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LANT PARAMETER DETECTION BY MONITORING OF POWER SPECTRAL DENSITIES

whether a cument state of a

process variable output signal is
within acceptable limits includes
the following steps: establising
reference data by sampling a
plant’s process variable - output
signal when the plant is operating
at steady state and analyzing
the sampled output signal to
derive normalized reference data

A/p

including an energy content of
each of a plurality of frequency

signal. The procedure establishes

24

cPU

22
]

a current operational data base by

sampling a process variable signal
when the plant is in operation.
The sampled current output signal A

|

is analyzed to derive current data
including a normalized energy
content of each of a plurality of its
frequency components. For each ] :
common frequency component of H
the reference data and the current 1
data, the procedure compares their
normalized energy contents and
issues a non-steady state signal if
the comparison indicates that the
compared energy contents exceed a predetermined limit.
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BACKGROUND OF THE | NVENTION 15 . ‘This Sheet Has Been®eplaced| | i ng dynami ¢ pl ant

processes, it is often. now whet her process

vari ables are in a steady ) n unsteady state. Wiile,
‘many pr oCcHAEIGZIsNi0 Ol systens nonrtor ant vari ab/PEI/USN18938par e
them agai nst 20 e i nportant
to : know V\he?hgfﬁdg%%'gﬁg §€&§88#§Ht B\Vahdggm%ﬁg&ew

away froma setpoint are signi fHQWER ISPRETRAL PENSIDRES nornal :

It is also inportant to be able to predict . whet her a pl ant
paranmet er output exhibits an inci EI ent 25 condition which nmay | ead
to an unsteadyThigtBatent Applicatipa i ar %m%%'wlffea&%‘ﬁé

concer ni ngspl apatent ApplicREigAtiSEr{RNING! i 08/ 694, ps@cess16@MMaPER 22,
appl i cati ons. %893 U S. Patent 4,744,041 to Strunk et al., the

steady state 3 speed of a dc rmtor I s detected through the use of
f ast Fourier transformanalysis. Strunk et al enploy a current

sensor which gfi‘ﬁﬂﬁea t@ﬁgcgp{lﬁp&.xbﬂ a test notor and sends ' t he

sanpl ed curre Si gna as d 0 a conputer. The conput er then
sanpl es and stores neasured instantaneous

10 This invention relates to process control systems, and more
- particularly, to a system for determining whether a process
parameter is in a steady or unsteady state through a use of

the parameter's power spectral density.

15 BACKGRQﬁND OF THE INVENTION

In controlling dynamic plant processes, it is often

necessary to know whether pro'cess variables are in a steady

_ state or in an unsteady state. While, many process control

20 systems monitor plant variables and compare them against

predetermined set points,' it is often more important to

know whether deviations of a plant variable, over time,

away from a setpoint are significantly different from

normal. It is also important to be able to predict

25 whether a piant parameter output exhibits an incipient
condition which may lead to an unsteady state.

The prior art contains many teachings' concerning plant
parameter monitoring for process control applications. In
30 U.S. Patent 4,744,041 to Strunk et al., the steady state
speed of a dc motor is detected through the use of fast
Fourier transform analysis. Strunk et al employ a current
sensor which measures the current in a test motor and sends _
the sampled current signal as data to a computer. The
35 computer then samples and stores measured instantaneous
current values at p'lurality of discrete times and performs
a fast Fourier transform on the steady state current to
determine its power spectral density. Based on the
computed power spectral density, the speed of the motor is
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35 current values at plurality of discrete times and perforns

a fast Fourier transformon the steady state current to det erm ne
its power spectral density. Based on the . . - conmput ed power
spectwelogdenei ty, the speed of the notor is : PCT/US95/15933

AVENDED SHEET WD 96/ 18110 '

PCT/ US95/ 15933 2 2° ©  deternined by

det ect ng L Be L ACTSY o m't%g%%g@ge%$@crxﬂraas -

power is used.

Kato et al., in U.S. Patent 4,303,979, disclose a system
5 for monitoring frequency spectrum variations in output
signals. The system initially determlnes an RMS average
frequency value for an input szgnal. In addition, it
determines RMS values for each of a plurality of frequency
subranges within the input signal. =~ The system then
10 monitors an input test signal and obtains its RMS value and
the average ffequency of the overall input signal. If the
determined reference and test frequencies differ ‘-
substantially in their RMS and average frequency values,
the RMS value and average fredﬁeﬁcy of an anomalous
15 frequency component peak'is calculated. The average of the
anomalous frequency ccmponent is then compared to boundary
frequency values to determine in which frequency range the
anomalous value lies. The RMS value of the thus determined
' frequency rahge and the'average freQuency are then employed
20 to determine correction parameters.

Grassart, in U.S. Patent 4,965,757 discloses a process and
device for decoding a received, encoded signal. The
received signal is first filtered, sampled and digitized
25 Dbefore being stored. Digitized samples of each successive
signal block are transposed to the frequency domain by a
fast Fourier transform. The thus computed spectra are
compared with stored theoretical values for each possible

code signal in order ‘to identify the received encoded
30 signal. '

Schmidt, in U.S. Patent 3,883,726, discloses a fast Fourier
transform algorithm computer that utilizes an attenuated
input data window. An input buffer receives input time
35 samples, a cosine square attenuator'superimpeses a cosine'
squared shape on the }nput data samples, and then the
resultant signal is passed to the fast Fourier analysis
computer. A delay device, adders and an output buffer are



5 for nonitoring frequency spectrumvariations in output si gnal s. The

systeminitially determ nes an RVS average frequency value for an input
sisgnal . In addition, it determ nes RMS val ues for each of a

pl ural i t wobe/isigguency subranges within the input siRfFAPSo5/159]e
systemthen 10 nonitors an .input test signal and obtains its RVS val ue and
the average frequency of the overall input3 signal. If the det erm ned
reference and t est f requencj es differ Eglall¥ n thehg

and average f PEQYdASA Foru&: m°V1“QFﬁ93%&§§%ﬁ§mP%ﬂ 3v§ gRurF2BHeABPY5f an

anonal ous 15 dataqwdmd@pwconponent peak is calculated. The average of the
anonel ous frequency conponent is then conpared to boundary frequency
val ues to determine in which frequency range the anonal ous val ue |ies.
The RVS val ue Todat leg @Aus ideflbrSy rRatent 4 ,¥tRehty, rdh§E18/8 RhEPEFEFHBe

frequency gre &%qn z@pkﬁx%dazgpﬁag ds{ae&&aﬁ éé’ﬁée&ﬁd%@éfafﬂﬁ§ of an
Grassart In . | SC 0ses a process vice _for

decodi ng a r e&& Pé'd°PtéﬁE&d§gg§P&nal An 1nppt si ‘P%’ce’r%éﬁ‘%ﬁ"&rﬁq %eé'"\‘ PPSt
filtered, sanpath amérd it izesuByecbedots HaEpurtatum ethalysis | iarnet dowmpl es

8; :ach succe55| \é%ond pa'tgna{)egleoggsa{mewgzr'a\pa ve eijs t&eééﬁiﬂ&&‘ue'ﬁ%équ&@a' n-

means indicates both the spectrum data and the power value.

