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(57) ABSTRACT 

A multi-sensor transducer and processing method allow 
insitu monitoring of the senor accuracy and transducer 
‘health’. In one embodiment, the transducer has multiple 
sensors to provide corresponding output signals in response 
to a stimulus, such as pressure. A processor applies indi- 
vidual weight factors to reach of the output signals and 
provide a single transducer output that reduces the contri- 
bution from inaccurate sensors. The weight factors can be 
updated and stored. The processor can use the weight factors 
to provide a ‘health’ of the transducer based upon the 
number of accurate versus in-accurate sensors in the trans- 
ducer. 

15 Claims, 3 Drawing Sheets 

tt 



U S .  Patent Jun. 29,2004 Sheet 1 of 3 

Measurement Error [%] 
m -4- c 7  cw - 0 

0 
0 
m 

0 
WJ 
N 

0 z 
Cluster Lifetime [% of single element lifetime] 

0 
m 
P 

US 6,757,641 B1 



U S .  Patent Jun. 29,2004 Sheet 2 of 3 US 6,757,641 B1 

Measurement Error [XI 
0 
7 co rD e. hl 0 

0 
0 
0 

0 
0 
Lo 

0 
0 
0 hl - - 

Cluster Lifetime [% of single element lifetime] 

0 
0 
In 

0 



U S .  Patent Jun. 29,2004 Sheet 3 of 3 

MEMORY 

US 6,757,641 B1 

REFERENCE 

1020 I I 

MULTIPLEX I 

/loo 
/lo4 

?'lo 



US 6,757,641 B1 
1 2 

MULTI SENSOR TRANSDUCER AND 
WEIGHT FACTOR 

ORIGIN OF INVENTION 

In another embodiment, a transducer comprises a plurality 
of sensors to provide a plurality of corresponding output 
signals in response to a stimulus, a memory to store a 
plurality of weight factors corresponding to the plurality of 

The invention described herein was made in the perfor- 5 sensors, and a Processor to apply a Plurality of weight 
mance of work under NASA contract and by an employee of factors to each of the Plurality of CorresPonding output 
the United States Government and is subject to the provi- signals and provide a single transducer Output. A multiplex 
sions of public L~~ 96-517 (35 u,s,c, 9202) and may be circuit selectively couples the plurality of corresponding 
manufactured and used by or for the Government for gov- output signals to the Processor. 
ernmental purposes without payment of any royalties 10 A method of providing an output from a multiple sensor 
thereon or therefore. In accordance with 35 U.S.C. 9202, the transducer comprises sampling an output signal from each of 
Contractor has elected not to retain title. the multiple sensors, and determining a weight factor for 

each sensor based upon the sampled output signals. The 
weight factor represents an accuracy level of the correspond- 
ing sensor. A single output signal is calculated by applying 
the weight factors to the sampled output signals. In one 
embodiment, the weight factors are calculated by the fol- 

FIELD OF THE INVENTION 

The present invention relates generally to transducers and 
in particular the present invention relates to determining a 
health state of transducers. 

BACKGROUND OF THE INVENTION 

- 
lowing algorithm, 

A transducer is a device that provides an output signal 2o l N  ( W ! ) - L C ( ” ’ + x ’ )  calibrated to a monitored stimulus, such as temperature or 
pressure. The relationship between the output and the moni- 
tored stimulus is designed to remain relatively stable. As the 
transducer ages, however, the transducer ‘health’ changes 
and the inputioutput calibration may change. 

There are many approaches to determine the health of a 
transducer. A healthy transducer is one that is reporting 
accurate output measurements. An unhealthy transducer is 
one that is either inoperable or reporting erroneous mea- 
surements not corresponding to the input stimulus it is 

2N I=I X I  XI 

where N is the number of sensors, W, is the corresponding 
weight factor for sensor i providing output signal x,. The 
single output signal, Xoutput, can be calculated by the 
following algorithm, 

2s 

N 

XI w, 
Xourpur = 7 

c WI 

30 

,=I receiving. Catastrophic failures of a transducer are obvious: 
either the sensor reports no value or it reports a value that is 

J=I completely untenable. These cases are easily detected. The 
more subtle case to prevent is where the sensor drifts, or its 35 
calibration changes, and the user has no way to determine 
whether the sensor is bad or the stimulus has changed. 

