitoring system 150 1s provided
which monitors the operation the circuit breaker 110 and the environment of circuit breaker
110. Exemplary monitoring systems 150 are disclosed in U.S. Provisional Patent Application
Serial No. 61/448,585, and U.S. Patent Application Serial No. 13/411,011, the disclosures of
which are expressly imncorporated by reference herein. As mentioned 1n U.S. Provisional
Patent Application Serial No. 61/448,5835, and U.S. Patent Application Serial No. 13/411,011,
the monitoring systems may monitor on¢ or more characteristics of the gas surrounding the
circuit breaker and one or more ¢lectrical characteristics of the circuit breaker. These
monitored characteristics are used to determine 1f the circuit breaker requires maintenance
and/or to forecast maintenance events. In U.S. Provisional Patent Application Serial No.
61/448,585, and U.S. Patent Application Serial No. 13/411,011, an exemplary gas
characteristic 1s gas density. For example, fault arc energy of circuit breaker system 100 may
be correlated to gas density values. The fault arc energy values and the corresponding gas
density values may be referenced 1n a look-up table, such as the table in FIG. 21 of U.S.
Provisional Patent Application Serial No. 61/448,585, and U.S. Patent Application Serial No.
13/411,011, the disclosures of which are expressly incorporated by reference herein.

Monitoring system 150 of the present application may determine and use the fault arc energy
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values and/or the gas density values for maintenance event forecasting of circuit breaker
system 100 1n combination with humidity values.

[0028] In the present application, one exemplary gas characteristic monitored by
monitoring system 150 1s relative humidity or another moisture characteristic indicative of the
amount of moisture 1n the gas within interior 120 of enclosure 102. In one embodiment,
exemplary monitoring system 150 1s configured to monitor the gas density and/or fault arc
energy characteristics as well as the relative humidity of the gas within enclosure 102.

[0029] Referring to FIG. 1, at Ieast one fluid characteristic sensor, for example at least
a moisture sensor 152, density sensor 153, and/or a temperature sensor, 1s coupled to a
housing 154. Housing 154 1s 1n turn coupled to enclosure 102. An interior 156 of housing
154 1s 1n fluid communication with interior 120 of enclosure 102. In the exemplary
embodiment, sensor 152 contacts the fluid within interior 156 of housing 154. In one
embodiment, sensor 152 1s a moisture sensor and monitors one or more characteristics of the
gas within interior 156, and hence the gas within enclosure 102. Sensor 152 may be
positioned within enclosure 102 or at any other location 1n a piping network for circuit
breaker system 100 that 1s in fluid communication with the gas within interior 120 of
enclosure 102. Gas containing moisture drifts around interior 120 and interior 156 and 1s
detected by sensor 152 in interior 156 of housing 154.

[0030] An exemplary moisture sensor 152 1s a relative humidity sensor which
provides an indication of the relative humidity of the gas within interior 120 of enclosure 102.

One exemplary sensor 1s a polymer capacitive humidity sensor, for example Model No.
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AM?2303 Digital-output relative humidity and temperature sensor module available from
Aosong (Guangzhou) Electronics Co., Ltd, located at No 56, Renhe Road, Renhe Town,
Baiyun Daistrict, Guangzhou, China. Additional details related to the AM2303 sensor are
provided in Appendix A of U.S. Provisional Patent Application Serial No. 61/600,997, the
disclosure of which 1s incorporated by reference herein. When the AM2303 sensor 1s pulsed,
it provides relative humidity and temperature data in a stream. This data stream may be
provided back over the power connection to the AM2303 sensor. This data stream may be
converted by supporting electronics to provide a signal that reports both relative humidity and
temperature. The frequency of the converted signal represents the relative humidity and the
pulse width represents the temperature. This output has the same form as the gas density
sensors disclosed in U.S. Provisional Patent Application Serial No. 61/448,585, and U.S.
Patent Application Serial No. 13/411,011. As such, the converted signal from the AM2303
sensor may be connected to the monitoring system disclosed in U.S. Provisional Patent
Application Serial No. 61/448,585, and U.S. Patent Application Serial No. 13/411,011.
Alternatively, other embodiments may measure relative humidity using chilled mirror
technology.

[0031] The monitoring system 150, which may include the functionality of the
monitoring systems disclosed in U.S. Provisional Patent Application Serial No. 61/448,585,
and U.S. Patent Application Serial No. 13/411,011, may track the relative humidity level of
the gas within interior 120 of enclosure 102. Referring to FIG. 8, a curve 180 1s shown.

