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CURRENT SIGNATURE SENSOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims benefit under 35 U.S.C. §119(e)
of U.S. Provisional Application Scr. No. 60/318,095, filed
Sep. 7, 2001, which is incorporated hercin by reference.

JOINT GOVERNMENT EMPLOYEE AND
SMALL BUSINESS OR NONPROFIT
CONTRACTOR INVENTIONS

The invention described herein was made in the perfor-
mance ol work under NASA contract and by employecs of
the United States Government and is subject to the provi-
sions of Public Law 96-517 (35 U.S.C. §202) and may be
manufactured and used by or for the Government for gov-
ernmental purposes without the payment of any royalties
thereon or therefore. In accordance with 35 U.S.C. §202, the
contractor elected not to retain title.

FIELD OF THE INVENTION

The present invention relates generally to current signa-
turc sensors and in particular the present invention relates to
monitoring electrical current in solenoid valves.

BACKGROUND OF THE INVENTION

Health of electromechanical systems and specifically of
solenoid valves is a primary concern of the Space Shuttie
program. The potential of delaying scheduled launch of
vehicles and/or personncl injury due to failure of electro-
mechanical systems requires the program to continuously
disassemble, inspect and test Ground Support Equipment
valves and flight systems valves to assure their readiness.
Furthcrmore, disasscmbly inspection and testing of thesc
systems pose an additional potential risk of hardware failure.

Flow Control Valves (FCV) arc part of a flight system
which requires extensive monitoring and testing. At the
present time, ground systems using current measuring tech-
niques arc utilized to perform these tests. Performances of
these tests have to be scheduled during the Space Shuttle
processing operations. They arc a one-time monitoring
process, not a continuous process.

There is a need to incorporate monitoring devices in flight
syslems to be able to continuously monitor the health and
performance of thesc valves during real operating condi-
tions. It is very advantageous to the program io detect
degradation and/or potential problems before they happen.
This will not only provide a safer operation but will save
funding spent on unnecessary inspections.

Solenoid valve status indicators arc oficn based upon
microswitches that work by physically contacting a valve’s
poppet assembly. Movement of the poppet serves (0 move
the microswitch. This movement, in turn, physically opens
and closes the electrical switch that is connected to a remote
monitoring system that functions to indicate the valve status.
All of the physical contact and movement tends to be very
unrcliable and is subject to wear and tcar of the assemblies,
friction, breakage of the switch, and even leakage of the fluid
(gas or liquid) in the valve. Historically, the performance of
the microswilches is so poor and costly that many solcnoid
valve systems clect o forgo moniloring performance of the
valve. Instcad, thesc systems rely on costly maintenance
service to check and periodically replace the microswitches/
valves.

U.S. Pat. No. 6,326,898 issucd Dec. 4, 2001 describes a
solenoid plunger position detection algorithm that allows a
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technician to determine if a plunger of a solenoid completes
a pre-determined travel Iength. A measured transition time
of the solenoid (monitoring the actuation current) is com-
pared to a predctermined data or average of scveral sole-
noids. The slope of current versus time is used to identify the
initial and final times of the transition. As such, U.S. Pat. No.
6,326,898 provides an indication of performance against
average values, but does not provide an indication of the
health of a solenoid.

For the rcasons stated above, and for other reasons stated
below which will become apparent to those skilled in the art
upon rcading and understanding the present specification,
there is a need in the art to accurately monitor the current
health and predict the potential failure of solenoids.

SUMMARY OF THE INVENTION

The above-mentioned problems with monitoring the
health of solenoids and other problems are addressed by the
present invention and will be understood by rcading and
studying the following specification.

In one embodiment, a method for insitu dctermining the
health and performance of a solenoid valve comprises
processing an electrical current signature of the solenoid
valve. Wherein processing the electrical current signature
comprises monitoring peaks and valleys of an electrical
current of the solenoid valve and recording a timec corre-
sponding to each of the peaks and vallcys, and recording the
slopes and magnitudes of the electrical current. The method
further comprises comparing the electrical current signature
with a historical profile or a learned profile of the solenoid
valve clectrical current, and providing a notification when
out of specification conditions arc encountercd based upon
the comparison.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate graphs of solenoid operating
currents;

FIG. 2 is a block diagram of an embodiment of a valve
health monitoring system of the prescnt invention;

FIG. 3 illustrates an embodiment of a valve health moni-
toring system of the present invention;

FIG. 4 is a graphical represcntation of the operation of an
embodiment of a valve hcalth monitoring system of the
present invention; and

FIG. 5 is another graphical rcpresentation of the operation
of an embodiment of a valve health monitoring system of the
present invention.

