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(57) ABSTRACT 

A solenoid health monitoring system uses a signal condi- 
tioner and controller assembly in one embodiment that 
includes analog circuitry and a DSP controller. The analog 
circuitry provides signal conditioning to the low-level raw 
signal coming from 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 energized, de-energized, or in a transitioning 
state. In one embodiment, the software identifies key fea- 
tures in the current signature during the transition phase and 
is able to determine the “health” of the solenoid. 

16 Claims, 5 Drawing Sheets 
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CURRENT SIGNATURE SENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATION 

technician to detcrmine if a plunger of a solenoid complctcs 
a prc-dctcrmined travel Icngth. A mcasurcd transition time 
of thc solenoid (monitoring the actuation current) is com- 
pared to a predctcrmincd data or averagc of scvcral solc- 

This application claims bench1 under 35 U.S.C. $1 1 9 ( ~ )  5 noids. Thc slope of current versus timc is used to identify thc 
initial and final times of thc transition. As such, U.S. Pat. No. 
6,326,898 providcs an indication of pcrformancc against 
average values, but does not providc an indication of thc 
health of a solenoid. 

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

of u,S, Provisional Application scr. No. 60/318,)95, filed 
Scp. 7, 2001, which is incorporatcd hcrcin by reference. 

JOINT GOVERNMENT EMPLOYEE AND 
SMALL BUSINESS OR NONPROFIT 

CONTRACTOR INVENTIONS 

The invention described herein was madc in the pcrfor- 
mmce of work under NASA contract and by employees of 
the United States Government and is subject to the provi- 
sions of Public Law 96-517 (35 U.S.C. 9202) and may be l 5  
manufacturcd and used by or for the Government for gov- 
Cmmental Purposes without the Payment of any royalties 
thereon Or therefore. In accordance with 35 U.S.C. 9202, the 
contractor elected not to retain title. 

10 

SUMMARY OF THE INVENTION 

The above-mentioned problems with monitoring thc 
health of solenoids and problems arc addrcsscd by the 
present invention and will be understood by rcading and 

20 studying the following specification. FIELD OF THE INVENTION 

The prcscnt invention relates general1 y to current signa- 
ture 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 
solcnoid valves is a primary concern of thc Spacc Shuttle 
program. The potential of delaying scheduled launch of 
vehicles and/or personnel injury due to failure of electro- 
mechanical systcms rcquires the program to continuously 
disassemble, inspect and test Ground Support Equipment 
valves and flight systcms valvcs to assure their readiness. 
Furthcrmorc, disasscmbly inspcction and testing of thesc 
systcms pose an additional potential risk of hardware failure. 

Flow Control Valves (FCV) arc part of a flight system 
which rcquircs cxtcnsivc monitoring and testing. At the 
present timc, ground systcms using current mcasuring tech- 
niqucs arc utilized to perform thcse tests. Performances of 
thcsc tests havc to bc schedulcd during the Spacc Shuttle 
processing operations. They arc a one-time monitoring 
process, not a continuous process. 

There is a need to incorporate monitoring devices in flight 
systems to be able to continuously monitor the health and 
pcrformancc of thesc valves during real operating condi- 
tions. It is vcry advantagcous to the program to detect 
dcgradation and/or potential problems bcforc thcy happen. 
This will not only provide a safcr operation but will save 
funding spent on unnecessary inspections. 

Solenoid valve status indicators arc oftcn based upon 
microswitchcs that work by physically contacting a valve’s 
poppet asscmbly. Movcment of thc poppct serves to movc 
the microswitch. This movemcnt, in turn, physically opens 
and closcs thc electrical switch that is conncctcd to a remote 
monitoring system that functions to indicate thc valvc status. 
All of thc physical contact and movement tcnds to bc vcry 
unrcliablc and is subjcct to wcar and tcar of the assemblies, 
friction, breakage of thc switch, and evcn lcakage of thc fluid 
(gas or liquid) in the valvc. Historically, thc pcrformancc of 
thc microswitchcs is so poor and costly that many solcnoid 
valve systcms elect to forgo monitoring pcrformancc of the 
valve. Instcad, thesc systems rely on costly maintenance 
service to chcck and periodically rcplacc the microswitchesl 
valves. 

U.S. Pat. No. 6,326,898 issucd Dec. 4, 2001 describes a 
solenoid plunger position detection algorithm that allows a 

In one embodiment, a method for insitu dctcrmining the 
health and performance of a solenoid valvc comprises 
processing an electrical current signature of the solenoid 

25 valve. Whcrein processing the electrical currcnt signature 
comprises monitoring peaks and vallcys of an electrical 
current of the solenoid valve and recording a timc corre- 
sponding to each of the pcaks and vallcys, and recording the 
slopes and magnitudes of thc electrical current. The method 

3o further comprises comparing the electrical currcnt signature 
with a historical profile or a learned profilc of thc solenoid 
valvc clccvical current, and providing a notification when 
out of specification conditions arc encountcrcd based upon 
the comparison. 