Curve 180 indicates the relative humidity of the gas within interior 120 of enclosure 102. A

- 10 -
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threshold line 182 1s also shown. Illustratively, the threshold line 1s at 19%. Other thresholds
arec contemplated. Exemplary thresholds include 0.5% and 2%.

[0032] During the first part 184 of curve 180, the relative humidity values of the gas
within interior 120 of enclosure 102 are far below threshold line 182. During these portions
of the curve 180, the desiccant bags within enclosure 102 are removing the moisture from the
gas within interior 120 of enclosure 102. In the second part 186 of the curve, the desiccant
bags have become saturated and the relative humidity within interior 120 has started to rise
and passes the threshold line 182.

[0033] In one embodiment, a controller 190 of monitoring system 150 executes
humidity maintenance event forecasting software 192 to monitor the relative humidity. The
logic of the humidity maintenance event forecasting software 192 based on a received relative
humidity value from sensor 152 compares the relative humidity value to threshold line 182
stored 1n a memory 196. If the relative humidity value 1s below the threshold value then
monitoring system 150 waits for the next relative humidity value. If the relative humidity
value 1s above the threshold value then monitoring system 150 indicates an alarm. The alarm
may be indicated 1n one of the alarm outputs disclosed in U.S. Provisional Patent Application
Serial No. 61/448,585, and U.S. Patent Application Serial No. 13/411,011. Exemplary alarm
outputs include a light on monitoring system 150 or a message or other indication sent to a
remote computing device 200 (see FIG. 7). Exemplary remote computing devices include a
computing device at a monitoring center, a portable computing device carried by a service

technician, or other computing devices not located at the circuit breaker installation. In the

- 117 -
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illustrated embodiment, remote computing device 200 1s accessed through a network 202.
Exemplary networks include wired and wireless networks.

[0034] In one embodiment, the indication of an alarm may cause a controller which
controls the state of the circuit breaker to prevent opening of the circuit breaker.

[0035] As discussed above, monitoring system 150 monitors when the measured
relative humidity exceeds the threshold line 182. In one embodiment, monitoring system 150
provides different threshold levels based on the measured temperature. In one embodiment,
the threshold levels may be set by an operator.

[0036] In one embodiment, monitoring system 150 further maintains the measured
relative humidity values as historical humidity values 194 in memory 196. Monitoring
system 150 may determine a slope of at least a portion of the stored historical humidity values
194 to forecast when curve 180 will cross threshold line 182. In this manner, monitoring
system 150 may predict an upcoming maintenance event and the expected time of occurrence.
Other trending may be implemented based on the recerved humidity values.

[0037] In one embodiment, the recerved humidity values and the received temperature
values are used to forecast maintenance events or to determine alarm levels. Although
relative humidity 1s one example of a moisture characteristic of the gas 1n interior 120 of
enclosure 102, other moisture characteristics may be evaluated. Exemplary moisture

characteristics include dew point, frost point, parts per million by volume, and relative

humadity.

- 12 -
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[0038] Referring to FIG. 3, an exemplary humidity sensor 152 1s shown. Referring to
FIG. 4, an exemplary housing 154 1s shown. Housing 154 includes a base 220 and a lid 222.
Base 220 includes a first port 224 which may be coupled to a pipe 155 which in turn 18
coupled to enclosure 102. Interior 156 of housing 154 1s 1n fluid communication with interior
120 of enclosure 102 through lid 222. In one embodiment, housing 154 1s a DC-400 cast
aluminum enclosure.

[0039] Base 220 includes a second port 226 to which a sensor may be coupled. In one
embodiment, the sensor 1s a gas density sensor 153. Exemplary gas density sensors are
disclosed in U.S. Provisional Patent Application Serial No. 61/448,585, and U.S. Patent
Application Serial No. 13/411,011. Although base 220 1s shown with a single sensor port
226, 1n onc embodiment, base 220 includes multiple sensor ports to provide a sensor manifold
for connecting sensors to the gas within interior 120 of enclosure 102. In one embodiment, a
motorized agitator 1s provided 1n the bottom of base 220 to assist in circulating the air within
interior 156.

