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SELF-ADJUSTING ELECTROCHEMICAL SENSOR

FIELD OF THE INVENTION
The invention pertains to gas detectors. More particularly, the invention

pertains to gas detectors having age-compensated electro-chemical sensors.

BACKGROUND OF THE INVENTION

Depending on the circumstances it can be desirable and/or particularly
important to be able to sense the presence of various gases which might be dangerous
or explosive. These include carbon monoxide, carbon dioxide, propane, methane, as
well as other potentially explosive gases.

A variety of sensors are known which can detect various gases. These sensors
are based on different technologies and have different performance characteristics and
different cost characteristics. One technology of ongoing interest is represented by
electrochemical sensors. This class of sensors is potentially reliable and inexpensive.

Electrochemical sensors can be designed so as to be responsive to a gas of
interest and to be highly sensitive. They respond to a gas of interest with a respective
output current. However, such sensors have a zero output current failure mode and
zero output current in the absence of the selected gas. Because there is no specific
failure indicator, external circuits have to be designed to supervise these types of
Sensors.

It has beén known to use electrical stimulus to apply a current to such sensors,
to measure the sensor's signal over time, and calculate a capacitance value. This
capacitance value can indicate that the sensor(s) has (have) degraded beyond a
predetermined threshold, or, it can be an indication the sensor has been removed from
the circuit. However, by itself, it does not indicate the sensitivity of the respective
electrochemical sensor.

Another prior art method measures an electrical noise in a sensor output
signal. A trouble condition or indication can be output if the noise level falls below a

predetermined fixed threshold. This method is based in a known characteristic; that
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as gas concentration increases, the sensor(s) not only output a signal indicative
thereof, they also exhibit increased noise. Fig. 1A is a graph of output noise vs. gas
concentration in parts per million which illustrates this characteristic. Fig. 1B
illustrates exemplary response of an electrochemical sensor to a pulse of 100 ppm of
CO. Fig. 1C illustrates increasing noise in response to exposure to the CO. However,
this method does not teach maintaining the sensitivity. It only provides an indication

of a failed sensor relative to a fixed threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a graph illustrating variations in sensor noise as a function of parts
per million of a selected gas;

Fig. 1B is a graph illustrating increase of sensor output signal in response to
the presence of a selected gas;

Fig. 1C illustrates high frequency noise variations as the sensor responds to
increasing concentrations of a selected gas;

Fig. 2 is a graph illustrating noise as a function of mass of electrolyte of a
Sensor;

Fig. 3 is a block diagram of an exemplary detector in accordance with the
invention; ) '

Fig. 4 1s a flow diagram of one aspect of the present invention; and

Fig. 5 is a flow diagram of another aspect of the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

While embodiments of this invention can take many different forms, specific
embodiments thereof are shown in the drawings and will be described herein in detail
with the understanding that the present disclosure is to be considered as an
exemplification of the principles of the invention and is not intended to limit the
invention to the specific embodiment illustrated.

A disclosed embodiment of the invention overcomes the problems with

monitoring the sensitivity of an electrochemical sensor over time. There are at least
2



WO 2006/023585 PCT/US2005/029299

four active components that can be used to determine the condition of the sensor.
These include the noise level in the sensor's output signal, the drift in the signal over
time, the internal capacitance of the sensor, and the internal impedance of the sensor.

The sensor noise level will increase as the signal increases relatively
proportionate to ambient gas concentration. When the sensor is detecting ambient
gas, the increase in noise can be correlated against the signal increase from the
electrochemical gas sensor. A function that combines the noise level in the absence
of gas and the noise level with gas can be used to calculate a sensitivity adjustment
factor that is applied to the gas signal to determine the local levels of ambient gas.

The electrical noise in the sensor can be combined with other electrical signals
from the electrochemical sensor to determine the sensitivity thereof. A prediction can
be made as to remaining lifetime of the sensor.

The electrical signals from an electrochemical sensor exhibit noise that is
related to the level of sensed gas, see Figs. 1A-1C. If the sensor electrolyte dries out,
there is less electrical activity to generate noise and the noise level will fall. Fig. 2
illustrates an exemplary relationship between the mass of electrolyte and the noise
level with no gas present. However, before the characteristics in this graph are
exhibited, the noise level may actually rise during the final stages of drying before
decreasing. Algorithms in the processor can use the increase in noise above a normal
expected value to anticipate a pending fault condition.