The canonical way to ensure a sensor’s accuracy is to 
compare that sensor with another. It may possibly be com- 
pared to a “transfer standard” that is known to be very stable 4o increasing number of elements in a cluster; 
and agree well with other standards. Regardless, in compar- 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph of a simulation of a multi sensor array 
algorithm of an embodiment of the present invention with an 

ing the questionable Sensor with another, known to be 
healthy, the user can determine the health of the sensor, After 

action could be taken, such as repair or recalibration, Of 45 

is a graph Of a Of a multi array 
Of an embodiment Of the present invention with an 

determining the state of the sensor’s health, then corrective 

course, this technique only works if at least one of the 
sensors is actually known to be accurate. When two arbitrary 
sensors are subjected to the same stimulus, if they report 

wrong. 50 embodiments, reference is made to the accompanying 
For the reasons stated above, and for other reasons stated drawings, which form a part hereof, and in which is shown 

below which will become apparent to those skilled in the art by way of illustration specific preferred embodiments in 
upon reading and understanding the present specification, which the inventions may be practiced. These embodiments 
there is a need in the art for determining a health of one or are described in sufficient detail to enable those skilled in the 
more transducers. 55 art to practice the invention, and it is to be understood that 

other embodiments may be utilized and that logical, 
mechanical and electrical changes may be made without 

The above-mentioned problems with transducers and departing from the spirit and scope of the present invention. 
other problems are addressed by the present invention and The following detailed description is, therefore, not to be 
will be understood by reading and studying the following 60 taken in a limiting sense, and the scope of the present 
specification. invention is defined only by the claims. 

In one embodiment, a transducer comprises a plurality of As stated above, the health of a sensor or transducer is 
sensors to provide a plurality of corresponding output sig- difficult to determine without removing the transducer from 
nals in response to a stimulus, and a processor to apply a its application and comparing its operation to a known 
plurality of weight factors to each of the plurality of corre- 65 healthy transducer. In applications were multiple sensors can 
sponding output signals and provide a single transducer be used, the outputs of the sensors could be compared. 
output. Increasing the number of sensors and obtaining agreement 

increasing rejection 

Present invention. 

and 
FIG. 3 illustrates a transducer of one embodiment of the 

DETAILED DESCRIPTION OF THE DRAWINGS 
differing values it is unclear which is right and which is In the following detailed description of the preferred 

SUMMARY OF THE INVENTION 
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between all the clcmcnts would increase confidence in the 
measurement. If sensor failures are rare, then failures could 
be easily picked out from the measurement cluster as those 

and let the kth one differ from the other N-1. In this case, the 
weight for each of the N-1 elements is: 

outliers that do not agree with the most-common value (the 
mode). Merely averaging of all the sensors values is not the 

are numerous techniques to determine reliability in a group 1 &#k l N  

l N  12 41 1 X!#k 
5 (WIik)f = -(- 2N Xk + Xy:k) - + %s[F+$] 

J#l 
best answer, because aberrant sensors may skew the average 
and the true output value would not be known. While there 

=-(- xk ) 2 N C ( l + 1 )  

= %(xk +GI+ N 

of measurements, an embodiment of the present invention 
provides a unique algorithm that takes input from multiple 

2N xk + x,k + 

J#l 
sensors and determines which are trustworthy and which are 
questionable. 

A common metrological practice is to use two measure- 
ment standards and monitor the ratio of their outputs. If the 
ratio ever changes, then one of the two sensors has failed, 15 
and both are re-calibrated (presumably by some other ‘‘true” 
standard). Embodiments of the present invention generalize 
this technique from two sensors to N sensors. 

mented by taking the sum of the ratio of every element to 2o 
every other element and then use this to determine a con- 
fidence level or weight of that particular element. If the 
measurement of sensor i is given by x, then: 

1 X!#k xk ( N  - l) 

And the Weight of the kth element is: 

1 

The generalization of the ratio method can be imple- 
i#k 

N~~ define the ratio-inverse ratio of the kth element to be: 

12.51 

12.11 25 
12.61 

And so the weight of the non- kth element from equation 
[2.4] becomes: Where W, is the weight applied to sensor i and N is the 

number of elements in the cluster. The reason that this sum 30 

sensors agree perfectly, then equation [2.1] should be equal 
to 1 for each element. If a single element disagrees with the 
others, then depending on whether the element is less than 
or greater than the other element, the weight will be differ- 35 
ent. Ideally the weight should be equal whether the ratio is 

further to: 