[0040] Sensor 152 18 placed 1n interior 156. The connecting wires for sensor 152
extend through a port 230 1n lid 222. In one embodiment, sensor 152 and the supporting
clectronics to convert the sensor output are potted to the inside of id 222. Therefore, sensor
152 may be replaced by replacing lid 222. Lid 222 further includes a bleed valve 232.

[0041] Referring to FIG. 6, in one embodiment, housing 154 includes a third port 250
having a fill valve 252 coupled thereto. A gas source 244 may be coupled to fill valve 252 to

provide gas to the interior 120 of enclosure 102 through housing 154 during a fill operation.

_ 13 -
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Further, 1n one embodiment, a second valve 240 1s provided between first port 224 of housing
154 and enclosure 102. Second valve 240 permits an operator to valve off housing 154 such
that interior 156 1s not 1n fluid communication with interior 120. One reason may be to
prevent gas flow from interior 120 while sensor 152 1s replaced. Once sensor 152 1s replaced,
valve 240 may be opened and the bleed valve 232 may be actuated to permit the flow of gas
from interior 120 of enclosure 102 into interior 156 of housing 154.

[0042] During a fill operation wherein gas 1s provided from gas source 244, second
valve 240 1s 1n an open configuration to permit gas flow from interior 156 into interior 120 of
enclosure 102. By having the gas flow past sensor 152 during a fill operation, monitoring
system 150 may monitor the moisture content of the fill gas. In one embodiment, monitoring
system 150 detects when a fill operation 1s occurring. In one example, monitoring system 150
monitors the density of the gas in interior 120 of enclosure 102 and when the density level
rises above a threshold amount, monitoring system 150 assumes a filling operation 1s
occurring. Additional details regarding the detection of a filling operation are provided 1n
U.S. Provisional Patent Application Serial No. 61/448,585, and U.S. Patent Application Serial
No. 13/411,011.

[0043] When a fill operation 1s occurring, monitoring system 150 monitors the
relative humidity of the fill gas. If the fill gas relative humidity 1s above a threshold level,
monitoring system 150 may initiate an alarm. The alarm may be sent to remote computing
device 200 or displayed locally. In one embodiment, based on the moisture level 1n the fill

gas, a consideration owed to or required from the vendor supplying the gas may be altered.

- 14 -
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Exemplary alterations of consideration include the gas vendor may be docked a portion of the
invoice amount or charged for contributing to the premature need to replace the drying
members 122 of enclosure 102. In one embodiment, monitoring system 150 may close
second valve 240 to end the fill event 1f the moisture level 1n the fill gas 1s above a threshold
amount. In one embodiment, monitoring system 150 may provide a rating for the gas vendor
which can be used 1n the future 1n the selection of gas vendors.

[0044] Referring to FIG. 9, an exemplary fill operation 1s shown. As shown at 280, a
fill operation may be 1nitiated when gas source 244 1s coupled to fill valve 252. If gas source
244 18 not coupled to fill valve 252, then the fill operation does not occur, as shown at 282.
However, 1f gas source 244 1s coupled to fill valve 252, then 1t 1s determined 1f second valve
240 1s open, as shown 1n box 284. If second valve 240 1s not open, then, as shown at box 286,
the fill operation does not occur because the gas in interior 156 1s not able to flow 1nto interior
120. Conversely, 1f second valve 240 1s opened, then a fill operation begins.

[0045] During the exemplary fill operation of FIG. 9, the relative humidity of the fill
gas 18 measured. As shown 1n box 288, the measured relative humidity of the fill gas 1s
compared to a threshold relative humidity value. If the measured relative humidity of the fill
gas 18 greater than the threshold relative humidity value, then second valve 240 1s closed, as
shown at box 290, and the fill operation ends. However, 1f the measured relative humidity of
the f1ll gas 1s less than the threshold relative humidity value, then the fill operation continues
(see box 292). The fill operation continues until monitoring system 150 recerves a signal

from density sensor 153 indicating that the density of the gas within enclosure 102