10 ' o
Murphy et al., in U.S. Patent 5,087,873, disclose apparatus
for detecting a corrosion sﬁate of buried metallic pipe.
In Figs. 4-7, a spectrum analyzer receives input signals
from a pair of magnetometers. The magnetic field, as a

15 function of frequency, is determined by conducting a fast
Fourier transform on the received signals, with the .
resulting spectrum indicating the amplitude and phase of
the magnetic field. Those values are used to determine the
condition of the buried pipe. |

20 '
Demjanenko et al. in U.S. Patent 4,980,844 teach a method
for diagnosing mechanical conditions of a machine. The
Demjanenko et al. procedure is computationally complex and
involves the creation of one or more sets of reference

25 signatures (those reference signatures may be power
spectrum data). Similar test data is then acquired and a
comparison action occurs. The procedure averages the test
and .reference' signatures, determines a distance
therebetween (i.e. the Euclidean distance), compares that

30 calculated distance against a computed threshold value, and
classifies the distance as being normal or abnormal based
upon the comparison. The threshold is established as a
function of the mean reference distance and reference and
test standard deviations.

a5 N |
Toshiba Japanese patent application S62-245931 describes a
procedure for determining abnormalities in a rotating pump.
A plurality of reference frequency spectra are stored in



fast Fourier transform The thus conputed spectra are “conpared with

stored theoretiézﬂ‘is B ' possi bl e code signal in order to
identify the reéej si gnal . Schmdt, in US. Patent
3, 883W036/18H0sCli 0 ier  -transform al gor PERUSS¥INIX er t hat

utilizes an attenuated input data wi ndow. An.input buffer receives
input tine 35 sanples, a cosine squar® attenuat.or superinposes a cosine
squared shape on the _.i.nput data sanpl es, nd t hen the resul tant signa
i's passedengﬁb'ﬂ&?ﬁ%éani45555k9€2§% pat %ﬁ%ﬂ*er.eﬂpﬂelgﬁ%&EFPEE, adder s

and an outfireiquaridyerspetrum indi¥gx26618f1@n operational state of
PCT/USQS/%%%*%ump under different load conditf%ns. To conserve
memory, a "bias"_procédure is'employed:téfmodify a closest
5 reference frequency spectrum to bring it into the load
(i.e. power) range of a tast-frequencyISpectrum taken from
the pump.. If the test frequency spectrum exceeds limits
determined from the "biased" :eferenee,ﬁégquency spectrun,
an alarm is given. The Toshiba system thus requires
10 storage of a plurality of reference frequency spectra and
accurate modification of a chosen spectfum by application
of a bias value thereto to enable its comparison with a "
test spectrum. Misadjustment of the bias can negate the
effectiveness of the test system.
15 _
Accordingly, it is an object of this invention to provide
a method for determining when a process variable output
signal is in a steady state condition. '

20 It is another object of this invention to provide a method
for analysis of a parameter output signal to indicate an
incipient unsteady state. : '

It is still another of this inventibn to provide a plant
25 parameter output signal detection technique  that is
dependent upon power spectral densities.

SUMMARY OF THE INVENTION

30 A method for determining whether a . current state of a
process variable output signal is-within acceptable limits
includes the following steps: establishing reference data
by sampling a plant's process.variable output signal when
the plant is operating at steady state and analyzing the

35 sampled ocutput signal to derive normalized reference data
including an energy content of each of a plurality of
frequency components of the sampled output signal. The
procedure establishes a current operational data base by

T as _,-,-..;.;.;a.i‘
ac EEN \
SHEET HAS B g
THIS S EPLACED ||




[

provi ded for renovirg- theﬂe#eet?ot—t—he attenuating i nput data w ndow.

Toda et al, in US. I%%t PSH éas%za ceddi SCl 0se a spectrum 5 analyzer that
dizspl ays spectrum data ues of an RF or optlcal SI nal . An
i nput si SVAPE/IAIY; rect path where it is sulfCHVYS g‘
spectrum anal ysi s, and econd path where its power vaI ue is
determ ned. Display’ means | nd| cates Both the spectrum data and the
power value. 10 .. _Mir et a U. S. Pat di scl ose
hpparatus | SSWR}ing 8c§’F¥?§e§ <0 biamidhie SpibRaT g e nefE S S5

In Figs. 4- 7,opemJEr¢mum Thel ganpleeceureantnputtputgrsanmal is fam:am}ezq@i r

of magnet oneters f upct | l!%';e'éﬁr S
det erm ned byi%con(fuc:t W%Q.?Elnt% hgngo@Fg}la?ngnsgorﬂnﬁtﬁ%e recel v
signals, witheonkent of r@&h eifng pheratinyi ofi ths | IPURNGIFOMRRNRENSR:

phase _of 5 réxheeaaaneéhﬁoﬁlgi-é Ihe;sectsﬁbaﬁ%n%reﬂm txféf&:tefﬂda adde
condition of the b | ed 8 p § nm anenko et al. in %e.nt
4,980,844 te a hoGuRr ent ata, e procedure compares t

nomalized energy contents and issues a non-steady state
signal if the comparison indicates that the compared energy
contents exceed a predetermined limit.

10

DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of a system for performing the
15 method of the invention;

Figs. 2a_'.and 2b are high level flow diagrams illustrating
the method of the invention; '

20 Fig. 3 is a plot of a ‘variation in flow over time in an
' exemplary plant: '

Fig. 4 is a semi-log - plot of energy versus fregquency
derived from the signal shown in Fig. 3;

25 _'
Fig. 5 is a plot of flow vs. time showing a negative-going
ramp disturbance;

Fig. 6 is a semi-log plot of energy vs. fregquency of the

30 plot of Fig. 5 ihdicating the that the ramp disturbance
produces the most severe violation of plotted energy
thresholds in the low frequency range;

Fig. 7 is a plot of flow vs. time showing a "U" type
35 disturbance in the flow.signal:;

Fig. 8 is a semi-log plot of energy vs. frequency of the
plot of Fig. 7 lndlcatlng, at one energy threshold that a
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—_— .
for di agnosing: rrechanl cal conditiens of a machine. The Denj anenko et

al . procedure | kiagBéen R ,4 conpl ex and I nvol ves the creation of
one or nore sets signatures (those reference