12.71 R ( N - 1 )  
2N N 

is the inverse weight will become evident later on, If all N (W!#k)-’ = + - 

And so equation ~2.51 becomes: 

( N  - 1)Rk + (wk)-l = ~ greater than one or less than 1. So equation [2.1] is modified 2N N 
12.81 

12.21 40 So that 

2N 2N 
wk = ( N  - l)Rk + W!#k = Ri  + 2(N - 1) 

Notice that the weights given by equation [2.2] are 45 
symmetric whether the ratio is greater than or less than one. 
After calculating these weights, the output of the sensor 

When 

cluster is given by: ( N  - 1)Rk 2 > Rk 2(N - 1) 

12.91 

12.101 

N or 

Rk > 2  

12.31 
4 w, 

,=I 
Xourpur = 7 

wJ 
J=I 

Which is always true. This means that the kth element will 
5s always be weighted less than the others that agree. That is 

In an implementation of the “ratio-inverse ratio” algo- the goal of discriminating the healthy sensors from the 
rithm [2.2], it is very easy to keep a running sum of the unhealthy sensors. 
weights, (WJ’, for each sensor after each measurement. In implementing the ratio-inverse ratio algorithm, all 
The running sum can be used for the weight in place of the elements are included in the output of the cluster. There 
weight for a single measurement. In this matter, a history for 60 should be some criteria to know when the total cluster has 
each sensor is kept. A sensor that continually fails will “failed”. The algorithm outlined here works by comparing 
gradually have a smaller weight and eventually will be only sensors with each other. It depends on the fact that there are 
minimally included in the output of the sensor cluster. By a majority of sensors that agree with each other. It is clear 
doing SO,  the cluster “learns” which sensors to trust and that if out of N sensors, there are no two that agree (within 
which not to trust. 65 some pre-defined “element rejection tolerance”), then there 

As an example, consider a cluster of N elements. Let the is no way of knowing the reliability of any of the sensors. 
measurement of N-1 elements of the cluster agree exactly Therefore, in one embodiment of the algorithm, when there 
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are less than three sensors that agree, the cluster has failed. bands increase. Increasing this parameter is an excellent way 
This determination can be made easily by setting a certain to increase the calibration cycle easily if the user decides a 
limit on the weight, equation [2.2], for each sensor. When larger confidence band is acceptable. 
there are less than three sensors with a weight, Wi, greater 
than some predetermined limit, then the cluster ahs failed. 5 indicate that the ratio-inverse ratio algorithm described 

The algorithm outlined above can be applied to any group above allows successful monitoring of the health of trans- 
of sensors. In order to have adequate control and test this ducers. The simulation is probably one of the strongest 
algorithm in a timely manner, a Monte Carlo technique was proofs of the algorithm because, in an actual device for 
implemented. In this technique an independent random testing purposes, it is difficult to know whether a given 
value was generated for each element to represent a mea- 10 element has actually ailed without disturbing the system, 
surement. The generated measurements were then fed into and it is also difficult to know the actual stimulus (There 
the Multi-Sensor Array algorithm to test it. After a pre- must be some “standard” to compare to). When applying the 
defined period of time, any given element fails and the algorithm to a specific set of devices, it is imperative to 
algorithm distinguishes those that have failed from the thoroughly study the failure mechanisms of the elements, 
otherwise randomly distributed noise in the measurements. 15 model those mechanisms in the Monte Carlo, and test the 
One advantage with this simulation is that the performance algorithm’s performance with those elements. 
of the algorithm can be really tested because the failure of ~i~~~ that the method is sound, one symbiotic technology 
the sensors can be controlled and is known. for this algorithm is Micro-Electro-Mechanical Systems, 

In the simulation, a “measurement” of an individual MEMS. MEMS technology is well established in the sensors 
element has a Gaussian (or Normal) distribution about a 2o industry. These sensors are produced by the same bulk 
mean of 100 with a standard deviation of 1. Each element production methods as silicon: there are hundreds of virtu- 
has a randomly picked lifetime exponentially distributed ally identical elements fabricated on a single die. Currently 
with an average of 5000 measurements. After every the manufacturers cut the individual elements apart to make 
measurement, the sensors lifetime is decremented by one. separate sensors. It would be very easy to stop that process 
When a sensor’s lifetime reaches zero it undergoes a “fail- 25 in the die-cutting stage and make sensors with multiple 
ure” that is simulated by allowing its mean to change by a elements in one package. This is the perfect front end for the 
random amount up to 210% of its current value and its ratio-inverse ratio algorithm. 
standard deviation to increase by a random amount of up to Apart from the bulk production capabilities, MEMS sen- 
10% of its current value. After a failure, a new lifetime for sor clusters have other advantages, one of the 
that element is randomly Chosen and the Process repeats. In 30 underlying assumptions of any sensor array algorithm is that 
this manner, the sensor will “drift” and become noisier with all are experiencing the Same stimulus, one of the 
time. best ways to ensure like-excitations of all elements is to 