In the following detailed description of thc preferred
cmbodiments, reference is made lo the accompanying
drawings, which form a part hereof, and in which is shown
by way of illustration specific preferred embodiments in
which the inventions may be practiced. These embodiments
are described in sufficient detail to enable those skilled in the
art to practice the invention, and it is to be understood that
other embodiments may be utilized and that logical,
mechanical and clectrical changes may be madc without
departing from the spirit and scope of the present invention.
The following detailed description is, therefore, not 1o bc
taken in a limiling sense, and the scope of the present
invention is defined only by the claims.

Investigations into ways of extending or even climinating
periodic maintenance of solecnoid valves has resulted in the
ability to determine a valve’s clectrical current signature.
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From this, it has been determined that a monitoring system
can report on the opcrating characteristic or “health” of the
solenoid and help detecrminc when a specific valve might
nced servicing or cven replacement.

The present invention is directed to a smart current
signaturc scnsor (SCSS) that measures the magnetic field
gencrated by the electrical current in solenoid valves. The
sensor’s design achicves its goals in a non-invasive manner.
The sensor continuously processes the measured current 10
provide information about the valve’s health and perfor-
mance. The sensor is capable of detecting degradation or
potential failures. Although the present embodiment of the
SCSS uses a hall effect sensor to measure the magnetic field
generated by the electrical current to acquire the current
signaturc of the solecnoid valve, other scnsing means like
shunt bridges and precision resistors could be uscd by the
system without performance degradation. The non-invasive
characlteristic of the system will be lost in this embodiment.

The smart current signature sensor monitors both steady
state and “Turn On” and *““Turn O transitions of the current
signal in the solenoid. The solenoid’s current presents
unique characteristics (signatures), especially during thesc
transitions, which have very characteristic peaks and valicys
that repcat every operating cycle. They happen at very
defined times and have a very defined current magnitude and
shape. As clectrical and/or mechanical degradation occurs in
the solenoid valve, the signature changes both in time,
magnitude, and shape, thus becoming a clear indication of
degradation or potential problems.

An embodiment of a current signaturc sensor design of
the present invention includes a sclf-contained, non-invasive
smart sensor for valve health monitoring and failurc predic-
tion. Real-time continuous compensation is provided for
magnet sensor lechnology related to offset and scnsitivity
(gain) drifts due to temperaturc variations (design corrects
automatically output crror due to environmental tcmperature
changes). Valve Health Monitoring (VHM) and trending
analysis can be performed by way of current signaturc
processing. An algorithm including the first order derivative
of the time domain current signature was developed. Peaks
and valleys (signatures) of the current signal arc detected
and time-tagged. Additionally, slopes and current magni-
tudes are recorded. As explained below, these points give an
accurate representation of the valve bchavior and the con-
dition of its mechanical and electrical components.

Electrical and/or mechanical degradation, and perfor-
mance verification are accomplished by thc monitoring
system. Software algorithms running in the system check
valve performance, compared to a nominal valve behavior,
and notify a user when out of specification conditions arc
cncountered.

Prior to describing the present invention in greater detail
a description of the problem addressed may be helplul.
During a process lo identify arcas of improvements in the
Space Shuttle, it was desircd 1o monitor the health of the
Space Shuttle Main Engine (SSME) Flow Control Valve
(FCV) and to predict potential problems. It was desired to
havc a totally non-invasive sensor that would monitor the
desired parameter (in this casc, current) without becoming a
part of the system and thus not adding an additional failure
point. Further, it was desired 10 not only monitor the
parameter but to be able to draw conclusions bascd on this
mecasurement and predict the functionality and health of the
device. Ultimately, to predict a failurc before it happens.

The most commonly monitored parameters in a solenoid
valve like the one identified above are voltage and current.
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The solenoid temperature, although not normally monitored,
also gives useful information regarding the health of the
systern. Current flowing through the solcnoid valve and
supply voltage characterize its clectrical parameters. Since
the preferred embodiment of the systcm is a non-invasive
system, the magnetic ficld generaled by the solenoid’s
electrical current is the primary parameler monitored in the
prescnt invention. Some examples of problems that have
direct influence on the valve’s current magnitude and shape
arc, variations in coil impedance due to coil degradation or
partial short-circuit of the winding, and mechanical degra-
dation of the moving components of the valve due to forcign
objects intrusion or misalignment of the components. Sole-
noid internal valve temperaturc also provides additional
indication of the solenoid operation and health. That is, an
increase on the power dissipation raiscs the valve tempcra-
ture accordingly.