Si gnawa%mlnay ﬂ ll spectrumdata). Sim | ar PCFAISISIRAB i s t hen
acqujred and a conpari action occurs The procedure averages the
t est and ref erence si.gnat ured det er m nes a di st ance

t her ebet h | t conpares that 30 calcul ated
di stancewggg}“(ﬁg?gnc%o%‘gggg t%?‘e%s(#&%(?%@’eﬁ%l% and = classifies the

di stance as being normal or abnormal based' - . upon the conparison. The

threshold i s establ pghed13H ‘?JES W ﬂqggﬁ.ﬁoﬁef erence distance
evi ati ons

and reference and t est stan Toshi ba Japanese
pat ent application S62-245931 descrl bes a - - procedure for determning

abnor ngal | £hes systemnOlatid NtheRUdRA for Jarryingl tou®f uhef eingeatisaquency
spectra acrietsg:%g.%% Iwrhe'l:her a plant process is operating within a
steady state or a non steady state condition. .= In brief,
the system determines a reference power spectral density
(PSD) of a process variable, during a time that the process
10 variable is in a steady state. A power spectral density is
a representaticn of an energy content of a signal as a
function of its compohent frequencies ‘and is computed via (
a fast Fourier transform (FFT) which converts a time-domain
signal into its frequency-domain representation.
15 : .
The signal from which the reference PSD is derived is
subjected to a first normalization procedure to derive a
zero mean basis for the signal. 'Tl_xis- normalization is
accomplished by subtracting the mean process variable value
20 of a time series of sample data values from each time
series sample data value. A second normalization procedure
is performed on the spectral data by dividing' each power
value in the spectrum by the number of time series signal
samples used compute the spectrum. The first normalization
25 procedure enables a single stored referehce PSD to be used -
" as a reference in all subsequent test procedures and
eliminates the need for plural reference spectra or for a
biasing procedure to adjust the reference spectra. The
secbnd_ normalization procedure exiables the reference PSD to
30 be compared to a current PSD, even in the event that the
time windows differ during which the current and reference
PSD's are derived.

The reference PSD is compared with a current PSD derived
35 when the process variable is in operation. The current PSD |
is also subjected to the first and second normalization
procedures described above with respect to the reference
PSD. If the current PSD is/ too energetic (either with

. \'
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menory (called restriction patterns), each reference

frequency spectrumindicative of an operational state of t he
punp under different |load conditions. To conserve menory, a

"bi as" pr Wefio' S enployed to nodify a closest referenceperAgysiys
spectrumto bring it into the.load (i.e.. power) range of a test
frequency spectrumtaken from the punp. |If the test frequency
spectrum exceeds limts determ ned fromthe "biased" reference
frequency spe@espect to slow chamggisadikies rgmpsnor wikh Trespesst Hpsfastt hus
requires 10  changes Of 868 g;aiﬁeeburf&rétyi\f& £&1 BhBNGR fd S CHsH P Ehe?
and " accurate npdification of a,chgosen spectrum by application

of a bias val BFOORSSt¥RTH2RLGp IS | feteFRPReE &R We huRsteady and guch

spectrum M sadindiition i siyndiés. can negate the ef fectiveness
of the tesf system 15 Bartusiak et al. in PCT published
Appl i cati oh WD 94/ 22025 descri be a process signal detection

techni que thaffuming to Figdependédowupmmitmms peand al2desntinaously
Reference dat gdmitor the state of flow in a pair of pipes 14 and 16,
respectively. Pipes 14 and 16 form portions of a plant
whose process variables are continuously monitored to
10 determine if any one has moved from a steady state to a
unsteady state. Those skilled in the art will realize that
the representation of inputs from pipes 14 and 16 is merely
exemplary and that a plurality of other types of system
variables (e.g. presSure, volume, temperature, etc.) can be
15 monitored. The outputs from each of flow monitors 10 and
12 are fed to respectively connected analog to digital -
converters (A/D) 18, 20 whose outputs are, in turn,
connected to a bus 22 that forms the main communication
- pathway in a control data processing system.
20 |
A central processing unit (CPU) 24 is interconnected with
bus 22 and also is connected to A/D converters 18 and 20 to
enable timed, sample signals to be derived therefrom. A
read only memory (ROM) 25 is connected to bus 22 and
25 contains a procedure for operating CPU 24 to monitor
sensors 10, 12 and a procedure for enabling CPU 24 to
perform a fast Fourier tr'ansform (FFT) of input data
received from A/D converters 18 and 20. A random access
menmory (RAM) 26 is connected to bus 22 and contains
30 allocated memory for storing: raw input data from A/D
converters 18 and 20; reference PSD data determined during
a time that a process variable being monitored is in a
steady state; and current PSD data that is determined when
the process variable is being currently monitored.
35 - | |
The operation of the system of Fig..1l will now be described
" in conjunction with the flow diagram shown in Figs. 2a and
2b. Initially, a steady state (i.e. reference) PSD is



accunul ated while a plant operates at a steady state and 20 “includes

the energy content of each of a plurality of frequency

conponents. A current operational database is t hen established by -
sarrplwgg 6sfbOCeSS vari abl e when the pl ant | SpeTNUSSASeA3i on. The
sanpl ed current output signal is anal yzed to derive current data

that includes the energy 25 congent of each of a plurality of

frequency conponents. For each common frequency conponent of .the

ref erence determined for a monitograd dexrecesscvaysablernkdhen sueesly i son of
the energygtate psSD. J.Eoééfﬂédaﬂ 99818y ¥yl %%‘i’ﬁb& tﬁ%%ﬁ&?&séf a

di fference befween the conpared eénergy confents excee
pr edet er mi YE#Phe °‘1tPUt s:.qnal Aéherdthg plant jis aﬁPSSFEéPgofu’c s

i nvention §PeadpVétitte conditiom (B Qb)f Or'rdeé%ﬂdiru:dilﬂt#ﬁﬂiaﬁiéﬁ@ﬁss

T 1 ot WBP BBRBAY Seats YRy chbeo ks ORISR SoREBHE Siatar s ¢

anal ysi s oflhtpnedntbememmwaﬂapagﬁnd1¢osxgdamstEhewefrom (box i3®) pi ent
unsteady SgRbesjiltered output samples are then normalized to a zero
mean basis by subtracting the mean process variable value
of a time series of sample data values from each time
10 series sample data value. This eliminates any bias that is
operating-state dependent (box 33).

The filtered, normalized periodic sample signals are then
subjected to an FFT analysis by central processor 24, under

15 control of a prbcedure read out from ROM 24 (box 34). A
second normalization procedure eliﬁinates'any bias that -
results from the time window during which the time series
samples were detected. ' The second normalization procedure
divides each spectral frequency data value by the number of

20 time samples so as to achieve a "time" normalization of the
frequency data.

The result of the PSD analysis is a series of normalized
energy values at frequenciés (v;) for the filtered steady
25 state signal, each normalized energy value at a frequency
(@;) having an attribute associated therewith that is
proportional to the energy contained in the particular
frequency signal. Those frequencies and energy value
attributes are stored in RAM 26 as steady state (or
- 30 reference) PSD data. '

At this point, a user-supplied multiplier factor is
accessed that is to be applied to each energy value
attribute of the steady state PSD. The multiplier factor

35 enables the derivation of an energy threshold which is the
amount that'a process variable's current PSD must exceed a
reference PSD to be considered in an unsteady state (box
36).