Relative to Fig. 3, a gas detector 10 which embodies the present invention
includes an electrochemical sensor 12 which has an output, line 12a, that is coupled to
a pair of operational amplifiers 14, 16. The amplifier 14 provides a buffered output of
the signal from sensor 12 and is configured as a relatively low pass filter and current-
to-voltage converter, see Fig. 1, which is associated with the output signal from the
sensor 12. An output 14a from operational amplifier 14 can be coupled to a sensor
signal input port 18a of a programmable processor 18.

Operational amplifier 16 is configured as a high pass filter with additional gain
and responds only to the high frequency noise in the signal from the operational

amplifier 14, line 14a. The combination of the low pass characteristics of amplifier
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14 and the high pass characteristics of amplifier 16 create a band pass for the noise.
That signal is coupled, via line 16a, to a noise input port 18b of the processor 18.
Processor 18 thus has access to a concentration signal, line 14a, and an associated
noise signal, line 16a.

Processor 18 can in turn be coupled via output port 18¢ to interface circuits 20
as would be understood by those of skill in the art. Circuitry 20 can include an rf
antenna, indicated in phantom, 22 for wireless configurations. Alternately, interface
circuits 20 can couple signals to and from a wired medium 24. Detector 10 can thus
communicate with an external alarm system, for example, as disclosed in Tice et al.
U.S. Patent No. 6,320,501 entitled "Multiple Sensor System for Alarm Determination
with Device-to-Device Communications", assigned to the assignee hereof and
incorporated herein by reference. It will be understood that neither of the detailed
configurations of the interface circuits 20 nor the type of medium, wired or wireless,
are limitations of the present invention.

Processor 18 operates in accordance with prestored control software 26 which
could be stored, for example, in electrically eraseable read only memory EEPROM
26a. The detector 10 can be contained within and carried by a housing 30 as would be
understood by those of skill in the art.

The processor 18 in combination with control software 26 can carry out signal
processing in responée to signal inputs, port 18a and noise inputs, port 18b.
Exemplary processing is discussed subsequently relative to Figs. 4, 5.

In order to make a meaningful measurement of the noise level, it is important
to remove transients from the signal. The transients can be removed signal processing
carried out by processor 18. One exemplary form of such processing selects the
smaller of two time sequential signal values and uses the smaller value in place as the
signal value. Fig. 4 illustrates this processing. Other methods can be used such as
averaging or selecting the smaller of more than two time sequential signals.

The processor 18 can now establish the noise level in the signal of line 14a.
Different methods can be used. The preferred method is to determine an average of

the maximums of the signal (AvgMAX) and an average of the minimums (AvgMIN)
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of the signal over an extended period of time. The noise level (NL) can then be
established: NL = AvgMAX — AvgMIN.

The extended period of time would be selected as would be understood by
those of skill in the art such to follow drifting in the sensor signal without
significantly changing NL measurements. If a gas is sensed, the signals will increase
rapidly. However, this can cause an error in the calculation of NL. The calculation of
the NL is the temporarily disabled until the signal again stabilizes within expected
levels. The NL is then used subsequently to determine the sensitivity of the sensor.

The sensor will normally drift over time as the conditions change. The drift
range (DR) is calculated over a long period of time to detect when the detector is
deviating from normal. Normal expected range of drifting can be stored in memory,
such as EEPROM 26a and the drift range compared to the expected range. Variations
from the expected range can be used in the determination of the sensitivity.

Another indication of the sensor condition can be established by measuring the
capacitance of the electrochemical sensor 12. This can be accomplished by coupling
an electrical current to the sensor 12 and measuring the response signal over time. A
capacitance value (C) can then be calculated and applied later in determining the
sensitivity. It should be noted that C by itself is not a direct indicator of sensitivity of
the electrochemical sensor. It is an indirect indicator that is factored into the
functions for sensitivity calculation and sensor life-time.