As mentioned above, monitoring of the current signaturc
of a solenoid provides an indication of the health of the unit.
By performing current signature monitoring, the steady statc
electrical current value of the solenoid in the “ON" and
“OFF” states and the “TURN ON” and “TURN OFF”
transition areas are monitored. Electrical current versus time
is monitored to identify unique characteristics (signatures)
of the solenoid, specifically during these transitions.

Shuttle Operations periodically perform testing of the
FCV during ground operations and have recorded current
signatures for many of the solenoids installed in each of the
vehicles. There is an extensive database documenting the
FCV current signatures. This operation is done manually
(1abor-intensive process) on the ground during hardwarc
processing. It is highly desirablc 1o monitor these currents
during actual flight opcrating conditions (rcal opecrating
conditions) as well as to automatc the monitoring process
during ground operations.

The data gathered during ground operations shows that
cach Flow Control Valve (FCV) monitorcd has a very
defined current signature. It also shows that the current
signature is very repcatable. A mechanical or electrical
anomaly in the FCV solenoid valve is rcflected with a
changc in the current signature trace associated to it. FIGS.
1A and 1B shows typical current signatures for a valve. FIG.
1A is a smoothed current curve illustrating turn-on 100 and
turn-off 110 shapes. FIG. 1B focuses on thc transition
locations for a flow control valve LV56 S/N CRP 1006 in the
Space Shuttle Main Propulsion System (MPS) installed in
OV-103 orbiter during STS-96 missions. As shown in FIG.
1B, the “TURN ON” 100 and “TURN OFF” 110 transitions
for each of these current signatures have very characteristic
peaks and valleys that repeat every cycle. They happen at a
very defined times and have very defined currcnt magnitude.
As clectrical/mechanical degradation occurs in the solenoid
valve, these peaks and valleys change both in time and
magnitude, thus becoming clear indicators of potential prob-
lems.

The hardware portion of the current signature scnsor is
composcd of a signal acquisition asscmbly 120 and a signal
conditioner and controller asscmbly 140, as shown in FIG.
2. The signal acquisition assembly contains a magnetic
scnsor 122 and a (cmperature scnsor 124. As cxplained
bclow, in onc embodiment it also contains a flux concen-
trator as well as a shielding cage for the magnetic sensor.
The magnetic sensor selected in onc embodiment is a lincar
Hall Effect sensor manufacturcd by Allegro MicroSysiems,
Inc. This sensor was sclected becausc of its clectrical
performance and small size.

The magnetic sensor and temperaturc sensor arc pro-
cessed by the signal conditioner and controller assembly
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140. The assembly includes analog conditioners (signal
amplifiers, offset and gain error correction circuits, and
electrical noise filters) 142 and 144 to process the magnetic
scnsor output 150 and the temperaturc scnsor output 151,
respectively. An analog to digital converter (ADC) 146
preparcs the signals for digital signal processor (DSP)148. A
DSP is the preferred imbodiment for a controller. A control-
ler could also be a micro-processor or a micro-controller.
The DSP adjusts the magnetic sensor output with a feedback
signal 152 to conditioner 144. The DSP also processes the
magnetic sensor signals as explained below. An external
processor 149 and memory 153 can be used to process,
display, and storc the valve current profiles for user’s future
use.

The Hall effect sensor 122 translates the magnetic field,
causcd by the current conducted by the solenoid, into an
clectrical signal. Orientation of the surrounding magnetic
field with respect to the sensing area inside the Hall Effect
sensor is required to obtain maximum performance. The
output voltage developed by the sensor is linearly propor-
tional to the surrounding magnetic field until the sensor
reaches saturation. Referring to FIG. 3, an illustration of an
embodiment of a signal acquisition assembly is provided.
The signal acquisition assembly is located around a current
conducting wire 160 of a valve device (not shown), such as
the positive power supply. A Hall effect sensor 154 is located
within a flux concentrator 170. That is, in order to maximize
the concentration of magnetic field (flux) through the Hall
effect sensing area, a flux concentrator is used. The flux
concentrator can be fabricated out of mild steel. To prevent
unwanted external magnetic fields interacting with the field
to be measured, a shielding cage 180 is utilized around the
sensor/concentrator assembly.