REPLACEMVENT SHEET It is still another of this invention to

provi de a pl ant paranet er output signal detection technique that
i 3 dependent upon power spectral densities. 5

SUWARY o dkfrstiVENT! ON - A method for determ nrPCIyUSSSHSHI a
current state of a process variable output signal is wthin
acceptable limts i ncl udes the fol | owi ng steps: establishing

ref erence datg,10 by, sanpling a plapt's progess variabl e output
Gignal when e systep 368 L b PailheReR 80T Fingened Fofthor g
t he statpl wvHemetiputi tsingpraitdrs dehie veutputsl ofedsensoersericd:, di2 A

etc. During the time that any one sensor is monitored, its

output 1is converted by an FFT  procedure to a PSD

5 representation which is then compared with the préviously

derived steady state PSD for the same sensor (i.e. is

~ stored in RAM 26). CPU 24 commences the current monitor

state by sampling output signals from a sensor (e;g.-lo)

during operation of the plant (Box 38). After sufficient

10 samples have been accumulated, CPU 24 filters the'sampled

- current output signal to remove aperiodic components (box

' 39), normalizes the filtered output signal to a zero-mean

basis (identically as with the reference PSD) (box 40) and

then computes a PSD(w;) for the sampled current output

15" signal usiné an FFT procedure (box 41). Each spectral
- frequency data value is now divided by the number of time .’

series samples to achieve a "time"” normalization of the

frequency data. Time normalizing of both reference and

current PSD data enables those data to be compared even if

20 different time windows are used during their detection.

It is now determined whether any current PSD (w;) is .
greater than its cofresponding steady state PSD (o)),
multiplied by the user-inputted multiplier factor (boxes
25 42,44). 1If yes, the system outputs the value of o, at
which the maximum energy ratioc is found and a signal is
issued that the process variable is in a non steady state
condition (box 46). ' ' '

30 If the decision indicated in decision box 44 is that no
current PSD(uw;) exceeds the multiplier factor times the
steady state PSD(w;), then it 'is determined that the
sampled current output signal is in a steady state
condition and no further action is required. At this

35 point, the procedure terminates and CPU 24 may then.mpnitor
another current process variable signal and the procedure
is repeated. '



‘

I ncluding an energy content of each of a plurality of frequency

conponents of the sanpled output signal. The 15 procedure
establishes a current operational data base by : sanpling a e
pr ocew@9¢asilabl e signal when the plant is in POPUSNISEI. The
sanpl ed current output signal is anal¥6ed - to derive current

data including a normalized energy- content of each of a

plural i tYpehelt 314 CUUKEN £ OBRARBIES: SF the prbledude GOUUPTLLECIUCNCY
conponent of the reference d ' cftﬁe current data,

procedur e2B8¥Bar estR hELg. 3, @ Pr"‘Fﬂﬁ*’rraYPEéBbéﬁer(gf}%ntﬁltE aﬁﬁeﬁssues a

30 Pf st eadgsvarraaepenod of s&vgaatl hbutbe (228PALnates)ndi gatRAsdblaent he
| erenc %h
(-]

oo eNC8ne pigs, Sralh T RablS o SMBRLE 1ol Wiille AU T fupafXorets
THE DFAW KI6S th&( system. Fi gPriors ta btxoni:tdraggantlmé urentm Ebow
perform ngahlies, a referé‘i‘?&@ogl% hﬁf;h&vg@téa% state of the same
process variable was monitored and a reference PSD was
derived (e.g. dotted trace 100 in Fig. 4)'. Reference PSD
trace 100 has been quantized into ten "bins" so as to
10 enable averaged comparisons to be made. The PSD for the
signa_l_of Fig. 3 is then calculated (trace 102) and is seen
to ,exhibit c_ons_iderable var_iati_ons ih power over the ‘
frequency spectrum.

15 Turning to Fig. 5, a ramp disturbance 103 is plotted (flow

'~ vs. time). Furthermore, for exemplary purposes only, it

is assumed that two multipliet factors (e}g._l.o and 1.5 )

have been utilized to derive energy PSD thresholds 108, 110

respectively. The éonversion of ramp signal 103 to a PSD

20 results in energy versus frequency trace 106 shown in Fig.

6. Note that the ramp disturbance 103 produces the most

severe violation of both PSD energy thresholds 108 and 110

in the low'frequency range. Under such conditions, an

"alarm is generated. The system may be adjusted such that

25 an alarm is inhibited from issuance if only energy:

threshold 108 is exceeded,'hawever'the frequencies at which

the energy exceeds threshold 108 may be output for user
monitofing of a possibly incipient instability mode. |

- 30 In Fig. 7, a "U" disturbance 113 is depicted in a plot of
flow versus time. Over the span of the time during which
the flow is monitored in Fig. 7, the flow difference is not
large and yet it is clear that a disturbance does occur.
As shown by Fig. 8, such disturbance is picked up by

35 comparison of the peak corresponding PSD trace 112 with
energy thre_shold 114.

It should be understoocd that the foregoing description is



Pfgs. 2a and 2b are high level flow diagranms illustrating t he

met hod of. the invention; 35 Fig. 3is a plot of a variation in
flkow over tinme in an exenpl ary pl ant;.

5/ 1 WO96/18A0g. 4 is a seni-log plot of energy versus fPEBHSHULI3
derived fromthe signal shown in Fig. 3; 14 Fig. 5is a plot of
flow vs. tine show ng a negative-going _ ranp di sturbance;

only illustrat:';.-,vg of the invention. Various alternatives
and modifications can be devised by those skilled in the
art without departing from the invention. Accordingly, the
present invention is intended to embrace all such

5 alternatives, modifications and variances wh_ich fall within
the scope of the appended claims.



Fig. 6 is a sem-log plot of energy vs. frequency of the pl ot of

Fig. 5 indicating the that the ranp di sturbance produces the npst
severe vi ol at i-ep—ef—plotted—energy 10 thresholds in the | ow .
freqwgmglqmgerhlss SB e'?! 7 is a plot of flow vecTrUs9sAssd3ow ng a

"U' type n the flow signal; 15 Fi g. 8 is a
sem -1 o0g pl ot of mﬁ quencyl2of the plot of Fig

i ndi cating, at o

b %in&aé | IIIIIIIHIIIII T IIII

1. A method for determining a current state of a
process variable output signal and whether the output
signal is w1th1n acceptable limits, the method comprising
the steps of: '

(a) establlshx.ng reference compar:.scn data for said
process variable by sampling a reference output signal
over a first period of time wnen said plant is
operating at steady state: '

(b) processing said sampled output signal to derive
reference spectral data for said process variable,
said reference spectral data manifesting a normalized
energy content for each of a plurality of frequency
components of said sampled output signal:

(c) storing said reference spectral data;

(d) establishing current operational data for said
process variable by sampling a current ocutput signal
for said process variable over a second period of time
when said plant is in operation;