BRIEF DESCRIFTION OF THE DRAWINGS 35 

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

FIG. 2 is a block diagram of an cmbodiment of a valvc 

FIG. 3 illustrates an embodiment of a valve health moni- 

FIG. 4 is a graphical represcntation of the operation of an 
45 embodiment of a valve hcalth monitoring system of thc 

prescnt invention; and 
FIG. 5 is anothcr graphical rcpresentation of thc operation 

of an embodiment of a valve health monitoring systcm of the 
prcscnt invention. 

DETAILED DESCIiiPTiON OF THE DRAWiiu’GS 

In thc following detailcd description of thc prercrrcd 
cmbodimcnts, reference is madc to the accompanying 
drawings, which form a part hcreof, and in which is shown 

55 by way of illustration spccific prcfcrrcd cmbodimcnts in 
which thc invcntions may bc practiccd. Thcsc cmbodimcnts 
arc dcscribcd in suficicnt dctail to enable those skilled in thc 
art to practicc thc invention, and it is to be undcrstood that 
other cmbodimcnts may be utilimd and that logical, 

60 mcchanical and clcctrical changcs may be madc without 
departing from thc spirit and scope of thc prescnt invention. 
The following detailed description is, thereforc, not to bc 
taken in a limiting sense, and the scope of the prcscnt 
invention is defincd only by the claims. 

Invcstigations into ways of cxtending or even climinating 
periodic maintenance of solcnoid valvcs has rcsultcd in thc 
ability to determine a valvc’s electrical current signaturc. 

currents; 

40 health monitoring system of thc present invention; 

toring systcm of the present invention; 

50 

65 
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From this, it has bccn detcrmincd that a monitoring system The solenoid tempcraturc, although not normally monitorcd, 
can report on the operating characteristic or “hcalth” of thc also givcs useful information regarding thc health of thc 
solenoid and help dctcrminc whcn a spccific valvc might systcm. Current flowing through thc solcnoid valvc and 
nccd scrvicing or cvcn replacement. supply voltage characterkc its clcctrical paramctcrs. Sincc 

the preferred cmbodiment of the system is a non-invasivc 
system, the magnctic ficld generatcd by thc solenoid’s Thc prcscnt invcntion is directed to a smart current 

signaturc scnsor (SCSS) that mcasurcs thc magnctic field electrical 
gcncratcd by thc elcctrical current in solcnoid valves. The present invention, examples of problems that have 
sensor’s dcsign achicves its goals in a non-invasivc manner. direct on the magnitude and 
The sensor continuously proccsscs thc mcasurcd current to arc, in coil impedance duc to coil degradation or 
provide information about thc V d V C ’ S  hcalth and perfor- lo  partial short-circuit of the winding, and mechanical dcgra- 
mancc. The Sensor is capable of detecting degradation Or dation of the moving components of the valvc due to forcign 
potential failures. Although thc prcscnt cmbodimcnt Of the objects intrusion or misalignment of the components. Sole- 
SCSS uses a hall effect sensor to measurc the magnctic field noid internal valve temperaturc also provides additional 
gcncrated by thc clcctrical current to acquire thc Current indication of thc solenoid operation and health. That is, an 
signature of the solcnoid valve, other sensing mcans likc I5 increase on the power dissipation raiscs the valve tempcra- 
shunt bridgcs and prccision rcsistors could be uscd by the ture accordingly. 
system without perfoormancc degradation. Thc non-invasive As mcntioncd above, monitoring of thc currcnt signaturc 
charactcristic of the system will be lost in this cmbodimcnt. of a solcnoid provides an indication of the health of thc unit. 

is the primary parameter monitored in 

The smart current signature Sensor monitors both steady BY Performing current signature monitoring, the steady state 
current 20 electrical CUKCnt V d U C  O f  the solenoid in thc “ON” and and y-urn on*, and ‘ s ~ ~ ~  or, transitions of 

“OFF” states and thc “TURN ON” and “TURN OFF’ signal in the solenoid. The solenoid’s current presents 
transition areas arc monitored. Elcctrical current versus timc 

of the solenoid, specifically during these transitions. transitions, which have very charactcristic peaks and vallcys 
that repeat every operating cycle. Thcy happcn at very Shuttle Opcrations periodically pcrform tcsting of thc 

FCV during ground opcrations and have rccorded currcnt defined times and havc a very defined current magnitude and 
shape. As clectrical andor mechanical degradation occurs in signatures for many of solenoids installed in each of the 

magnitudc, and shapc, thus becoming a clear indication of FCV current signaturcs. This is done manually 
degradation or potential problcms. 30 (labor-intcnsivc process) on the ground during hardware 