The Hall effect sensor is coupled to a circuit board 190
that can contain the controller circuitry 140 of FIG. 2 (not in
the present preferred embodiment). The temperature sensor
200 inside the signal acquisition assembly is used to perform
offset and sensitivity (gain) drift compensation of the Hall
effect sensor due to temperature. Duc to the extreme varia-
tions in environmental temperature experienced during a
Shuttle Mission, temperature compensation of the magnetic
sensor is required to achieve the desired accuracy for this
measurement. The temperature sensor selected in this pre-
ferred embodiment is a precision integrated circuit tempera-
ture sensor manufactured by National Semiconductors. This
sensor provides a voltage output that is directly related to
temperature (in degree Kelvin). It was also selected because
of its performance and small size.

The signal conditioner and controller assembly is respon-
sible for converting the low-level raw signal coming out of
the signal acquisition assembly into a signal that is suitable
to the user. The following are some of the functions that the
signal conditioner and controller assembly arc capable of
performing. Converting a low-level raw signal from the
signal acquisition asscmbly into a manageable lcvel (0 to 5
Vdc output for a 0 to 5 amps input current). Automatically
compensating, in real-time, the current sensor assembly
offsct and gain drifts due to tcmperature effects. Performing
rcal-time calibration verification of the magnetic sensor
either performed automatically or commanded by the system
uscr. This is exccuted using a calibration coil 201 (FIG. 3)
coupled to provide a known magnetic field through the flux
concentrator. Performing real-time current signature analy-
sis and trend analysis, and informing a user if functional
degradation of the valve has occurred or a failure exists in
the valve.

As stated above, a temperature sensor has been included
in the signal acquisition assembly that provides the system
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with continuous monitoring of the assembly temperature.
Calibration scssions at various temperatures ar¢ performed
to characltcrize the Hall cffect sensor drifts versus tempera-
turc with known inputs. A compensation curve is then
calculated and programmed in the DSP for real-time adjust-
ments of these parameters. Digital controlled potentiometers
can be used in the pre-amplification stage and final ampli-
fication stage to compensate for any variations in the system
Tesponse over lemperature.

The DSP controller module is responsible for several
tasks. First, it contains the information required to perform
continuous real-time temperature compensation of the signal
acquisition assembly to assure good measurement accuracy.
The DSP calculates the required compensation and sets the
digital potentiometers in the analog module to adjust the
offset and gain scttings. Secondly, it performs recal-time
current signature analysis and trending. Every valve cyclc is
monitored and health paramecters are calculated to verify
valve performance is within the nominal parameters. A more
detail cxplanation of how this is performed is provided
below. Additionally, the controller is capable of performing
current signature learning. When this capability is per-
formed by the DSP, the system is connected to a nominal
valve. Cycling this solenoid valve ON and OFF provides the
system with current signature examples of a nominal valve
behavior. Parameler extraction is performed and stored by
the controller to be used as a template for comparison when
the system is operational to determine valve behavior.

Digital communication (RS-232) is also provided in the
DSP controller module. It serves to perform sensor
calibration, command and control, and low sampling rate
signal acquisition. The system can be designed in a modular
manner and tailored to any application. A real-time calibra-
tion modulc incorporates the calibration coil 201 as part of
the signal acquisition assembly. The calibration module,
commanded by the DSP controller module or by the user,
performs a calibration verification cycle of the sysiem to
verify performance of the current signature sensor has not
degraded.

Valve health analysis and failure prediction are performed
using software algorithms residing in the DSP controller
module. The system analyzes the current signature signal
provided by the signal acquisition assembly/analog module.
Information about specific characteristics (features) of the
current signature signal is extracted from the analog signal
and compared against stored information of the solenoid
valve behavior. The comparisons performed are graded as
nominal, borderline or failurc. An account of these results is
stored as well as forwarded to the user for further action.

As explained above, investigations into ways of extending
or even ecliminating periodic maintenance has revealed that
a monitoring system can report general valve “health” and
indicate when a specific valve might need servicing or cven
replacement to avoid failure. In particular, softwarc running
in a DSP can analyzc thc incoming data (recorded valve
current signaturc) and determine the staie of the valve
whether it is cnergized, de-energized, or in a transitioning
state. It is noted that primarily during the transition phasc the
softwarc identifies key features in the current signature and
is thus able to determine the “health” of the valve.