(e) processing said sampled current output signal to
derive current spectral data therefrcm, said current
spectral data manifesting a normalized energy content
of each of a plurality of fregquency c‘oinponents of said
sampled current output signal ; and

(£) for each of a plurality of common frequency
components of said reference spectral data and current
spectral data, comparing normalized energy contents
therefor and issuing a signal if said comparing
indicates that an. energy content threshold of any
frequency component of said current spectral data
exceeds an energy content of a common frequency




6 di sturbance exceeds the threshol
DETAI LED DESCRI PTI E 1 NVENTI ON The system and net hod for

oper i novascansoa | NN IRHMBOAL £ €01 o' oy eébubidRs Y o

In brief, e csy st en det €r mi nes a referénce power spectral
density - (PSD) of a process var 13bl e, duri ng a time that the
process. 10 - ble . is in_a_.ste state, A r ectral density
s 2 r e PBoBRERE 3% ian rRABrSPR mndb R adfin . % e
function of its corrponent frequenm es and is conputed via a fast

Fourier transform OFFT) il ?ggg&erg€5q.etdlr:@eéjo%| Tﬁlalm gnainl nt o

its frequency-domaln represen nla'l Vrom whi'ch
t he ref er encePPSERESingr $Tf€§5| €0) and (e), eaghj sampdedorgference output

normal i zat onsﬂgaazdaﬁa éQcH%éﬁﬁl@d current ouéﬁﬁe ﬂ%ﬂabaisss hey edtéd
si gnal . Thi s _nor .JL gccong I she subtracti fg t he
mean process Qg apagma izaticn procedure to conver each samp
signal to a zero mean basis, said f:.rst normalization
procedure dividing each sample value of a sampled signal by
a mean value of all samples to derive normalized signal

sample values.

3. The method as recited in claim 1, where in
processing steps (b) and (e), each reference spectral data
value and current spectral data value is subjected to a
' second normalization procedure, wherein each spectral data
value is divided by a saiuple time related value, a sample
time being a window of time during which an output signal
is sampled in preparation for deriving spectral data values
therefor. '

4. The method as recited in claim 3, wherein said
sample time related value is a number of samples of an
output signal taken during said window of time.

5. The method as recited in claim 1, where in
processing steps (b) and (e), '

(1) each a sampled reference output signal and each
sampled current output signal is subjected to a first
normalization procedure to convert each sampled signal
to a zero mean basis, said first normalization
procedure dividing each sample value of a sampled

- signal by a mean value of all samples to derive
normalized signal sample values; and

(2) each reference spectral data value and current
: spectral_ " data- value is subjected to a second
normalization ﬁroceq_ure, wherein each spectral data



20 of atime series of sanple data values fromeach tine

series sanple data value. A second normalization procedure S
performed on the spectral data by dividing each power val ue in
the WU by t he nunmber of tine series signal PCTUSPAMI s  used
to conpute the spectrum The figst 25 normal i zati on procedure
enabl es a single stored reference " PSD to be used as a reference

in all subsequgajuéesk divided b pw%%m% tﬁﬂé o1 Wil %ME nged for
plural reference ectra Qr for a asin oced ure t'o adjust
the reference Sample t"mespt&'{) N a THE NGO, RF nBH'}ﬁI %Htﬁ“@n R e

enabl es the 30poutput sligha&elieesﬁﬁ@lh@ tiex Wﬁti@naf&‘#rdef\iv , even
in the ws differ during which t

current sPegéﬁgi é? FeX@ ?eé"re Feri ved. The
reference PSD is conpared with a current PSD derived 35 when t he

process variab e'f%ﬁQ ﬁaghah' ré@ftf&rwﬂucfﬁih 5 wherelﬂsﬁéiao

subjected to the first and second nornalizatlon rocedur es
descri bedSaBBe ﬁﬂﬂ?r%ﬁ%ﬁ&? t ¥adHe i ok emi@mber of Samp@ssqut%% current

PSD i s toguepetysighaietaken @uring said window of time.

7. The method as recited in claim 5§ wherein step (f)
further indicates the common 'frequency for which said
signal is issued. _ “

8. The method as recited in claim 5 wherein said
analyzing steps (b) and (e) perform Fourier analyses of
said sampled output signals to determine the frequency
components and energy content of each thereof.

9. The method as recited in claim 5 wherein said
signal is only issued in step (f) if an energy in a
frequency component of said current data exceeds an energy
content of a common frequency component of said reference
data, multiplied by a set factor.

10. The method as recited in claim 1 wherein, in step
(£), said signal is issued after a ratio of energies of
each of said common frequency components is determined and
it is determined that at.least one said ratio exceeds a
predeterminéd factor.

N
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chhanges |i ke spi kes)

and 16 form portions of a plant

conti nuously nonitored to 10 determ
unst eady state.

state to a

vol une,

FIG. 1

14

Those

PCT/ US95/ 15933
7 respect to slow changes |ike ranps or with respect to fast

relative to the reference PSD,
vari abl e we 9dagronm ned to be unsteady and such

5 Turning to Fig. 1,
the state of flowin a pair of pipes 14 and ‘16,

t he

respectively.

Pprocess

condi t i AMCT/ESSIIGN| ed.
flow nmonitors 10 and 12 continuously

noni t or
Pi pes 14

whose process vari abl es are

Lo

any one has noved from a steady
_ ed in the art will
the representation of inputs frompipes 14 and 16 is nerely
and that a plurality of other types of system
t enper at ur e,

realize that
exenpl ary

vari ables (e.g. pressure,

etc.) can be 15 nonitored. The outputs from each of
flow nmonitors 10 and -

N
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-

12 are fed to respectively connect ed anal og to digital converters (A/ D)

18, 20 whose outputs are, in turn, connected to a bus 22 that forns the
mat n communi cati on pathway in a control data processing system 20

A central WO¥MBIH ng unit (CPU) 24 is interconnected with PCTESSS/EE3ANd

al so is connected to A/D converters 18 and 20 to enable timed, sanple
signals to be derived therefrom A read only menory (ROM 25 is
connected to bus 22 and 25 contains a procedure for operating CPU 24 to

noni t or "sensors 10, 12 and a procedure for enabling CPU 24 to _
performa fast. Fourier transform (FFT) of /n@ut data received fromA/ D
converters 18 and 20. A random access menory (RAM 26 is connected to
bus 22 and contains 30 allocated nenory for storing: raw i nput data from
Al D converters 18 and 20; reference PSD data determ ned during a
time that a process variable being nonitored is in a steady state; and-
current PSD data that is determ ned when ~ the process variable is being
currently nonitored. 35 The operation of the systemof Fig. 1 will .now
be descri bed in conjunction with the flow di agram shown in Figs. 2a
and 2b. Initially, a steady state (i.e. reference) PSD is