An cmbodimcnt of a currcnt signaturc sensor design of processing. It is highly dcsirablc to monitor thcsc currcnts 
thc present invention includes a sclf-contained, non-invasivc during actual flight operating conditions (real operating 
smart sensor for valve health monitoring and failurc predic- conditions) as well as to automatc the monitoring process 
tion. Rcal-time continuous compensation is provided for during ground operations. 
magnet Sensor tcchnohY related to OfPsCt and sCnsitivitY 35 The data gathered during ground opcrations shows that 
(gain) drifts due to tcmperaturc variations (dcsign COrrCCtS each flow Control valve (FCV) monitored has a very 
automatically output crror due to environmental tcmperaturc defined current signature, 11 also shows that thc Current 
changes). Vahe Health Monitoring (VHM) and trending signature is very repcatablc. A mechanical or electrical 
analysis C a n  be Performed by way of current signature anomaly in thc FCV solenoid valvc is rcflcctcd with a 
Processing. An algorithm including thc first order d ~ ~ v a t i v c  40 changc in the current signature trace associated to it. FIGS. 
of the time domain current signature was dcveloPCd. Peaks 1.4 and 1B shows typical current signatures for a valvc. FIG. 
and (signatures) Of signal arc 1A is a smoothed current curvc illustrating turn-on 100 and 
and time-taggcd. Additionally, slopcs and currcnt magni- turn-off 110 shapes. HG. 1B focuscs on thc transition 
tudes arc rccordcd. AS explained below, these points give an locations for a flow control valve LV56 SN CRP 1006 in thc 
accurate representation Of the valve bchavior and the con- 45 space Shuttle ~~i~ Propulsion System ( ~ p s )  installed in 
dition of its mechanical and electrical componcnts. OV-103 orbiter during STS-96 missions. As shown in FIG. 

Electrical andor mechanical degradation, and pcrfor- lB ,  the “TURN ON’ 100 and “TURN OFF” 110 transitions 
mance verification are accomplished by thc monitoring for each of thcsc currcnt signatures have very charactcristic 
system. Software algorithms running in the systcm chcck peaks and valleys that rcpcat every cycle. Thcy happcn at a 
valve perfoormancc, compared to a nominal valvc behavior, 50 vcry defined times and havc very dcfined currcnt magnitudc. 
and notify a user whcn out of specification conditions arc As clcctrical/mechanical degradation occurs in thc solcnoid 
cncountcrcd. valvc, thcse peaks and valleys changc both in timc and 

Prior to dcscribing the prcscnt invention in grcatcr detail magnitude, thus becoming clear indicators of potcntial prob- 
a description of the problcm addrcsscd may bc hclpful. lems. 
During a process to identify arcas of improvcmcnts in thc 55 Thc hardwarc portion of thc current signaturc scnsor is 
Space Shuttle, it was desircd to monitor thc hcalth of thc composcd of a signal acquisition asscmbly 120 and a signal 
Spacc Shuttlc Main Engine (SSME) Flow Control Valvc conditioner and controllcr asscmbly 140, as shown in FIG. 
(FCV) and to predict potential problcms. It was dcsircd to 2. Thc signal acquisition asscmbly contains a magnctic 
havc a totally non-invasivc scnsor that would monitor thc scnsor 122 and a tcmpcrature scnsor 124. As cxplaincd 
dcsircd parametcr (in this casc, currcnt) without bccoming a 60 bclow, in one cmbodimcnt it also contains a flux conccn- 
part of the systcm and thus not adding an additional failurc trator as wcll as a shielding cagc for thc magnctic scnsor. 
point. Further, it was desired to not only monitor thc Thc magnetic scnsor selcctcd in onc embodiment is a linear 
paramctcr but to be able to draw conclusions bascd on this Hall Effect sensor manufactured by Allegro MicroSystcms, 
mcasuremcnt and predict the functionality and hcalth of thc Inc. This sensor was selected becausc of its electrical 
device. Ultimately, to predict a failurc bcforc i t  happens. 

Thc most commonly monitored paramctcrs in a solenoid The magnetic sensor and tempcraturc scnsor arc pro- 
valve likc the one identified above arc voltage and currcnt. cessed by the signal conditioncr and controller asscmbly 

unique characteristics (signatures), especially during these is monitored to identify 

25 

the solenoid VaIVC, the signature changes both in time, vehicles. nerC is an extensive database documenting thc 