The software can be used to identify the following fea-
tures: the time the value begins to transition, the time of
maximum change in current in-rush or out-rush, the time
poppet movement begins, the amplitude of the current
required to initiate poppet movement, the time required for
the poppet to travel to and seat in its final position, the time
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the energizing current reaches steady state, the amplitude of
the encrgizing current, the minimum required holding cur-
rent before the poppet unscats, and the time required for the
poppel to unscat. From the data collecled in monitoring
these featurcs, a determination can be made regarding the
general operating characteristics, i.c., health, of the valve.
Potcntial problems that may be identified during the moni-
toring process may be impeded operation such as jammed
poppet travel, burnt or shorted windings in the solenoid,
friction build-up in the valve, faulty valve spring, incorrect
operating voltage or temperature or pressure, bounce during
the poppet seating process, and failurc of anti-arcing cir-
cuitry.

In onc embodiment of the present invention, a valve’s
current signature is continuously sampled at about 10K
samples per second with 10 bits of digital resolution. Each
new samplc is communicated Lo the controlier. The software
running on the controller performs a number of functions
including: buffcring, filtering, feature identification and
cxtraction, and general valve health assessment. The bufl-
cred data is filtered with a 117-cocflicient (1ap) finitc impulse
responsc (FIR) filter modeled after a 500 Hz low-pass Besscl
filter. The Bessel filter was chosen because it has a very
gradual transition band in the frequency domain that mini-
mizcs artificially inserted ringing in the time domain while
reducing noisc in the signal.

Feature identification may be accomplished by locating
peaks, valleys and zero crossings of a difference filter output
of the signal. The difference filter is computed by subtracling
consccutive data points. When the valve is fully energized or
dc-energized, the difference filter output will fluctuate rap-
idly around zero. Idcally, the output would be cquai to zero,
but noisc will causc the signal to fluctuate. When the valve
begins o energize, the difference filter output will tend to
have a strong posilive departure from fluctuating around
zero. The output riscs to peak at the maximum rate of current
in-rush and then gradually drops as the magnetic ficld in the
solenoid builds-up. The difference signal will cross zero
when the poppet valve movement begins and continue to
drop as the magnetic ficld pushes the poppetl against the
spring. The sccond zcro crossing will occur when the poppet
scats into its final position. The diffcrence filter output
continues 1o rise as the magnetic ficld strengthens in holding
force.

As the magnetic field nears its maximum holding force,
the difference filter output will gradually drop and return to
fluctuating around zero. The valve is now fully energized at
a steady statc. During the dc-cnergizing transition, the
differcnce filter output will have a strong negative departure
from fluctuating around zero. The output continues to drop
until a maximum ratc of magnctic ficld collapsc is reached.
The output heads back toward zcro and crosses zero when
the poppet unscats and is pushed back by its spring. The
difference filter output crosscs zcro again when the valve
returns to the de-energized state and then slowly rises back
to fluctuating around zero as the magnetic cnergy stored in
the valve completely dissipatces.

The software starts a counter when a zero crossing in the
difference filter output is detected. When a valve state
transition is detected by the strong departurc from fluctuat-
ing around zero, the softwarc records valve paramecters
corresponding to the signal ampliude and time of the
following peaks, valleys, and zero crossings that correspond
to the features of interest. So long as the valve paramcters
are within predetermined tolerances, the valve is considered
10 be acceptably healthy. The valve parameters may also be
supplied to a trained ncural nctwork which can identify

20

25

30

35

40

45

50

55

60

65

8

anomalics such as impcded poppet travel, faulty spring,
shorted solenoid coils, clc.

A simplc algorithm-has been devised to detect the desired
specific characteristics in the current signaturc signal. A
first-order derivative of the time-domain signal is calculated
real-time. Peaks and valleys of current signature signal are
detected by time tagging the signal transitions from positive
to negative and vice versa (zero-crossing transitions).

In operation, the system monitors the current signature
signal to detect valve activation (energize or dec-energizc
state), as well as to calculate a first derivative of the signal.
As soon as valve actuation is detected, the system deter-
mines whether the valve is being encrgized or de-cnergized
and starts a serics of timers accordingly.