The determinations of NL, DR, and C can be affected by environmental
conditions such as temperature. Therefore, these values can be compensated
according to predetermined relationships as would be understood by those of skill in
the art. The measurement of humidity and time can also be used to predict drying of
the electrolyte and thus factored into the function.

The sensitivity of the electrochemical sensor 12 can be determined as a
function of NL, DR, C, and TIME. The addition of the manufacturer provided
sensitivity (FS) information can be used to calculate an sensitivity adjustment factor
(SA) such that SA = f{NL, DR, C, TIME, FS}. As the detector degrades in
pérformance, the SA value will increase as a non-linear function.

5
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The SA can be applied to compensate the sensor signals (CSS) back towards
the original factory calibration. One of the TIME relationships can include a normal
expected degrading of the electrochemical sensor over time due to the eroding of the
electrode surfaces. This may be in the range of 5% change per year and would
normally be established by a manufacturer of sensor 12. Another TIME relationship
can be the averaging time of the routines such that transient conditions are further
reduced and these TIME relationships can range from short term for NL to long term
for DR.

As the SA value increases, it is also be an indication that the remaining sensor
life time (SLT) is decreasing. If SLT decreases such that it is below a dynamic
threshold based upon NL, DR, C, and TIME, then a trouble indication can be
generated so the sensor can be replaced. In the meantime, the processor 18 and
control program 26 will continue to attempt to maintain the original factory
calibration.

As noted above, the signal, line 14a, will increase with the specified gas being
present. An alarm can be established based upon predetermine routines as a function
of CSS, gas alarm threshold(s), and TIME as illustrated in Fig. 5.

In accordance with the above, Fig. 5 illustrates steps of an exemplary method
100. In a step 102 the output from sensor 12 is obtaiﬂéd via processor 18. In a step
104 the transient signals, as discussed above, are removed therefrom.

In a step 106 a running average of maximum noise signals is established. Ina
step 108, a running average of minimum noise values is established.

The noise level NL is calculated in step 110 as discussed above. In step 112
the average CO signal is established.

A maximum average CO signal over a predetermined time interval is
established in step 114. In step 116 the minimum of the average CO signal value over
the time period is established.

A drift value is established in step 118. The capacitance of the sensor 12 can
be established by any one of a variety of known methods, step 120.



WO 2006/023585 PCT/US2005/029299

The sensitivity adjustment for the signal could be established as a function of
noise level, drift and capacitance in step 122. In step 124 the sensitivity adjustment is
established. Compensated sensor signals can be established in step 126.

In step 128 a determination can be made of remaining sensor lifetime as a
function of maximum lifetime under ideal conditions and the previously determined
sensitivity adjustment, step 124. If the sensor lifetime is less than a predetermined
value, step 130, then a trouble indicator can be communicated from processor 18 via
interface circuits 20 to an alarm system wherein detector 10 is installed. Finally, ina
step 132, the processor 18 can output an alarm indication if a function which is based
on compensated sensor signals and time crosses a gas alarm threshold.

This method can also supervise the connection of circuitry to the
electrochemical sensor. If the sensor is removed from the circuitry, the NL will
immediately fall to the level of the circuitry noise. The new measured NL level can
cause a re-calculation of the SA that then is applied to the SLT prediction that would
likely end up below a function value resulting from N, DR, C, and TIME. This will
result in a trouble indication so that the sensor can be serviced to restore operation.

One of the dynamic aspects of the present invention is that multiple factors
can be used to determine the sensitivity adjustment over time. These values of NL,
DR, and C can combine differently over time accor&ing to a predetermined function
to adjust the sensitivity and also determine the SLT so sensor maintenance can be
performed when required. A significant change in the value of NL, DR, or C can
cause an immediate re-calculation of the SA and SLT. A period of time can also
trigger this re-calculation.

Because the equations are dynamic, no internal predetermined SLT threshold
is used. Rather, new SLT thresholds are calculated on demand after sensor values are
received by the processing routines. The result is a more robust detector that adjusts
itself to the present condition of the sensor.

The generation of alarm and trouble separately enables the system to which
the detector, such as detector 10, is coupled to exhibit a proper response to the

detector's condition. The output indications can be transmitted in communication
7



WO 2006/023585 PCT/US2005/029299

messages, different wireless patterns, or different audio patterns which are emitted
from the detector 10.