65 pcrformancc and small size. 
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140. The assembly includes analog conditioners (signal with continuous monitoring of the assembly temperature. 
amplifiers, offset and gain error correction circuits, and Calibration sessions at various temperatures arc performed 
electrical noise filters) 142 and 144 to process the magnetic to characterize the Hall effect sensor drifts versus tempera- 
Scr~Sor output 150 and the tcmpcraturc Sensor output 151, ture with known inputs. A compensation curve is then 
rCsPcctivelY. An analog lo digita1 converter (ADC) 146 5 calculated and programmed in the DSP for real-time adjust- 
preparcs the signals for digital Signal ProcCSSor (DSP1148. A ments of these parameters. Digital controlled potentiometers 
DSP is thc preferred imbodimcnt for a controller. A control- can be used in the prc-amplification stage and final ampli- 
ler could also be a micro-processor or a micro-controller. fication for any variations in the system 
The DSP adjusts the magnetic sensor output with a feedback response signal 152 to conditioner 144. The DSP also processes the 1o 

signals as explained below, external The DSP contro~~er module is responsible for several 
processor 149 and memory 153 can be used to process, tasks. First, it contains the information required to perform 
display, and Store valve current profiles for user’s future COntinUOUS real-time tCmperatUre Compensation of the signal 
use. acquisition assembly to assure good measurement accuracy. 

The Hall effect sensor 122 translates the magnetic field, The DSP calcdatcs the required compensation and Sets the 
caused by the current conducted by the solenoid, into an l 5  digital potentiometers in the analog module to adjust the 
electrical signal. Orientation of the surrounding magnetic offset and gain settings. Secondly, it performs real-time 
field with respect to the sensing area inside the Hall Effect current signature analysis and trending. Every valve cycle is 
sensor is required to obtain maximum performance. The monitored and health parameters are calculated to verify 
output voltage developed by the sensor is linearly propor- valve performance is within the nominal parameters. A more 
tional to the surrounding magnetic field until the sensor 20 detail explanation of how this is performed is provided 
reaches SaturatiOn. Referring to FIG. 3, an ihstration Of an below. Additionally, the controller is capable of performing 
embodiment of a signal acquisition assembly is provided. current signature learning. When this capability is per- 
The signal acquisition assembly is located around a current formed by the DSP, the system is connected to a nominal 
conducting wire 160 Of a Valve device (not shown), such as valve, Cycling this solenoid valve ON and OFF provides the 

within a flux concentrator 170. That is, in order to maximize behavior. Parameter extraction is performed and stored by 

effect sensing area, a flux concentrator is used. The flux the system is operational to determine valve behavior. concentrator can be fabricated out of mild steel. To prevent 
unwanted external magnetic fields interacting with the field 3o Digital communication (RS-232) is also providcd in the 
to be measured, a shielding cage 180 is utilized around the DSP controller 
sensor/concentrator assembly. calibration, command and control, and low sampling rate 

is coupled to a circuit board 1w signal acquisition. The system can be designed in a modular 
that can the controller circuitry 140 of LIG. (not in manner and tailored to any application. A real-time calibra- 
the present preferred embodiment), The SenSOr 35 tion module incorporates the calibration coil 201 as part of 
200 inside signal acquisition assembly is used to the signal acquisition assembly. The calibration modulc, 

etfect perfoms a calibration verification cycle of the system to 

Shuttle Mission, temperature compensation of the magnetic 40 degraded. 
sensor is required to achieve the desired accuracy for this Valve health analysis and failure prediction are performed 
measurement. The temperature sensor selected in this pre- using Software algorithms residing in the DSP controkr 
ferred embodiment is a precision integrated circuit tempera- module. The System analYLeS the current Signature Signal 
ture sensor manufactured by National Semiconductors. This provided by the Signal acquisition assembWanalog module. 
sensor provides a voltage output that is directly related to 45 Information about Specific Characteristics (features) of the 
temperature (in degree Kelvin). It was also selected because current Signature signal is extracted from the analog Signal 
of its performance and small size. and compared against stored information of the solenoid 

The signal conditioner and controller assembly is respon- valve behavior. The comparisons performed are graded as 
sible for converting the ~ o w - ~ e v e ~  raw signal coming of nominal, borderline or failure. An account of these results is 
the signal acquisition assembly into a signal that is suitable 5n stored as 
to the user. The following are some of the functions that the As explained above, investigations into ways of extending 
signal conditioner and controller assembly arc capable of or even eliminating periodic maintenance has revealed that 
performing. Converting a low-level raw signal from the a monitoring system can report general valve “health’ and 
signal acquisition assembly into a manageable level (0 to 5 indicate when a spccific valve might need servicing or even 
Vdc output for a 0 to 5 amps input current). Automatically 55 replacement to avoid failure. In particular, software running 
compensating, in real-time, the current sensor assembly in a DSP can analym the incoming data (recorded valve 
offset and gain drifts due to temperature effects. Performing current signature) and determine the state of the valve 
real-time calibration verification of the magnetic sensor whether it is energized, de-energized, or in a transitioning 
either performed automatically or commanded by the system state. It is noted that primarily during the transition phase the 
user. This is executed using a calibration coil 201 (FIG. 3) 60 software idcntifies key features in the current signature and 
coupled to provide a known magnetic field through the flux is thus able to determine the “health’ of the valve. 
concentrator. Performing real-time current signature analy- The software can be used to identify the following fea- 
sis and trend analysis, and informing a user if functional tures: the time the value begins to transition, the time of 
degradation of the valve has occurred or a failure exists in maximum change in current in-rush or out-rush, the time 
the valve. 65 poppet movement begins, the amplitude of the current 