Referring to Table I and FIG. 4, if the valve is being
energized, the system calculates and records an average of
the first derivative current magnitude 210 after valve actua-
tion is detected 212 (valvc current 208) but before the first
zero crossing 214 is detecled. By doing this, an average
slope of the first transition is recorded. The system monitors
the current signature first derivative to detect the first zero
transition 214 of the signal. Once the transition is detected,
the system time-stamps the cvent as well as records the
magnitude of the current drawn by the valve at that instance.
By doing this, the first pcak 215 of the signaturc is defined.
The system calculates and records an average of the current
magnitude after the first zero crossing is detected but before
the second zero crossing 216 is detected. By doing this, an
average slope of the sccond transition is recorded.

TABLE |

Seguence of Events for “TURN-ON" cycle.

SEQ. Timer Current Magnitude

#  Opecration Action Action

SO Steady State No-Current No Action Sample and record

current magnitude

S1  Valve Activation Detected  Timer 1: 1# derivative calcu-

Starts lation starts

S2 Transition beforc 1* zero-  Timer 1: Calculate 1% deriva-

crossing is detected counts tive average magni-
tude and record
(Slopel)

S3  1* zero-crossing detected  Timer 1: Current magnitude
(1* peak detccted) stops and re-  is recorded

cords Timer
2: starts

S4 Transition after 1" zero- Timer 2: Calculate 1* deriva-
crossing but beforc 2™ counts tive average magni-
£€TO-Crossing tude and record

(Slope2)

S5 2" zero-crossing detected  Timer 2: Current magnitude
(1* valley detected) stops and is recorded

records Timer
3: starts

S6 Transition after 2™ zero-  Timer 3: Calculate 1% deriva-
crossing but before sicady  counts tive average magni-
state FFull-Current. tude and record

(Slope3)

§7 Steady State condition Timer 3: Current magnitude
detected stops and is recorded
(reached) records

S8 Stcady Staic Full-Current  No Action Sample and record

current magnitude
1** derivative
calculation stops

The system monitors the current signature first derivative
210 to detect the second zero transition 216 of the signal.
Once the transition is detected, the system time-stamps the
cvent as well as records the magnitude of the current drawn
by the valve at that instance. By doing this, the first valley
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217 of the signature is defined. The system calculates and
rccords the average of the current magnitude after the
second zero crossing 216 is detected but before the steady
state current 218 is detected. By doing this, an average slope
of the third transition is rccorded. Further, the system waits
until a steady state operation of the valve is achicved and
records the magnitude of the current.

Referring to Table 2 and FIG. §, if the valve is
de-encrgized the system calculates and records an average of
the first derivative current magnitude 210 after valve
de-actuation 226 is detected but before the first zero crossing
228 is detected. By doing this, an average slope of the first
transition is recorded. The system monitors the current
signature first derivative to detect the first zero transition 228
of the signal. Once the transition is detected, the system
time-stamps the cvent as well as records the magnitude of
the current drawn by the valve at that instance. By doing
this, the first valley 229 of the signature is defined.

TABLE 2

Sequence of Events for “TURN-OFF” cycle.

SEQ. Timer Current Magnitude
No. Operation Action Action
S9 Steady State Full-Current  No Action  Sampic and record
curren{ magnitude
S10 Valve De-activation Timer 4: 1% derivative calcula-
Detected starts tion starts
S11 Transition before 1* zero-  Timer 4: Calculate 1°* derivative
crossing is detected counts average magnitude and
record (Slope4)
S12 1™ zero-crossing detected  Timer 4: Current magnitude is
(1% valley detected) stops and recorded
records
Timer 5:
starts
S13 Transition after 1** zero- Timer 5: Calculate 1% derivative
crossing but before 274 counts average magnitude and
ZCro-crossing record (Slope5)
S14 2" zero-crossing detected  Timer 5: Current magnitude is
(1* peak detected) stops and recorded
records
Timer 6:
starts
S15 Transition after 2™ zero-  Timer 6: Calculate 1** derivative
crossing but before steady  counts average magunitude and
state No-Current record (Slope6)
S16 Stcady State condition de-  Timer 6: Current magnitude is
tected (reached) stops and recorded
records
S17 Steady State No-Current No Action  Sample and record

current magnitude
1% derivative calcula-
tion stops.