From the foregoing, it will be observed that numerous variations and
modifications may be effected without departing from the spirit and scope of the
invention. Ttis to be understood that no limitation with respect to the specific
apparatus illustrated herein is intended or should be inferred. It is, of course, intended

to cover by the appended claims all such modifications as fall within the scope of the

claims.
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WHAT IS CLAIMED:

1. An apparatus comprising:
an electro-chemical sensor having an output signal;
circuitry coupled to the output signal and responsive to stochastic noise

therein to adjust a signal processing parameter associated with that signal.

2. An apparatus as in claim 1 where the circuitry includes a gain adjusting

circuit responsive to the stochastic noise.

3. An apparatus as in claim 2 where the gain adjusting circuit comprises

at least one of an adjustable amplifier, or, a programmable processor.

4. An apparatus as in claim 3 which includes circuitry to compare a
current stochastic noise parameter to a pre-stored parameter with the gain adjusting

circuit responsive thereto.

5. An apparatus as in claim 4 which includes circuitry for estimating a

life-time parameter of the sensor.

6. An apparatus as in claim 3 which includes temperature compensation
of the noise.
7. An apparatus as in claim 3 where the gain adjusting circuit alters a gain

parameter inversely with respect to variations in the stochastic noise.

8. An apparatus as in claim 3 where the gain adjusting circuit alters a

sensitivity parameter inversely with respect to variations in the stochastic noise.
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9. An apparatus as in claim 6 where the gain adjusting circuit alters a

sensitivity parameter inversely with respect to variations in the stochastic noise.

10.  An apparatus as in claim 9 which includes sensor lifetime estimating
circuitry.
11.  An apparatus as in claim 10 where the sensor lifetime estimating

circuitry comprises executable instructions.

12. An apparatus as in claim 7 where the gain adjusting circuitry

comprises executable instructions.

13.  An apparatus as in claim 12 which includes additional instructions for

estimating sensor lifetime.

14.  An apparatus as in claim 13 which includes filtering for the output

signal.

15. A gas detector comprising:

first software to evaluate a stochastic noise level of an electrical signal;'

second software to, at least in part, alter a gain parameter in response to the
noise level; and

third software to estimate a remaining lifetime parameter.

16. A detector as in claim 15 which includes software for, at least in part,

filtering the electrical signal.

17. A detector as in claim 15 which includes software for evalulating a gas

concentration.

10
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18. A detector as in claim 17 which includes additional software for, in

part, filtering the electrical signal.

19. A detector as in claim 18 which includes storage for the software, the

storage is coupled to a programmable processor.

20. A detector as in claim 19 which includes an electrochemical gas

Sensor.

21. A detector as in claim 20 which includes control software for altering a

sensitivity parameter relative to sensed gas.

22. A detector as in claim 21 which includes software to estimate a

lifetime of the sensor.

23. A detector as in claim 22 which includes software for, at least in part,

filtering the electrical signal.

24. A method comprising:

sensing an electrical signal indicative of a selected condition;

sensing noise in the electrical signal,

comparing the noise, to pre-stored indicia, and responsive thereto adjusting a

sensitivity parameter associated with the selected condition.

25 A method as in claim 24 where the sensitivity parameter is adjusted

inversely relative to the results of the comparing.

26. A method as in claim 24 where the sensing comprises sensing

stochastic noise.

11
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27, A method as in claim 24 which includes estimating, responsive to

sensed noise, a lifetime parameter of a source of the signal.

28. A method as in claim 24 which includes sensing an initial noise

parameter and storing same as the pre-stored indicia.

29. A method as in claim 28 which includes using the sensitivity paramter

to make a lifetime estimate.

30. A method as in claim 29 which includes transmitting an indicia

indicative of remaining lifetime to a remote location to facilitate maintenance.

31. A method of adjusting the sensitivity in an electrochemical gas sensor
that produces an output signal comprising:

establishing a first sensitivity value for an electrochemical gas sensor;

measuring the electrical noise level in the output signal of the gas sensor;

establishing a reference electrical noise value representative of the gas sensor
operating at the first sensitivity value; and

adjusting a sensitivity value from a first sensitivity value to a different
sensitivity value based, at least in part, on the measured electrical noise level and the

reference electrical noise level.