Clearly, more sensors in the cluster result in better geometrically locate them in close proximity. Minimizing 
statistics, so that the advantages of the algorithm is apparent 35 the spatial separation is a good way to ensure uniform 
with larger numbers. FIG. 1 shows the results of the simu- stimulus of all sensors in the array. A MEMS cluster of 
lation as the number of sensors in the cluster increases. The elements could all be on the same substrate where on the 
lifetime of the cluster asymptotically approaches 275% of order of a thousand elements could be in one square milli- 
the average lifetime of a single element. This behavior is meter. 
a h o s t  saturated by about 20 elements in the cluster. TO 4o Referring to FIG. 3, a transducer 100 of one embodiment 
maximize lifetime for these parameters, there is not much of the present invention is described, The transducer 
advantage to more than 20 elements in the cluster. In FIG. includes eight independent Sensors 102,-102,, such as pres- 
1 it can also be seen that both the maximum and the average sure sensors, In one embodiment, the Sensors are Lucas 
error from the actual measurement (a luxury afforded by the Novasensor Npp-301 0-15 PSI surface mount pressure 
simulation) decrease as the number of elements in the cluster 45 sensors, The Sensors are located in a housing 104 such that 
increases. Towards the larger number of elements, the aver- they are in close proximity to each other, An eight channel 
age error even dips below the error for a single element, 1%. multiplexer 106 is located in the housing and couples the 

In embodiments of the present invention it is possible to sensors to an external processor 108. In one embodiment, 
feedback some error bands and remaining lifetime to the the processor is an Analog Devices ADU816 and contains 
user and allow the user to decide a course of action. For so peripherals necessary to complete the transducer. For 
example, if it was known that 30 out of 100 sensors have example, a 16-bit analog-to-digital converter (ADC) 110, a 
“failed” and that the resulting cluster will only report a bandgap voltage reference 112, non-volatile memory 114, 
measurement within 25%, the user can decide whether that and a serial communications port. 
uncertainty is tolerable or to replaceirecalibrate the sensor. In operation, the processor cycles through the multiplexer 
At a later time, when 70 out of 100 sensors have “failed” and 55 to measure the output voltage from each sensor. The output 
the error band has increase to +lo%, the user may decide voltage is converted to a pressure reading using a linear 
that the sensor needs to be replaced. In this manner, the user calibration weight, or coefficient for the sensor. The coeffi- 
has the option to trade lifetime for reliability in a formal cients are calculated as explained above and stored in 
manner. In applications where replacing the sensor is not an 
option, the user will still have a measurement albeit with an 60 measurements are then entered into the multiple Sensor 
increasing error band. 

FIG. 2 shows results of the Monte Carlo simulation as the 
“rejection” parameter increases. This rejection parameter is 
the number that decides when an individual sensor has A multi-sensor transducer and processing method have 
“failed”. The cluster fails when the algorithm decides there 65 been described to allow insitu monitoring of the senor 
are less than three reliable sensors. Not surprisingly, with accuracy and transducer ‘health’. In one embodiment, the 
increasing rejection tolerance, both the lifetime and the error transducer has multiple sensors to provide corresponding 

The positive from the Monte carlo 

non-volatile memory 114, see algorithm [2.2]. The pressure 

algorithm [2.3] and a single pressure value is provided. 

CONCLUSION 
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output signals in response to a stimulus, such as pressure. A 
processor applies individual weight factors to reach of the 
output signals and provide a single transducer output that 
reduces the contribution from inaccurate sensors. The 
weight factors can be updated and stored. The processor can 
use the weight factors to provide a 'health' of the transducer 
based upon the number of accurate versus in-accurate sen- 
sors in the transducer. 

Although specific embodiments have been illustrated and 
described herein, it will be appreciated by those of ordinary 
skill in the art that any arrangement, which is calculated to 
achieve the same purpose, may be substituted for the specific 
embodiment shown. This application is intended to cover 
any adaptations or variations of the present invention. 
Therefore, it is manifestly intended that this invention be 
limited only by the claims and the equivalents thereof. 