215 -
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corresponds to a predetermined amount. As shown at box 294, the fill operation ends when
the density of the gas within enclosure 102 equals the predetermined threshold amount.
[0046] Additionally, during a fill operation, the moisture of the fill gas from the
vendor supplying the gas 1s measured. As shown at box 296, 1f the amount of moisture of the
fill gas 1s greater than a predetermined threshold amount, then a consideration, such as a
payment, to the vendor supplying the fill gas may be adjusted (see box 298). For example,
the vendor supplying the gas may be docked a portion of the invoice amount or charged a fee
for contributing to the premature need to replace drying members 122 of enclosure 102.
Additionally, monitoring system 150 may also choose to end the fill operation 1f the amount
of moisture 1n the fill gas from the vendor 1s greater than the predetermined threshold amount.
[0047] The measured relative humidity and temperature data obtained from moisture
sensor 152 may be combined with the density data obtained from density sensor 153 1n order
to determine or forecast when the desiccant bags within enclosure 102 will become saturated,
thereby increasing the relative humidity within interior 120 of enclosure 102. This forecast
may also be used to determine other information, such as 1f water 1s freezing or condensing
within enclosure 102. For example, using the relative humidity, temperature, and density
data, the Magnus equation, shown as equation (1) below, provides the saturation vapor
pressure with respect to water as a function of temperature. Based on calculations from the
Magnus equation, reproduced as equation (1) below, and variations thercof, monitoring
system 150 1s configured to forecast when conditions within enclosure 102 may damage

circuit breaker system 100 (e.g., increasing relative humidity, water within enclosure 102).
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Under such conditions, monitoring system 150 may initiate an alarm and/or prevent circuit

breaker system 100 from operating in order to prevent damage thereto.

611.2 ( 17:62°1 ) Equation (1)
— AR —_— udtrion
“w XP\24312 + ¢ i
where ¢, 1S the saturation vapor pressure with respect to water 1n Pa
t 18 the temperature in °C
[0048] In one embodiment, electronic controller 190 uses a variation of the Magnus

cquation (equation (1)) to calculate dew point temperature at a known vapor pressure, as
shown 1n Equation (2) below. For example, electronic controller 190 may use the vapor
pressure calculated by equation (1) or measured by a sensor to determine a dew point
temperature for enclosure 102. The dew point temperature may be reported by electronic
controller 190 as an output, may be used by electronic controller 190 to determine when an
alarm condition exists, and/or may be used for further calculations pertaining to the

conditions of enclosure 102. Equation (2) 1s valid over a temperature range of approximately

-45°C — 50°C.
e
In
t, = 243.12(6—11-2)6 Equation (2)
17.62 — In (g1
where e 1s the vapor pressure in Pa
t; 18 the dew point temperature 1n °C
[0049] In another embodiment, electronic controller 190 uses a variation of the

Magnus equation (equation (1)) to calculate frost point temperature for enclosure 102 at a

known vapor pressure, as shown in Equation (3) below. For example, electronic controller
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190 may use the vapor pressure calculated by equation (1) or measured by a sensor to
determine a frost point temperature for enclosure 102. The frost point temperature may be
reported by electronic controller 190 as an output, may be used by electronic controller 190 to
determine when an alarm condition exists, and/or may be used for further calculations
pertaining to the conditions of enclosure 102. Equation (3) 1s valid over a temperature range

of approximately -65°C — 0°C.

e
In
tr = 272.62 (611-2)8 Equation (3)
2246 — In (z177)
where e 1s the vapor pressure 1n Pa
tr 18 the frost point temperature in °C
[0050] Frost and dew points are pressure dependent and are usually measured at

standard pressure (100 kPa) or at a system pressure (¢.g., 450 kPa). Therefore, in one
embodiment, electronic controller 190 may convert a frost point temperature or a dew point
temperature at a first pressure to that at a second pressure, using Equations (4)-(6) below. For
example, electronic controller 190 may use equations (1), (2), or (3) above or a measurement
from a sensor 1n order to calculate a second frost or dew point temperature using a first vapor
pressure determined at a first temperature and a second vapor pressure. The second frost or
dew point temperatures may be reported by electronic controller 190 as an output, may be
used by electronic controller 190 to determine when an alarm condition exists, and/or may be

used for further calculations pertaining to the conditions of enclosure 102.
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6112 ( 22.46 -t ) |
€1 = L €XP 272.62 + t, Equation (4)
e, — & s @ .
2=, Equation (5)
t, = 272.62 ( 1 )e Equation (6)
22.46 — In (73
[0051] While 1n the illustrative embodiment, relative humidity 1s determined by

moisture sensor 152, relative humidity also may be determined using vapor pressure data
determined by equations (1)-(6), sensors, or other calculations. For example, 1n an alternative
embodiment, electronic controller 190 may use vapor pressure and temperature data with
Equations (7), (81), or (8,) below 1n order to calculate relative humidity. The relative
humidity may be reported by electronic controller 190 as an output, may be used by electronic
controller 190 to determine when an alarm condition exists, and/or may be used for further

calculations pertaining to the conditions of enclosure 102.