The system then calculates and records an average of the
current magnitude after the first zero crossing 228 is
detected but before the second zero crossing 230 is detected.
By doing this, an average slope of the second transition is
recorded. The system monitors the current signature first
derivative to detect the second zero transition 230 of the
signal. Once the transition is detected, the system time-
stamps the event as well as records the magnitude of the
current drawn by the valve at that instance. By doing this,
the first peak 231 of the signaturc is defined. The system
calculates and records an average of the currcnt magnitude
after the second zero crossing 230 is detected but before the
steady state no-current 232 is detected. By doing this, an
average slope of the third transition is recorded. The system
wails until a sicady state operation of the valve is achieved
and records thc magnitude of the current.

The measured parameters are then compared to the ones
contained in the system. An uncertainty range for each of
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these paramclers is established to account for normal valve
diffcrences as well as measurement errors, and a decision is
madc whether the valve falls within what is considered
nominal opcration, or determines if a potential failure has
been detected. Number of on/off valve cycles and statistics
of nominal cycles, borderline cycles and failed cycles are
recorded by the system to be downloaded by the user.

A benefit of cmbodiments of the present invention is the
automatic identification of the features using a very small
sample of the current signature. In contrast, most algorithms
require that the entire current signature transition be
rccorded beforc data processing can begin, whereas an
algorithm in the present invention works on each data point
as the current signature is sampled. This both reduces the
required memory capacity and provides a quicker answer
(the features are identified and valve paramcters are mea-
sured as the valve transitions, instead of first recording the
entire transaction and then post processing the collected
data).

Further, at the expense of minor amount of processing and
memory capability, adding a minimum/maximum filter and
a counter can cnhance the difference filter. In this
embodiment, the width of a sliding window used to find the
local minimum and maximum values is specified. Anytime
the min/max value changes, the counter is reset. When the
counter reaches one less than the width, a peak is found by
the max filter and valley is found by the min filter. These
pcaks and vallcys correspond to the zero crossings in the
difference filter output. The width of the sliding window is
used to refine the filters’ noise rejection. A wider window
rcquires more memory and processing, bul rcjects more
noise.

CONCLUSION

A solenoid health monitoring system has been described
that uses analog circuitry and a controller. The preferred
embodiment for a controller is a DSP. The analog circuitry
is responsible for providing signal conditioning to the low-
level raw signal coming {rom a signal acquisition assembly.
Software running in a DSP analyzes the incoming data
(recorded current signature) and determines the state of the
solenoid whether it is cnergized, de-cnergized, or in a
transitioning state. In one cmbodiment, the software identi-
fies key features in the current signature during the transition
phasc and is able to determine the “health” of the solenoid.

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 substitutcd for the specific
embodiment shown. For example, additional zero crossings
(4 more after the 2™ zero crossing) can also be monitored
and recorded. This is helpful when determining the health of
the valve especially in borderline cases. 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 cquivalents
thercofl

What is claimed is:

1. A method for insitu determining the health and perfor-
mance of a solenoid valve comprising:

processing an clectrical current signature of the solenoid

valve comprising,

monitoring peaks and valleys of an electrical current of
the solenoid valve and recording a time correspond-
ing to cach of the pcaks and valleys, and

recording the slopes and magnitudes of the electrical
current;
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comparing the electrical current signature with a historical
or learned profile of the solenoid valve electrical cur-
rent; and

providing a notification when out of specification condi-
tions arc encountered based upon the comparison.
2. The method of claim 1 wherein processing the electri-
cal current signature of the solenoid valve comprises:

calculating and recording an average of a first derivative
current magnitude after valve actuation is detected but
before a first zero crossing is detected;

monitoring the first derivative to detect the first zero
crossing;

recording a time-stamp of the first zero crossing and
recording a magnitude of electrical current drawn by
the valve at the time of the first zero crossing;

calculating and recording an average of the current mag-
nitude afier the first zero crossing is detected but before
a second zero crossing is detected;

monitoring the first derivative to detect the second zcro
crossing;

recording a time-stamp of the second zero crossing and
recording a magnitude of electrical current drawn by
the valve at the time of the second zero crossing;

calculating and recording an average of the current mag-
nitude after the sccond zero crossing is detected but
before a steady state electrical current is detected; and

recording a magnitude of an electrical current during
steady state operation.