What is claimed is: 
1. A transducer comprising: 
a plurality of sensors providing a plurality of correspond- 

ing output signals in response to a stimulus; and 
a processor for calculating a health of the transducer by 

applying a plurality of weight factors to each of the 
plurality of corresponding output signals for calculat- 
ing a number of inaccurate sensors of the plurality of 
sensors and for providing a single transducer output. 

2. The transducer of claim 1 further comprising a multi- 
plex circuit to selectively couple the plurality of correspond- 
ing output signals to the processor. 

3. The transducer of claim 1 wherein the processor uses 
the weight factors of the plurality of sensors to identify a 
transducer failure. 

4. A transducer comprising: 
a plurality of sensors to provide a plurality of correspond- 

ing output signals in response to a stimulus; 
a processor to apply a plurality of weight factors to each 

of the plurality of corresponding output signals and 
provide a single transducer output; and 

said transducer having the weight factors for each of the 
plurality of sensors calculated by 

where Wi is the corresponding weight factor for sensor 
i providing output signal xi. 

5. The transducer of claim 4 wherein the single transducer 
output, Xoutput, is calculated by 

6. A transducer comprising: 
a plurality of N sensors for providing a plurality of 

corresponding output signals in response to a stimulus; 
a memory for storing a plurality of weight factors corre- 

sponding to the plurality of sensors; 
a processor for calculating the health of the transducer by 

applying a plurality of weight factors to each of the 
plurality of corresponding output signals for calculat- 
ing a number of inaccurate sensors of the plurality of 
sensors and providing a single transducer output; and 

5 

10 

1s 

20 

2s 

30 

3s 

8 
a multiplex circuit for selectively coupling the plurality of 

7. The transducer of claim 6 wherein the plurality of 

8. A transducer comprising: 
a plurality of N sensors to provide a plurality of corre- 

sponding output signals in response to a stimulus; 
a memory to store a plurality of weight factors corre- 

sponding to the plurality of sensors; 
a processor to apply a plurality of weight factors to each 

of the plurality of corresponding output signals and 
provide a singe transducer output; 

a multiplex circuit to selectively couple the plurality of 
corresponding output signals to the processor; and 

said transducer having the plurality of weight factors for 
each of the plurality of sensors is calculated by 

corresponding output signals to the processor. 

sensors are pressure sensors. 

where Wi is the corresponding weight factor for sensor 
i providing output signal xi, and the single transducer 
output, Xoutput, calculated by 

9. Amethod of providing an output from a multiple sensor 

sampling an output signal from each of the multiple 
sensors, wherein the multiple sensors are N sensors; 

determining a weight factor for each sensor based upon 
the sampled output signals, wherein the weight factor 
represents an accuracy level of the corresponding sen- 
sor; 

calculating a single output signal by applying the weight 
factors to the sampled output signals; 

calculating a health of the transducer by calculating a 
number of inaccurate sensors of the multiple sensors. 

10. The method of claim 9 further comprises: 
storing the weight factors for subsequent use; and 
updating the stored weight factors such that the transducer 

learns which sensors of the N sensors are reliable and 
which are unreliable via the weight factors. 

11. A method of testing a multiple sensor transducer 

sampling an output signal from each of the multiple 
sensors; 

determining a weight factor for each sensor based upon 
the sampled output signals, wherein the weight factor 
represents an accuracy level of the corresponding sen- 
sor; and 

calculating a health of the transducer by calculating a 
number of inaccurate sensors of the multiple sensors. 

12. The method of claim 11 wherein the multiple sensors 
are N sensors, and the weight factors are calculated by the 
following algorithm, 

transducer comprising: 

40 

4s 

50 

ss comprising: 

6o 

6s 
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S 
where W i  is the corresponding weight factor for sensor i 
providing output signal xi. 

15. The method of claim 14 wherein the single output 
signal, Xoutput, is calculated by the following algorithm, 

where W i  is the corresponding weight factor for sensor i 
providing output signal xi. 

13. The method of claim 11 further comprises: 10 

applying the weight factor to each of the sampled output 

calculating a single transducer output using the weighted 

14. The method of claim 13 wherein the weight factors are 

signals; and 

output signals. 1s 

calculated by the following algorithm, * * * * *  