32. A method as in claim 31 where the adjusted sensitivity value is used to
establish a time-value representative of the time remaining until the electrochemical

sensor should be replaced.

33. A method as in claim 32 where the time-value is compared to a
predetermined replacement threshold value and a fault indication given if the time-

value is less than the said replacement threshold value.

12
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34. A method as in claim 32 which includes establishing a remaining
sensor lifetime and comparing it to a predetermined replacement threshold value to

determine if the sensor should be replaced.

35. A method as in claim 33 where the fault indication is different than an

alarm indication.

36. A method as in claim 31 where the adjusting includes the averaging of
electrical noise in the signals from the sensor over time to determine the measured

electrical noise level.

37 A method as in claim 31 where the adjusting excludes the measured

electrical noise level when gas is present for the sensor to respond to.

38. A method as in claim 31 where the adjusting includes, at least in part,

the measured electrical noise level during the sensing of gas by the sensor.

39. A method of determining the functionality of an electrochemical
sensor in a gas detecting apparatus, comprising:

measuring the electrical noise level in an output signal of an electrochemical
gas sensor circuit;

establishing a predetermined threshold;

comparing the electrical noise level to the predetermined threshold,;

performing an electronic functionality test of the electrochemical sensor if the
electrical noise level is lower than the predetermined threshold; and

indicating a trouble condition if the electrochemical sensor fails the electronic

functionality test.

13
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40. A method as in claim 39 where the electronic functionality test
includes applying a test current to the sensor and monitoring the current out of the

sensor after the test current has been removed.

41. A method as in claim 39 where the electronic functionality test
includes applying a test current to the electrochemical sensor and monitoring the

output of the sensor during the application of the test current.

42. A method as in claim 39 where the electronic functionality test
includes measuring the impedance of the electrochemical sensor and comparing that

impedance to predetermined limits.

43, A method as in claim 39 where the trouble indication is different than

an alarm indication.

44, A gas detecting apparatus comprising:

an electrochemical sensor;

circuitry including a processor coupled to the electrochemical sensor, the
processor receiving signals from the circuitry indicative of noise in the electrical
signals from the electrochemical sensor and establishing a noise value associated with
the electrochemical sensor;

circuitry for comparing the noise value with a predetermined limit value;

electronic test circuitry for determining a functionality condition of the
electrochemical sensor; and

output circuitry coupled to the processor to indicate the functionality condition

of the electrochemical sensor.

45. A gas detecting apparatus as in claim 44 where the output circuitry

comprises communication circuitry.

14
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46. A gas detecting apparatus as in claim 44 where the output circuitry

includes a light emitting device.

47. A gas detecting apparatus as in claim 44 where the output circuitry

includes a sound emitting device.

48. A method of adjusting the sensitivity in an electrochemical gas sensor
which produces an output signal comprising:

establishing a sensitivity value for the electrochemical sensor to relate its
output signal to a gas concentration, the sensitivity value having a first sensitivity
value representative of a non-degraded sensor,

measuring an electrical noise level in the output signal of the electrochemical
gas sensor during the sensing of gas;

establishing a reference electrical noise level representative of the
electrochemical gas sensor operating at the first sensitivity value; and

adjusting the sensitivity value from the first sensitivity value to a different
sensitivity value based, at least in part, upon the electrical noise level in the output

signal of the electrochemical gas sensor during the sensing of gas.

49. A method of adjusting the sensitivity in an electrochemical gas
detecting apparatus, comprising the steps of:

establishing a sensitivity value for the electrochemical sensor to relate an
electrical output signal to a concentration of a selected gas, the sensitivity value
having a first sensitivity value representative of a non-degraded sensor;

measuring a noise level in the output signal of the electrochemical gas sensor
in the absence of the selected gas;

measuring the electrical noise level in the output signal of the electrochemical
gas sensor during the sensing of gas;

establishing a reference electrical noise level representative of the

electrochemical gas sensor operating at the first sensitivity value; and
15
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adjusting the sensitivity value from the said first sensitivity value to a different
sensitivity value based at least in part upon the said electrical noise level in the output
signal of the electrochemical gas in response to sensing the selected gas and in the

absence of the selected gas.