e
RH = —-100 Equation (7)

Ew

where e 1S the vapor pressure 1in Pa

ey 18 the saturation vapor pressure with respect to water at the given
tempcerature ¢
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e
RH = — 100 fort =0 Equation (8;)
w
e .
RH = o 100 fort <O Equation (8;)
j

where e 1S the vapor pressure in Pa
e,, 18 the saturation vapor pressure with respect to water at
temperature £ above 0 °C
e; 18 the saturation vapor pressure with respect to 1ce for a given
temperature ¢ below 0 °C
[0052] Additionally, in one embodiment, electronic controller 190 may use vapor
pressure values determined by any of Equations (1)-(8,) above, in order to determine the
volume ratio 1n parts per million by volume (ppmy) or the weight ratio 1n parts per million by
weight (ppmy,), as shown below in Equations (9) and (10), respectively. For example,
clectronic controller 190 may use vapor pressure values to report the parts per million by
volume value. The parts per million by volume value may be reported by electronic
controller 190 as an output, may be used by electronic controller 190 to determine when an

alarm condition exists, and/or may be used for further calculations pertaining to the

conditions of enclosure 102.

e
p— €

ppm, = - 10° Equation (9)

where e 18 the vapor pressure 1n Pa
p 1s the total pressure at which the vapor pressure e 1s measured
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ppm,, = —:

- 10° -
, p—e Equation (10)

e 18 the vapor pressure 1n Pa

p 1s the total pressure at which the vapor pressure e 1s measured
M, 1s the molecular weight of water (H,O), 18.02 g/mol
M, 1s the molecular weight of the carrier gas

For example, 1f Sulfur Hexafluoride (SF¢) 1s the carrier gas, then electronic controller 190
calculates parts per million by weight using the molecular weight (M,) of SFe, which 1s
known to be 146.05 g/mol, 1n order to determine the ratio of the mass of water to the mass of
SF¢. In one embodiment, the parts per million by weight value may be reported by electronic
controller 190 as an output, may be used by electronic controller 190 to determine when an
alarm condition exists, and/or may be used for further calculations pertaining to the
conditions of enclosure 102.

[0053] In another embodiment, electronic controller 190 may calculate volume
fractions, measured 1n parts per million by volume (ppmy), 1n order to provide the ratio of the
number of water molecules to the total number of molecules, as shown in Equation (11)
below. For example, electronic controller may use a vapor pressure and a total pressure value
determined by any of equations (1)-(10) above or a sensor 1 order to report the volume
fraction of the number of water molecules to the total number of molecules. The parts per
million by volume may be reported by electronic controller 190 as an output, may be used by
clectronic controller 190 to determine when an alarm condition exists, and/or may be used for

further calculations pertaining to the conditions of enclosure 102.
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e
ppm, = 5 - 10° Equation (11)

where e 1s the vapor pressure 1in Pa

p 1s the total pressure at which the vapor pressure e 1s measured
[0054] In a further embodiment, electronic controller 190 may calculate a weight
fraction, measured 1n parts per million by weight (ppmy,), 1n order to determine the ratio of the
mass of water to the mass of the total gas, as shown 1n Equation (12) below. For example,
clectronic controller may use a vapor pressure and a total pressure value determined by any of
cquations (1)-(10) above or a sensor, as well as the molecular weight of water and the carrier
gas within enclosure 102, 1n order to report the weight fraction of the mass of water to the
mass of the total gas within enclosure 102. The parts per million by weight may be reported
by electronic controller 190 as an output, may be used by electronic controller 190 to
determine when an alarm condition exists, and/or may be used for further calculations

pertaining to the conditions of enclosure 102.

M, e 106
ppmy, = ——*— j
v =M, p Equation (12)

1s the vapor pressure in Pa
1s the total pressure at which the vapor pressure e 18 measured

e
P

M, 1s the molecular weight of water (H,0), 18.02

M, 1s the molecular weight of the carrier gas

where

For example, 1f the carrier gas 1s SFg, then electronic controller 190 calculates parts per
million by weight using the molecular weight (My) of SFe, which 1s 146.05 g/mol, 1n order to

determine the weight fraction of the mass of water to the mass of the total gas within
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enclosure 102. In one embodiment, the parts per million by weight value may be reported by
clectronic controller 190 as an output, may be used by e¢lectronic controller 190 to determine
when an alarm condition exists, and/or may be used for further calculations pertaining to the
conditions of enclosure 102.