As stated above, a temperature sensor has been included required to initiate poppet movement, the time requircd for 
in the signal acquisition assembly that provides the system the poppet to travel to and seat in its final position, the time 

to 

the positive Power A Hall effect lS4 is located 25 system with current signature examples of a nominal valve 

the Of magnetic field (flux) through the Hall the controller to be used as a template for comparison when 

It lo perform 

The Hall 

ofTset and sensitivity (gain) drift compensation of the Hall commanded by the DSP module Or by user, 
due to temperature, to the extreme varia- 

lions in environmental temperature experienced during a performance Of the current signature has not 

as lo the for further action. 
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the energizing current reaches steady statc, the amplitude of 
the energizing current, the minimum rcquircd holding cur- 
rent bcfore thc poppet unseats, and the time required for the 
poppct to unseat. From the data collcctcd in monitoring 
thcsc features, a dctermination can be made regarding the 
general opcrating characteristics, i.c., health, of the valve. 
Potcntial problcms that may bc idcntified during the moni- 
toring proccss may be impedcd operation such as jammcd 
poppet travcl, burnt or shortcd windings in the solenoid, 
friction build-up in the valve, faulty valve spring, incorrect 
opcrating voltagc or temperature or pressure, bounce during 
thc poppct seating process, and failure of anti-arcing cir- 
cuitry. 

In one embodiment of the present invcntion, a valve's 
current signature is continuously sampled at about 10K 
samples per second with 10 bits of digital resolution. Each 
new sample is communicated to the controller. The software 
running on the controllcr performs a number of functions 
including: buffcring, filtcring, fcaturc idcntification and 
extraction, and general valve hcalth assessment. The buff- 
ered data is filtered with a 117-coeflicient (tap) finite impulse 
rcsponsc (FIR) filter modeled aftcr a 500 Hz low-pass Bessel 
filter. The Bessel filter was chosen bccausc i t  has a very 
gradual transition band in the frequency domain that mini- 
mizes artificially inserted ringing in the time domain while 
reducing noisc in the signal. 

Feature idcntification may be accomplished by locating 
pcaks, valleys and zero crossings of a diflercncc filter output 
of thc signal. The difference filter is computed by subtracting 
consecutive data points. Whcn thc valve is fully energized or 
de-cncrgized, the diffcrcncc filter output will fluctuate rap- 
idly around zero. Ideally, the output would bc cqual to zero, 
but noisc will cause the signal to fluctuatc. Whcn thc valvc 
begins to energize, the differcncc filter output will tend to 
havc a strong positivc departure from fluctuating around 
zero. Thc output riscs to pcak at thc maximum rate of current 
in-rush and then gradually drops as the magnetic field in the 
solcnoid builds-up. Thc difference signal will cross zero 
whcn the poppet valvc movement begins and continue to 
drop as the magnetic field pushes thc poppet against the 
spring. The second zcro crossing will occur when the poppet 
scats into its final position. The differcncc filter output 
continues to rise as the magnctic field strengthens in holding 
rorcc. 

As the magnetic ficld nears its maximum holding force, 
the difference filter output will gradually drop and return to 
fluctuating around zero. The valvc is now fully energized at 
a stcady statc. During thc dc-energizing transition, the 
differcncc filter output will havc a strong ncgative departure 

8 
anomalics such as impcdcd poppet travel, faulty spring, 
shorted solenoid coils, etc. 

A simplc algorithm-has bccn devised to detect the dcsired 
spccific charactcristics in  thc current signature signal. A 

5 first-order dcrivativc of thc time-domain signal is calculated 
real-time. Peaks and vallcys of current signature signal arc 
detected by time tagging the signal transitions from positivc 
to negative and vice versa (zero-crossing transitions). 

In operation, thc system monitors the current signature 
signal to detect valve activation (energize or de-energize 
state), as well as to calculate a first derivative of the signal. 
As soon as valve actuation is detcctcd, the system deter- 
mines whethcr the valve is being cncrgized or de-energized 
and starts a series of timers accordingly. 

Referring to Table I and FIG. 4, i f  the valve is bcing 
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 detcctcd. By doing this, an avcragc 

20 slope of the first transition is rccordcd. The system monitors 
the current signature first derivative to detect the first zero 
transition 214 of thc signal. Oncc the transition is dctectcd, 
the system time-stamps thc cvcnt as wcll as records the 
magnitude of thc current drawn by the valve at that instance. 