FIG.2A

STEADY- STATE PSD [ SAMPLE PROCESS VARIABLE 20
OUTPUT SIGNAL WHEN PLANT |~
DETERMINATION OPERATING AT STEADY STATE

¥

FILTER_OUTPUT SIGNAL TO 32
REMOVE APERIODIC COMPONENTS

NORMALIZE OUTPUT SIGNAL TO
ZERO MEAN BASIS.(SUBTRACT

MEAN VALUE FROM EACH TIME 33
SERIES DATA)

1

~COMPUTE PSD (n.j) FOR OUTPUT
SIGNAL USING FFT

-NORMALIZE PSD(nj) BY
NUMBER OF SAMPLES,

-LABEL AS REFERENCE PSD

'

| ACCESS MULTIPLIER FACTOR

v

TO FIG. 2B

— 34

~ 36

S
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WD 96/ 18110 PCT/ US95/ 15933

8 determned for a nonitored process variable. The steady state
PSD is derived by initially time sanpling a process vari abl e out put
si gnal wWwhWO 9481} ant is operating in a steady state cPOUUSIIISIHOX
30). To avoid contam nation of 5 the steady state PSD, the tinme sanpled
out put signal is filtered to renpve aperiodic signals therefrom (box
32). The filtered output s@nplPs arFtE g lized to a zero
mean basis by subtracting the nmean process b val ue of atime
series of sanple data values fromeach tine 10 series sanple data val ue.
This elimnates any bias that is operatirg-state dependent (box 33).
CURRENT PSD - | SAMPLE PROCESS VARIABLE
DETERMINATION OQUTPUT SIGNAL DURING - 38
CURRENT PLANT OPERATION
y
FILTER OUTPUT SIGNAL TO 29

REMOVE APERIODIC COMPONENTS

NORMALIZE OUTPUT SIGNAL TO

ZERO MEAN BASIS.(SUBTRACT 40
MEAN VALUE FROM EACH TIME ™
SERIES DATA)

! 4

COMPUTE PSD (n.j) FOR OQUTPUT
SIGNAL USING FFT;

-NORMALIZE PSD(aj)BY
NUMBER OF SAMPLES,

-LABEL AS CURRENT PSD.

‘ } |
FOR EACH COMMON FREQUENCY e
IN PSD{.n{) AND PSD(n j), FIND RATIO |~

PSDt nj)/ MULTIPLIER FACTOR- PSD(nj)

IS ANY PSD(A; )

>
MULT. FACTOR: PSD(n)
' ?

YES NO

STEADY STATE

Y
QUTPUT:

- -nj AT WHICH MAXIMUM
RATIO OCCURS

- ALARM SIGNAL




The filtered, nornualized periodic sanple signals are then subj ected to
an FPT analysis by central processor 24, under 15 <control of a procedure

read out from ROM 24 (box 34). A second normalization procedure
el i m nat 8¥0&6/8130 as t hat results fromthe time wi ndowRIIVUSHISIBCch t he
tinme series sanpl es were detected. The second nornualization procedure
~divides each spectral frequency data value by the nunber of 20 tine
sanples so as to achieve a "tine" normalization of the frequency data.
The result of the PSD analysis is a serigy gf nor mal i zed ener gy val ues
at frequencies ([err]) for the filtered steady 25 state signal, each
normal i zed energy val ue at a frequency ([err]) having an attribute
associ ated therewith that s poperii-ohal—i-o—t-he~ehergy—gout ai ned in
the particul ar freglency signal . Those frequenci es Andjefrgy val ue
attributes are stored ipn RAM 26 as steady state (or 3 ference) PSD
dat a.
o
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Al this point, a user-supplied multiplier factor is accessed t hat

Is to be applied to each energy val ue attribute of the steady state
PSD. The nultiplier factor 35 enables the derivation of an energy

t hr eshol qygbé/gdi1e s t he anount that a process vari abl #cTMnsesnssss PSD
must exceed a reference PSD to be considered in an unsteady state
(box 36) . WD 96/ 18110 _

PCT/ US95/ 15933 9 The systemof Fig. 1
now switches to a "current” nonitor = te wherein it nonitors the

out puts of sensors 10, 12, etc. Di'‘nd the tine that any one sensor is
nonitored, its output is converted by an FFT procedure to a PSD 5

representation which is then conpared with the previously

- om e ww
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derived steady state PSD for the sane sensor (i.e. is stored in RAM
26). CPU 24 commences the current nonitor state by sanpling output
sisgnal s froma sensor (e.g. 10) during operation of the plant (Box
38). Aftewo96fisi1ei ent 10 sanples have been accunul at ed, QRCI/USISIISI3er s
t he sanpl ed current output si gnal to renove aperi od| c conponents (box
39), normalizes the filtered output signal to a zero-nean basi s
(identically as with the reference PSD) (box 40) and t hen conputes a
PSD([err]) for the sanpled current out put signal using an FFT
procedure (box 41). Each spectral r9quency data value is now di Vi ded
by the nunber of tine series sanples to achieve a "tinme" normalization
of the frequency data. Tine normalizing of both reference and
current PSD data enabl es those data to be conpared even if 20 different
time wi ndows are used during their detection. It is now determ ned
whet her any current PSD ([err]) is greater than its correspondi ng
steady state PSD ([err]), mul tiplied by the user-inputted multiplier
fact or (boxes 25 42,44). | f yes, the systemoutputs the value of [err]
whi ch the maxi mumenergy ratio is found and a signal is i ssued

that the process variable is in a non ste?ylétag

1O

108

0
)

o
B

Flow (t/h)

0
N

100
o8
964 i 1 1 } i i i A 1
O 14 28 42 56 70 B84 98 li2 126
' Time {min)
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condition (box 46). 30 If the decision indicated in decision box 44 is
that no current PSD([err]) exceeds the nultiplier factor tinmes the
stieady state PSD([err]), then it is determ ned that the sanpl ed
current owigmstigsiognal is in a steady state condi ti on apdIMS9F1se3ner
action is required. At this 35 point, the procedure term nates and CPU
24 may then nonitor anot her current process variable signal and the
procedur e i S repeat ed. WO 96/ 18110

PCT/ US95/ 15933 10 . - Figs. 3-8 contain
exanpl es of the procedure described % #AbQve. In Fig. 3, a process
variable (flow) is plotted
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L : )
over a period of several hours (1126 m nutes). Each dot on t he pl ot
trace evidences a sanpled flow value that i's input 5 to the system