[0055] In one embodiment, electronic controller 190 may use the value for parts per
million by volume (ppmy) to calculate vapor pressure and frost point, relative to a total
pressure of the system using Equations (13) and (14), respectively. In another embodiment,
clectronic controller 190 may use frost point to calculate vapor pressure and parts per million
by volume (ppmy) relative to a measured pressure of the system using Equations (15) and
(16), respectively. For example, the vapor pressure values, frost point values, and/or parts per
million by volume may be reported by electronic controller 190 as an output, may be used by
clectronic controller 190 to determine when an alarm condition exists, and/or may be used for

further calculations pertaining to the conditions of enclosure 102.

L __ppmy-p |
i = —ppmv 106 Equation (13)
In (g1172) |
trp = 272.62 . Equation (14)
22.46 — 1n( d )
' 611.2
i1 22.46 - t;

CT e TP\ 27262 + ¢ Equation (15)
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. 10°
p—¢ Equation (16)

ppm, =

[0056] While this invention has been described as having an exemplary design, the
present invention may be further modified within the spirit and scope of this disclosure. This
application 1s therefore mtended to cover any variations, uses, or adaptations of the invention
using its general principles. Further, this application is mmtended to cover such departures

from the present disclosure as come within known or customary practice in the art to which

this invention pertains.
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Claims:
1. A method of monitoring a circuit breaker having a first conductive element and a
second conductive element moveable relative to the first conductive element, the first
conductive element and the second conductive element cooperating to provide a closed state
that permits an electrical current to flow between the first conductive element and the second
conductive element and an open state wherein the first conductive element 1s spaced apart
from the second conductive element, the first conductive element and the second conductive
clement being positioned 1n an interior of an enclosure including an arc quenching gas, the
method comprising the steps of:
positioning at least one fluid characteristic sensor 1n fluid communication with the
interior of the enclosure;
monitoring a relative humidity of the interior of the enclosure with the at least one
fluid characteristic sensor; and
forecasting a maintenance event of the circuit breaker based on the relative humidity.
2. The method of claim 1, further comprising the step of comparing the relative humidity
of the interior of the enclosure to a predetermined threshold value.
3. The method of claim 2, further comprising the step of controlling the state of the first
and second conductive elements when the relative humidity of the interior of the enclosure 1s
greater than the predetermined threshold value.
4. A method of monitoring conditions within an interior of an enclosure of a circuit
breaker, the enclosure including a first conductive element and a second conductive element
moveable relative to the first conductive element, the method comprising the steps of:
introducing a fluid containing an arc-quenching gas into the interior of the enclosure;
monitoring relative humidity of the fluid within the interior of the enclosure;
comparing the relative humidity of the fluid to a predetermined threshold value; and
maintaining a flow of the fluid into the interior of the enclosure when the relative

humidity of the fluid 1is less than the predetermined threshold value.
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5. The method of claim 4, wherein at least one fluid characteristic sensor 1s configured to
cooperate with an electronic controller to measure the relative humidity of the fluid during the
monitoring step.
6. The method of claim 5, wherein the at least one fluid characteristic sensor 1s a
moisture sensor.
7. The method of claim 5, wherein the at least one fluid characteristic sensor includes a
temperature sensor and density sensor.
8. The method of claim 7, further comprising the step of calculating the relative humidity
of the fluid from data of the temperature sensor and data from the density sensor.
9. The method of claim 4, further comprising the step of monitoring a density of the fluid
within the interior of the enclosure.
10.  The method of claim 9, further comprising the step of discontinuing the tflow of the
fluid 1nto the interior of the enclosure when the density of the fluid 1s greater than a
predetermined threshold value.
11.  The method of claim 4, further comprising the step of monitoring an amount of
moisture 1n the fluid when mtroducing the fluid into the interior of the enclosure.
12.  The method of claim 11, further comprising the steps of recerving the fluid from a gas
supply vendor and adjusting a consideration to the gas supply vendor when the amount of
moisture 1 the fluid 18 greater than a predetermined threshold amount.
13.  The method of claim 12, wherein the consideration 1s a payment.
14. A circuit breaker system, comprising:

an enclosure having at least a first conductive element and a second conductive
clement;