25 By doing this, thc first peak 215 of the signature is defined. 
The system calculates and records an avcrage 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 second transition is recorded. 

15 

30 
TABLE 1 

Scaucncc of Events for "TURN-ON" cvcle 

SEQ. Timer Current Magnitude 
35 # Operation Action Action 

SO Steady State No-Current No Action 

S1 Valve Activation Detected Timer 1: 

4o S2 Transition before I"' xro- Timer 1: 
starts 

crossing is detected counts 

S3 I" zero-crossing detected Timer I :  
(I"' peak detected) stops and re- 

cords Timer 
45 2: stans 

S4 Transition after I" zero- Timer 2: 
crossing but before 2"" counts 
zero-crossing 

S5 2"" zero-crossing detected Timer 2: 

Sample and record 
current magnitude 
1" derivative calcu- 
lation starts 
Calculate 1"' deriva- 
tive average magni- 
tude and record 

Current magnitude 
is recorded 

(Slopel 1 

Calculate Is' deriva- 
tive average magni- 
tude and record 

Current magnitude 
(SlOpe2) 

from fluctuating around zero. The output continues to drop 50 ( I "  valley detecied) stops and is recorded 
records Timer until a maximum rate of magnetic ficld collapsc is rcachcd. 
3: stans 

Calculate 1'' deriva- S6 Transition after 2"" x r o -  Timer 3: 
crossing but before stcady counts tive average magni- 
state 1;ull-Currcnt. tudc and record 

Current magnitude 

The output heads back toward zcro and crosscs zero whcn 
thc poppet unseats and is pushcd back by its spring. Thc 
differcncc filter output crosses zero again when the valvc 

to fluctuating around zcro as thc magnetic cncrgy stored in s7 Steady State condition 3: 

thc valvc complctcly dissipates. (rcachcdl records 

rcturns to thc de-cncrgized state and then slowly riscs back 55 (Slope3) 

dctectcd stops and is recorded 
,~ ~, 

The software starts a counter whcn a zcro crossing in thc s8 Steady State I'ull-Currcnt NO Action Sample and record 
current magnitude 
I'' derivative 
calculation stops 

difference filtcr output is dctectcd. Whcn a valve statc 
transition is dctectcd by thc strong dcparturc from fluctuat- 60 
ing around zero, thc softwarc records valvc parameters 
corresponding to the signal amplitude and time of the 
following peaks, valleys, and zero crossings that correspond The system monitors the current signature first derivative 
to thc features of interest. So long as the valve parameters 210 to detect the second zcro transition 216 of the signal. 
are within predctermincd tolcranccs, the valvc is considered 65 Once the transition is detected, the system time-stamps the 
to be acceptably healthy. The valvc paramcters may also be event as well as records thc magnitude of the current drawn 
supplied to a trained ncural nctwork which can identify by the valve at that instance. By doing this, the first valley 

4 
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217 of the signature is defined. The system calculates and these parameters is established to account for normal valve 
records the average of the current magnitude after the differences as well as measurement errors, and a decision is 
second zero crossing 216 is detected but before the steady made whether the valve falls within what is considered 
state current 218 is detected. By doing this, an average slopc nominal operation, or determines if a potential failure has 
of the third transition is recorded. Further, the system waits 5 been detected. Number of on/olT valve cycles and statistics 
until a steady state operation of the valve is achieved and of nominal cycles, borderline cycles and failed cycles arc 
records the magnitude of the current. recorded by the system to be downloaded by the user. 

Referring to Table 2 and FIG. 5, if the valve is A benefit of embodiments of the present invention is the 
de-energized the system calculates and records an average of automatic identification of the features using a very 

10 sample of the current signature. In contrast, most algorithms 
de-actuation 226 is detected but before the first zero crossing that the current signature transition be 

transition is recorded. The system monitors the current algorithm in the present invention works on each data point signature first derivative to detect the first zero transition 228 
of the Once the transition is detected, the system as the current signature is sampled. This both reduces the 

the current drawn by the at that instance, By doing (the features are identified and valve parameters are mea- 
this, the first valley 229 of the signature is defined. 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 minimudmaximum filter and 

first derivative current magnitude 210 after 

228 is detected. By doing this, an average Of  the first recorded before data processing can begin, whereas an 

timc-stamps the event as well as records the magnitude of 15 memory capacity and provides a quicker 

TABLE 2 

Sequence of Events for 'TURN-OFF cycle 
20 

a counter-can enhance- the difference filter. In this 
SEQ. Timer Current Magrutude 
No. Operation Action Action embodiment, the width of a sliding window used to find the 

local minimum and maximum values is SDecified. Anvtime 
s9 

SI0 

SI 1 

SI2 

SI3 

SI4 

SI5 

SI6 

SI7 

Steady State Full-Current 

Valve De-activation 
Detected 
Transition before I" zero- 
crossing is detected 

I '' nxo-crossing detected 
(I" valley detected) 