3. The method of claim 1 wherein the processing an

clectrical current signature of the solenoid valve compriscs:

calculating and recording an average of a first derivative
current magnitude after valve de-actuation is detected
but before a first zero crossing is detccted;

monitoring the first derivative to detect the first zero
crossing;

recording a time-stamp of the first zero crossing and
recording a magnitude of electrical current drawn by
the valve at the time of the first zero crossing;

calculating and recording an average of the current mag-
nitude after the first zero crossing is detected but before
a sccond zcro crossing is dctected;

monitoring the first derivative to detect the second zero
crossing;

recording a time-stamp of the second zero crossing and
recording a magnitude of electrical current drawn by
the valve at the time of the second zero crossing;

calculating and recording an average of the current mag-
nitude after the second zero crossing is detected but
before a steady statc clectrical no-current is detected;
and

rccording a magnitudc of an clectrical current during
steady statc no-current operation.

4. The method of claim 1 further comprising:

grading the comparison as nominal, borderlinc or failure;
and

recording a number of operated cycles of the solenoid
valve and a number of graded nominal, borderlinc and
failed comparisons.

5. A moniloring system to determinc a health of a solenoid

valve comprising:

a signal acquisition assembly having a magnetic sensor to
translalc a magnetic ficld produced by the solenoid
valve during operation around it into an electrical
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output voltage, wherein the magnetic field represents
an opcrating current of the solenoid valve;

a signal conditioner for providing signal conditioning to
an output signal of the signal acquisition unit; and

a controller o perform real-time current signature analy-
sis and trending of the conditioned output signal,
wherein the controller monitors peaks and valleys of
the conditioned output signal and records a time cor-
responding to each of the peaks and valleys, and
records slopes and magnitudes of the conditioned out-
put signal, the controller further compares the condi-
tioned output voltage with a historical or learned profile
of the solenoid valve, and provides a notification when
out of specification conditions are encountered based
upon the comparison.

6. The monitoring system of claim § wherein the signal

conditioner comprises:

a temperature sensor, wherein the signal conditioner com-
pensates the magnetic sensor output in response to the
temperature sensor.

7. The monitoring system of claim 6 wherein the magnetic

sensor is a linear Hall Effect sensor.

8. The monitoring system of claim 6 further comprises:

a flux concentrator to concentralc the magnetic ficld on
the magnetic sensor; and

shiclding to block externally produced magnetic ficlds.

9. The monitoring system of claim 6 wherein the control-
ler grades the comparison as nominal borderline or failure,
and records a number of operated cycles of the solenoid
valve and a number of graded nominal, borderline and failed
comparisons.

10. The monitoring sysiem of claim 6 wherein the con-
troller calculates an average of a first derivative magnitude
of the magnetic sensor output after the solenoid valve is
actuated but before a first zero crossing is detecled, the
controller monitors the first derivative to detect the first zero
crossing and records a time-stamp of the first zero crossing
and a corresponding magnitude of the magnetic sensor
output.

11. The monitoring system of claim 10 wherein the
controller calculates an average of the magnctic sensor
output magnitude after the first zero crossing is detected but
beforc a second zero crossing is detected, and monitors the
first derivative to detect the second zcro crossing, thc
controller records a lime-stamp of the second zero crossing
and a corresponding magnitude of the magnetic sensor
output.

12. The monitoring system of claim 11 wherein the
controller calculates an average of the current magnitude
after the sccond zero crossing is detected but before a sieady
slate clectrical current is detected, and records a magnitude
of the magnetic sensor output during stcady statc operation.

13. The monitoring system of claim S§ wherein the con-
troller exccutes a software algorithm to perform current
signaturc learning by connccting the monitoring system 1o a
nominal valve, and cycling thc nominal valve ON and OFF
1o obtain current signature cxamples of the nominal valve
behavior, further parameter cxtraction is performed and
stored by the controller to be used as a template for com-
parison with the solenoid valve.

14. The monitoring system of claim 6 wherein the con-
troller calculates an average of a first derivative magnitude
of the magnetic sensor output after the solenoid valve is
de-actuated but before a first zero crossing is detected, the
controller monitors the first derivative to detect the first zero
crossing and records a time-stamp of the first zero crossing
and a corresponding magnitude of the magnetic sensor
output.
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15. The monitoring system of claim 14 wherein the
controller calculates an average of the magnetic sensor
output magnitude after the first zero crossing is detected but
before a second zero crossing is detected, and monitors the
first derivative to dctect the second zero crossing, the
controller records a time-stamp of the second zero crossing
and a corresponding magnitude of the magnetic sensor
output.

14

16. The monitoring system of claim 15 wherein the
controller calculates an average of the current magnitude
afler the second zero crossing is detected but before a steady
state clectrical no-current is detected, and records a magni-
tude of the magnetic scnsor output during steady state
operation.