50.  An electrochemical gas detector comprising:

an electrochemical gas sensor with an output;

a high pass filter;

a low pass filter, inputs of both filters are coupled to the sensor output;
control circuits coupled to both filters, the control circuits, responsive, at least

in part, to filtered sensor outputs, determine an estimated remaining life-time.

51. A gas detector as in claim 50 where the control circuits include
software which adjusts a sensitivity value from a first value, to a second value in

response to sensed electrical noise from one of the filters.

52.  An apparatus as in claim 1 wherein an increase in stochastic noise
above a predetermined threshold, in the absence of sensed gas, is indicated by at least
one of a light emitting device, a sound emitting device, or a signal transmitted from

the device.

16



WO 2006/023585

CO Detector signal (valts)

PCT/US2005/029299
1/4
0.6
°0 /
04 /
0.2 /
0.1 ——
00 ) T T T T
0 20 40 60 80 100 120
Fig. 1A
052604COtesiNg
GAS RESPONSE TEST
2.2 1
(Started 100ppm
2.1 COlinND)
20 \ el
N \L
18 —
17
19000 19500 20000 20500 21000 21500 22000
TIME (sec) Fig. 1B



WO 2006/023585 PCT/US2005/029299
2/4

06

0.4 /
0.3 /
0.1 /

00 T T T Iv T
0 20 40 60 80 100 120
Fig. 1A
052604COtesiN2
GAS RESPONSE TEST
2.2 1
(Started 100ppm
21 COlAND)
il

\
o kL

1.8 F——

CO Detector Signal (valts)

1.7 -
19000 19500 20000 20500 21000 21500 22000

TIME (sec) Fig. 1B
052604COtestN2
GAS RESPONSE TEST
30 ;
< ]
x 261
2 ]
g 2.9 i | I1|| I |
<
©
5 18
w J
S
g M T
A ]
8 1.0

19000 19500 20000 20500 21000 21500 22000

TIME (sec)

Fig. 1C



WO 2006/023585

3/4

PCT/US2005/029299

1 ATUF
YW VW | VWA
10 39K 10uF 47
5V
W 12
SENSOR 2N
C L —
I + =
14 _MN N
14A 1 _16A J?‘ 16
BIAS -  BIAS
925 VOLTS 18A 18B (2.5 VOLTS
( OLTS) \ s )
SIGNAL NOISE CONTROL |~ 928
18 INPUT  INPUT SOFTWARE
MICROPROCESSOR —EE50M-
1scf¢ o L 26A
INTERFACE | .1
= CIRCUITS

A
N
v 24

TO/FROM
WIRED MEDIUM

At_1 IS

sample value

previous




WO 2006/023585 PCT/US2005/029299

4/4

FIG. 5

1002

/~102
Measure the CO sensor signal
y — . 4104
Remove transient signals from CO sensor signal
L , - : £7106
Calculate running average of maximum noise values AvgMAX
Y ‘ 108
Calculate running average of minimum noise values AvgMIN
y L 110
Calculate the noise level NL = AvgMAX - AvgMIN
Y F112
Calculate the average CO signal AvgCO
y , , , L 114
- Calculate the maximum of AvgCO over time period
Y : — — [ 116
Calculate the minimum of AvgCO over time period
L] , - . — £118
Determine the drift range DR as the maximum of AvgCO - minimum of AvgCO
L] , 4120
Measure the capacitance of the CO sensor \
v S : : L0122
Compute the sensitivity adjustment for the CO signal as a function of NL, DR, and C
L ] L 124
Calculate the sensitivity adjustment SA = F{NL, DR, C Time, FS} wherein FS is the
factory sensitivity during manufacturing
L] , , [7126
Determine the compensated sensor signals CSS = FS*SA
Y — , ; : ——47128
Compute the sensor life time SLT = F{MLT, SA} wherein MLT is the maximum life
time under ideal conditions
v _ __ L 130
If SLT < predetermine time, then output a TROUBLE indication
Y 132
If F{CSS, Time} > GAS ALARM THRESHOLD, then output an ALARM indication




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