Transition alier 1 " zero- 
crossing but before 2nd 
zero-crossing 
2"d zero-crossing detected 
(1" peak detected) 

Transition afier 2"d zero- 
crossing but before steady 
state No-Current 
Steady State condition de- 
tected (reached) 

Steady State No-Current 

No Action 

Timer 4: 
starts 
Timer 4: 
counts 

Timer 4: 
stops and 
records 
Timer 5: 
starts 
Timer 5: 
counts 

Timer 5: 
stops and 
records 
Timer 6: 
S l a m  
Timer 6: 
counts 

Timer 6: 
stops and 
records 
No Action 

Sample and record 
current magnitude 
1'' derivative calcula- 
tion starts 
Calculate 1 I' derivative 
average magnitude and 
record (Slope4) 
Current magnitude is 
recorded 

Calculate 1 I' derivative 
average magnitude and 
record (Slope5) 
Current magnitude is 
recorded 

Calculate I" derivative 
average magnitude and 
record (Slope6) 
Current magnitude is 
recorded 

Sample and record 
current magnitude 
1" derivative calcula- 
tion slops. 

25 the midmax 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 
peaks and valleys correspond to the zero crossings in the 
difference filter output. The width of the sliding window is 

30 used to refine the filters' noise rejection. A wider window 
requires more memory and processing, but rejects 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 from a signal acquisition assembly. 

40 Software running in a DSP analyzes the incoming data 
(recorded current signature) and determines the state of the 
solenoid whether it is energized, de-energized, or in a 
transitioning state. In one embodiment, the software identi- 
fies key features in the current signature during the transition 

45 phase 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 

35 

achieve the same purpose, may be substituted for the specific 
50 embodiment shown. For example. additional zero crossings 

The system then and an Of - (4 after the 2nd zero crossing) can also be monitored 
current magnitude after the first zero crossing 228 is and recorded, This is helpful determining the health of detected but before the second zero crossing 230 is detected. especially in borderline cases. This application is By doing this, an average slope of the second transition is recorded. monitors the first intended to cover any adaptations or variations of the present 
derivative to detect the second transition a 0  of the 55 invention. Therefore, it is manifestly intended that this 
signal. once the transition is detected, the system timc- invention be limited only by the claims and the equivalents 
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 signature is defined. The system 
calculates and records an average of the current magnitude 60 mancc of a solenoid valve comprising: 
after the second zero crossing 230 is detected but before the 
steady state no-current 232 is detected. By doing this, an 
average slopc of the third transition is recorded. The system 
waits until a steady state operation of the valve is achieved 
and records the magnitude of the current. 

The measured parameters are then compared to the ones 
contained in the system. An uncertainty range for each of 

What is claimed is: 
1. A method for insitu determining the health and perfor- 

processing an electrical 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 each of the peaks and valleys, and 

recording the slopes and magnitudes of the electrical 
current ; 

65 
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comparing the clcctrical currcnt signaturc with a historical 
or learned profile of thc solenoid valvc clcctrical cur- 
rcnt; and 

providing a notification whcn out of spccification condi- 
tions arc cncountcrcd based upon thc c o m p ~ s o n ,  

2. The mcthod of claim 1 wherein processing the clcctri- 

calculating and recording an average of a first derivative 

output voltage, whcrcin the magnetic field rcprcsents 
an opcrating currcnt of the solcnoid valve; 

a signal Conditioner for providing signal conditioning to 
an output signal of thc signal acquisition unit; and 

a controller to pcrform real-time current signaturc analy- 
sis and trending of the conditioned output signal, 
wherein the controller monitors peaks and vallcys of 
the conditioned output signal and records a timc 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 voltagc with a historical or learned profile 
of the solenoid valve, and providcs a notification when 
out of specification conditions are encountered based 

6. The monitoring system of claim 5 wherein the signal 

5 

cal current signature of thc solcnoid valve comprises: 

currcnt magnitude aftcr valve actuation is detected but ,o  
beforc a first zcro crossing is dctectcd; 

monitoring thc first dcrivativc to dctcct the first zcro 
crossing; 

recording a time-stamp of the first zero crossing and 
recording a magnitude of elcctrical current drawn by 15 
the valvc at the timc of thc first zero crossing; 

nitudc aftcr thc first zero crossing is detected but bcforc 
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 currcnt drawn by 
the valvc at the time of thc second zero crossing; 

calculating and recording an average of the current mag- 
nitude after thc second zero crossing is detcctcd but 
bcforc a steady statc electrical current is detected; and 

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

3. Thc mcthod of claim 1 wherein thc processing an 
clectrical currcnt signaturc of thc solenoid valve compriscs: 

calculating and recording an averagc of a first derivativc 
current magnitude after valve de-actuation is dctcctcd 
but bcforc a first zero crossing is dctccted; 

monitoring the first derivative to dctect thc first zero 
crossing: 

lhe 

conditioner comprises: 
and recording an average Of current mag- a temperature sensor, wherein the signal conditioner corn- 

pensates the magnetic sensor output in response to the 
temperature sensor. 