an arc quenching gas within an interior of the enclosure and generally surrounding the
first and second conductive elements; and

a monitoring system comprising:

a housing configured to receive a fill gas and further configured to flow the fill

gas to the enclosure;
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at least one fluid characteristic sensor supported by the housing; and
an ¢lectronic controller configured to receive a signal from the at least one

fluid characteristic sensor to determine at least one moisture characteristic of the arc
quenching gas.
15.  The circuit breaker system of claim 14, wherein the monitoring system 1s further
configured to determine at least one of a density within the interior of the enclosure and a
fault arc energy of the first and second conductive elements.
16.  The circuit breaker system of claim 15, wherein the at least one fluid characteristic
sensor includes a moisture sensor.
17. A monitoring system for an enclosure including an arc quenching gas, the monitoring
system comprising:

a moisture sensor 1n fluidd communication with an interior of the enclosure; and

an ¢lectronic controller operatively coupled to the moisture sensor, the electronic
controller forecasting a maintenance event based on values received from the moisture sensor.
18.  The monitoring system of claim 17, wherein the moisture sensor 1s configured to
measure a relative humidity of the interior of the enclosure.
19.  The monitoring system of claim 18, wherein the moisture sensor 1s configured to
measure a temperature of the interior of the enclosure.
20.  The monitoring system of claim 19, wherein the measured relative humidity of the
interior of the enclosure 1s compared to a predetermined relative humidity threshold value.
21.  The monitoring system of claim 20, further comprising an alarm configured to
indicate when the measured relative humidity value 1s greater than the predetermined relative
humidity threshold value.
22.  The monitoring system of claim 21, wherein the electronic controller 1s electronically
coupled to the remote device and provides an indication of the alarm to a remote device.
23.  The monitoring system of claim 21, wherein the monitoring system 1s provided on a

circuit breaker assembly and the controller 1s configured to prevent the circuit breaker
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assembly from switching between an open state and a closed state when the measured relative
humidity value 18 greater than the predetermined relative humidity threshold.
24.  The monitoring system of claim 20, wherein the threshold value 1s between
approximately 0.5% - 2.0%.
25.  The monitoring system of claim 24, wherein the predetermined relative humidity
threshold value varies with the measured temperature value.
26.  The monitoring system of claim 20, further comprising a memory for storing the
measured relative humidity values, wherein the monitoring system 1s configured to generate a
forecast of when the measured relative humidity values will exceed the predetermined relative
humidity threshold value.
27.  The monitoring system of claim 26, wherein the measured temperature values of the
interior of the enclosure are used to generate the forecast.
28. A monitoring system for an enclosure including an arc quenching gas, the monitoring
system comprising:

a moisture sensor 1n fluidd communication with an interior the enclosure;

a fill port for communicating arc quenching gas to an interior of the enclosure; and

an clectronic controller operatively coupled to the moisture sensor, the electronic
controller determining an occurrence of a fill event and determining a moisture characteristic
of a fill gas of the fill event.
29.  The monitoring system of claim 28, further comprising a housing having a base and a
l1d, wherein at least the moisture sensor 1s supported within the housing and the fill port 1s
supported by the base.
30.  The monitoring system of claim 29, wherein the fill port 1s configured to flow the fill
gas 1nto the enclosure, the enclosure containing a first conductive element and a second
conductive element moveable relative to the first conductive element, the first conductive
clement and the second conductive element cooperating to provide a closed state that permuits
an ¢lectrical current to flow between the first conductive element and the second conductive

clement and an open state wherein the first conductive element 1s spaced apart from the
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second conductive element, and the first conductive element and the second conductive
clement being positioned 1n the interior of the enclosure.

31.  The monitoring system of claim 30, wherein the fill gas flows past the moisture sensor
when flowing from the fill port to the enclosure.

32.  The monitoring system of claim 30, wherein the electronic controller receives a signal
from the moisture sensor indicative of an amount of moisture 1n the fill gas.

33. The monitoring system of claim 32, wherein when the amount of moisture 1n the fill
gas 18 greater than a predetermined moisture threshold, the monitoring system 1s configured to
initiate at least one of an alarm signal and a signal to prevent the fill gas at the fill port from
flowing into the enclosure.

34.  The monitoring system of claim 28, wherein the monitoring system 1s configured to
detect when a fill operation occurs by determining a change in density within the interior of

the enclosure.
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