2o 7. The'monitoring system of claim 6 whcrcin the magnctic 

8. The monitoring system of claim 6 further comprises: 
a flux concentrator to concentratc thc magnetic ficld on 

shiclding to block externally produced magnetic ficlds. 
9. The monitoring system of claim 6 wherein thc control- 

ler grades the comparison as nominal borderline or failure, 
and records a numbcr of operated cycles of the solenoid 
valve and a number of graded nominal, borderline and failcd 

10. Thc monitoring systcm of claim 6 wherein thc con- 
troller calculates an avcragc of a first dcrivative magnitude 
of the magnetic scnsor output after thc solenoid valve is 
actuated but bcforc a first zero crossing is detected, the 

35 controller monitors the first dcrivativc to detect thc first zcro 
crossing and records a time-stamp of the first zero crossing 
and a corresponding magnitude of the magnetic sensor 

sensor is a linear Hall Effect sensor. 

the magnetic scnsor; and 
25 

30 comparisons. 

- 
recording a time-stamp of the first zero crossing and 

recording a magnitude of electrical currcnt drawn by 
thc valvc at the timc of thc first zero crossing; 

output. 
11. The monitoring systcm of claim 10 wherein the 

40 controllcr calculates an average of thc magnetic sensor 
output magnitudc after thc first zero crossing is dctcctcd but 

calculating and recording an average Of mag- 
nitudc aftCr thc first ZCfO Crossing is detected but bcfOrC 

before a second zero crossing is dctcctcd, and monitors the 
first derivative to dctcct crossing, the 

a second zcro crossing is detected; controller records a time-stamp of the second zcro crossing 
monitoring the first derivative 10 detect the second zero 45 and a corresponding magnitude of the magnetic sensor 

recording a timestamp of the second zero crossing and 12. The monitoring system of claim 11 wherein the 
rccording a magnitude of electrical current drawn by conlrollcr calculates an average of the current magnitude 
the valvc at the timc of thc second zero crossing; aftcr thc sccond zero crossing is dctcctcd but beforc a steady 

calculating and recording an average of thc current mag- 50 state electrical current is dctccted, and records a magnitude 
nitudc after the second zero crossing is detected but Of the magnetic SCIlSOf Output during stcady StatC OpCratiOn. 
beforc a steady statc clcctrical no-current is detected; 13. The monitoring systcm of claim 5 wherein the con- 
and troller cxecutes a software algorithm to perform current 

recording a of an electrical during signaturc learning by connccting thc monitoring system to a 
5 5  nominal valvc, and cycling the nominal valve ON and OFF steady statc no-current operation. 

to obtain currcnt signaturc cxamplcs of thc nominal valve 4. Thc mcthod of claim 1 further comprising: 
bchavior, further parameter cxtraction is pcrformcd and 

parison with thc solcnoid valve. and 
rccording a numbcr of opcratcd cYCICS Of thc solcnoid 60 14. The monitoring systcm of claim 6 wherein thc con- 

valvc and a number of gradcd nominal, bordcrlinc and troller calculates an avcragc of a first dcrivativc magnitude 
failed comparisons. of the magnetic sensor output after thc solenoid valve is 

5. A monitoring systcm to determine a health of a solenoid &-actuated but beforc a first zero crossing is detcctcd, the 
controller monitors the first derivative to detect thc first zero 

a signal acquisition asscmbly having a magnetic scnsor to 65 crossing and records a time-stamp of the first zero crossing 
and a corresponding magnitude of the magnctic sensor 
output. 

crossing; outpu1. 

grading lhc as bordcrlinc Or failurc; stored by thc controll~r to be used as a template for corn- 

valve comprising: 

translaic a magnctic ficld produced by the solcnoid 
valvc during operation around it into an electrical 

t 
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15. The monitoring systcm of claim 14 whcrein the 16. The monitoring systcm of claim 15 whcrcin the 
controller calculates an average of the magnetic sensor controller calculatcs an average of the current magnitude 
output magnitude aftcr thc first zcro crossing is dctectcd but aftcr the second zero crossing is dctcctcd but bcrorc a stcady 
bcforc a second zcro crossing is detectcd, and monitors the statc clcctrical no-current is dctccted, and records a magni- 
first derivative to dctcct the second zcro crossing, the 5 tudc of the magnetic scnsor output during stcady state 
controller records a time-stamp of the sccond zero crossing operation. 
and a corresponding magnitude of the magnetic sensor 
output. * * * * *  

. 