Prior to nonitoring the current flow val ues, a reference flow during
st eady stWD@648110he sane process vari abl e was noni t or edpeTUSIS/15993€r ence
PSD was | derived (e.g. dotted trace 100 in Fig. 4). Reference PSD
trace 100 has been quantized into ten "bins" so as to 10 enabl e averaged
conpari sons to be made. The PSD for the signal of Fig. 3 is then
calculated (trace 102) and is seen to exhibit .considerable variations
in power over the frequency spec@iqwg 15 Turning to Fig. 5, a ranp
di sturbance 103 is plotted (fl ow tine). Furt hernore, for
exenpl ary purposes only, it is assuned that two nultiplier factors-
(e.g. 1.0 and 1.5 ) have been utilized to derive energy PSD threshol ds
108, 110 respectively. The conversion of ranp signal 103 to a PSD 20
results in energy versus frequency trace 106 shown in Fig. 6. Note that
the ranp disturbance 103 produces the nost severe viol ation of both PSD
energy thresholds 108 and 110 in the | ow frequency range. Und such
conditions, an alarm1s generated. The system may be adj usted h t hat
4
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25 an alarm is inhibited from issuance if only energy

threshold 108 is exceeded, however the frequencies at which t he energy
exceeds threshold 108 may be output for user nonitoring of a possibly
i nci pi entywhRghdQe! ity node. 30 In Fig. 7, a "U" disturbapegudssasesd
depicted in a plot of flow versus tinme. Over the span of the tine
during which the flowis nonitored in Fig. 7, the flow difference is
not | arge and yet it is clear that a disturbance does occur. - As

shown by Fig. 8, such disturbance is pbpyeg up by 35 conparison of the
peak corresponding PSD trace 112 with energy threshold 114. It
shoul d be understood that the foregoing description is
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1 ‘ A method Tor detéermning a current state of a 2

proéess variabl e output signal froma plant and whether 3 ‘the -
out put signal is within acceptable limts, the nmethod 4 i *conpr i-#iNIgSHEET

]E he. st_egs6of: 5 “(a) establishing reference congarji son"data |
for sai - process variable by sanpling a rdf grenge
out put 7 signal over afirst period of time | enqgall)%cbw%

plant is operating g, %}&%ﬂﬂ% DAEroN BY MONITORING OFfa

reference output signal further subjected to a first

normal i zation procedure to 11POWER SPECTRAL DENSITIEE t each samprea srgnar
to a zero nean 12 basi s;

This Patent Application is a Continuation-In-Part of U.8.
5 Patent Application, Serial No. 08/034,058, filed March 22,

1993 (now abandoned).

FIELD OF THE INVENTION

This invention relates to process control systems, and wmore -
i0 particularly, to a system for determining whether a process

parameter is in a steady or unsteady state through a use of

the parameter’s power spectral density.

BACKGROUND OF THE INVENTION
15 |
In controlling dynamic plant processes, it is often.
necessary to know whether process variables are in a s’i:.eady
state or in an unsteady state. While, many process control
systems monitor plant variables and compare them agaizist
20 . predetermined set points, it is often more important to
know whether deviations of a plant variable, over time,
away from a setpoint are significantly different £from

noxmal. It is also important to be able to predict
whether a plant parameter output exhibits an incipient
25 . condition which may lead to an unsteady state.

The prior art contains wmany teachings concerning plant
parametex monitoring for process control applications. In
U.S. Patent 4,744,041 to sStrunk et al., the steady state
30 spee& of a dc motor is detected through the use cof fast
Fourier transform analysis. Strunk et al employ a current
sengor which measures the current in.'a test motor and sends
the sampled current signal as data to a computer. The
computer then samples and stores measured instantaneocus
35 current values at plurality of discrete times and performs.
a fast Fourier transform on the steady state current to
determine its power spectral density. Based on ‘the
computed power spectral density, the speed of the motor is

AMENDED SHEET
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13 . (b) proce55|ng “said sanpled output signal fte—dertye
reference spectral data for said process 15 RﬂﬂﬁﬁﬁMFQTSHEfr
sai*d' ref erence spectral data 16 mani f esti pg{a normal | zed
energy content for 17 RN each of a pluralitylof f4pqpEp
conponents of 18 sai d sanpl ed out put signal, efch W
reference 19 spectral dat a val ue subjected to—e—second—26

normal i zati on procedur e, rein e ectral 21 dat a
value is div a(%aélrﬁﬂi éﬁt&t%d tterms), each a
sanple tine E@dqmehoyrEhHWEﬁumlimdfﬁhtlve of an cperatMWWaMu;ﬁduaﬁbﬁn

UL DUt ST anal > SARP! Bdet Aisrerent loa, conaUiRRAL2 T 40 TQngErY 19

spectral dat
storing sai dmeganenée "Hiastr pirogedure 25 employved to medifyatalvsest ng

Cugrent oper golFaidincdat firé reﬁé\yds%%ctrum to bring it pmsssa&nvaarwé&e by
sanpllng ac rrent out p ess

0
vari abl e over® eggﬁrargorange of a test fre%‘éﬂ‘%g %‘?e?‘f’ﬁ‘ém%%ﬁ ’EP“bI ant
isin operatmhn pump. If the test fregquency spectrum axceeds limits

determined £xrom the "biased" reference frequency spectrum,
an alarm ig given. The Toshiba system thus requires

10 storage of a plurality of reference frequency spectra and
accurate modification of a chosen spectrum by application
of a bias value thereto to enable its comparison with a
test spectrum. Misadjustment of the bias can negate the
effectiveness of the test system.

15
Bartusiak et al. in PCT published Application WO 94/22025S:
describe a process signal detection technique that is
dependent upon power spectral densities. Reference data is
accumulated while a plant operates at a steady state and
20 includes the energy content of each of a plurality of
frequency components. A current operational dJdatabase is
then established by sampling a process variable when the
plant is in operation. The sampled current output signal is
analyzed to derive current data that includes the enexgy
25 content of each of a plurality of frequency components. For
each common frequency component of the reference data and
current data, the system makes a comparison of the energy
contents and issues a non-steady state signal if a
difference between the compared energy contents exceeds a
30 - predetermined limit. .
Accordingly, it is an object of thié invention to provide
a method for determining when a process variable output
signal is in a steady state condition.
33 | '
It is another cbject of this invention to provide a method
for analysig of a parameter output signal to indicate an
incipient unsteady state.

AMENDED SHEET
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13 .31 ' each 'sanpl ed current output signal TREPLAGEMBNET SHEET
subjected to a first normalization procedure to 33

cofivert each sanpled signal to a zero nmean 34 hasi s 35
(e)- processing said sanpled current output signal 36 17 DEC 19960
derive current spectral data therefrom said 37 current

spectral data manifesting a normalized 38%

ener gy content

of each of a

sanpl ed curr

lurality frequenc

gf 39 co|
yp still another of this,jnvanfign @ dhreVident BLEREr al

data val ue 4lparameter output sidmaltefletectisrcondchnigaki zehatn is

procedur e,

10

1S

20

25

30

35

dependent upon power spectral densities.
SUMMARY OF THE INVENTION

A methed for determining whether a current state of a
process variable output signal is within acceptable linmits
includes the following steps: establishing reference dgta
by sampling a plant’s process variable output signal when
the plant is operating at steady state and analyzing the
sampled output signal to derive normalized reference data
including an energy content of each of a plurality of .
frequency components of the sampled output signal. The

"procedure establishes a current operational data base by

sampling a process variable signal when the plant jis in’
operation. The sampled current output signal is analyzed
to darive current data including a normalized energy
content of each of a plurality of its frequency components.
For each common frequency component of the reference data
and the current data, the procedure compares their
normalized energy contents and issues a non-steady state
signal if the comparison indicates that the difference
between the compared energy contents exceeds a

predetermined limit.

DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of a system for performing the
method ¢f the invention;

Figs. 2a and 2b are high level flow diagrams illustrating
the method of the invention;

Fig. 3 is a plot of a variation in flow over time in an
exemplary plant; ' o
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42 . " wherein each’ spectral data val ue I s divided by 43

a sanple tine related value, a sanple tine 44 being a

wi Adow of tine during which an output 45 signal is
sanpled in preparation for deriving 46 spectral  data.

val ues therefor; and 47 f for each of a plurality of
common frequency 48 éponents of said reference spectral

data and 49 pig. 4 is a semgmé@nblme%falez«é&@ vepBas Erafidrady zed

50 ner cont ent.s erefor d 1ssuing a signal 5
if said corrp&reFﬁd'%(ﬂe FP&tgr%ﬁ?' @h\é’r Fig. % cont ent

t hreshol d of any frequency conponent of 53 sai d current

spectral dat g;excaedg Eh§18€e59yg§éw vs. tiﬁe'showin%iﬁgﬁgéggigg-éégﬁg

correspondlng omTon uenc
r efer ence sp§@ﬂpaﬁhﬁﬂﬂ¥bancea

Fig. 6 is a Semi-log plot of energy vs. freguency of the

plot of Fig. 5 indicating the that the ramp disturbance

produces the most severe violation of plotted energy
10 - thresholds in the low freguency range;

Fig. 7 is a plot of flow vs. time showing a "U" type
disturbance in the flow signal;

15 - Fig. 8 is a semi-log plot of energy vs. frequency of the
plot of Fig. 7 indicating, at one energy threshold, that .
a kg
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14 . 6. -The method.as recited TH clraim1 Wherein said sanple tine

rel ated value is a nunber of sanples of an output signal taken during said

wi ddow of tine. 7. The nmethod as recited in claim1l vrqe.'ni n.siep.
(f)-further indicates the cormmon frequency for which said si gREPLA(}EMEmugpg_:ET
8. The nethod as recited in claim1 wherein said anal yzi ng|sfeps—{b)—ard—,
(e) perform Fourier anal yses of said sams ed out put signalsjt dfl%rg ne
t he frequency conponents and energy content of each thereof 17 ,
net hod as reclimtmirbandeiendeadertdien tdaiaslxilghal is only ispubdin step
(f) if an energy in a : '

DETAILED DESCRIP’I'ION OF THE INVENTION

8 The system and method for carrying out the invention
determine whether a plant process is operating within a
steady state or a non steady state condition. In brief,
the system determines a reference power spectral density

_ (PSD) of a process variable, during a time that the process

10 variable is in a steady state. A power spectral density is
a representation of an energy content of a gignal as a
function of its component frequencies and is computed via
a fast Fourier transform (FFT) which converts a time-domain -
signal into its frequency-domain representation.

15
The signal from which the reference PSD is derived is
subjected to a first normalization procedure to derive a
zero mean basis for the signal. This normalization is
accomplished by subtracting the mean process variable value

20 of a time series of sample data values from each time
series sample data value. A second normalizatio'n'procedure
is performed on the spectral data by dividing each power
value in the spectrum by the number of time series sigmal
‘samples used to compute the spectrum. The £irst

28 normalization procedure enables a single stored reference
PSD to be used as a reference in all subsequent test
procedures, and eliminates the need for plural reference
spectra or for a biasing procedure to adjust the reference

~ spectra. The second normalization procedure enables the

30 reference PSD to be compared to a current PSD, even in the

- event that the time windows differ during which the current
and reference PSD’s are dexived. '

The reference PSD is compared with a current PSD derived
35 when the .process variable is in operation The current PSD
is alsc subjected to the first and second normalizatlon
procedures described above with respect to the reference'
PSD. If the current PSD is toc energetic (either with
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frequency coﬁponent of said current data exceeds an energy content of a
common frequency conponent of said reference data, nmultiplied by a set
factor. 10. The nethod as recited in claim1 wherein, in step (f),
said signal is issued after a ratio of energies of each of said common
frequency conponents is determined and it is determ ned that at |east one

RGY. YON:EPA MUENCHEN 06 :17-12-96 : 21:86 : 208827640 1 +49 89 23994465: #12

. : . 096/ 18110 i
PCT] USG5/ 15038 "RW@MT‘WW&‘“::*‘ TS i ded
e surt e ;;rﬁhf$af Tk | oo i BN,
deri ving \ _ -
1 1. A method for datermining & current state of a
2 process variable output signal f£rom a plant and whether
3 the output signal is within acceptable limits, the method
a comprising the steps of:
5 (a) establishing reference comparison data for said
6 process variable by sampling a reference output
7. signal over a first period of time when said
b plant is operating at steady state, each - -
9 sampled reference output signal further
10 ' subjected to a first normalization procedure to
11 convert each sampled signal tc a zero mean '
12 basis;
13 (b) processing said.sampled output signal to derive .
14 reference spectral data for said process
15 variable, said reference spectral data
18 | manifesting a normalized energy content for
17 : each of a plurality of frequency_componenté of
18 said sampled output signal, each reference
19 : spectral data value subjected to a second
26 normalization procedure, wherein each spectral
21 data value is divided by a sample time related
22 _ value, a sample time being a window of time
23 during which an ocutput signal is sampled in
24 preparation for deriving spectral data values
25~ therefor; '
26 _ {c) storing said reference spectral data;
27 - ' (d) establishing current cperational data for said
28 process variab;e by sampling a current output\
29 : signal for said process variable over a second -
30 : pefiod'of time when said plant i1s in operationm,

TINC TS “Up.-.
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spectTal’ data Vval'ues therefor—— " - ‘6T ME et hod as recited in clarfm™
5 wherein said sanple tine related value is a nunber of sanples of —an

out put signal taken during said wi ndow of tinmne.

as vecited in claimb5 wherein step (f) further |nd|Hm| '" malm
frequency for which said signal is issued. hod
recited in claimb5 wherein said anal yai ng steps (b) and (e) perform
Fouri er anal yses of sai d sanpl ed output signals to determ ne the

f ;aquency conponentsaQMdBamplg® cwrtent oitpethsidmakofurther 9.

The, method as recited igy éaee_@ 204 S {6 byma1 3908k | SroQLuLasUsd 11

step (f) if an energy in & requency conpone sal d current da
ex@®eeds an energy GPREPET Rach IaRRied My‘z%oﬂpﬁ%ﬂtm%‘msal d
r efger ence basis; :

38 (e) processing sald sampled current output signal
36 to derive current spectral data therefrom, said
37 : current spectral data manifesting a normalized
38 energy content of each of a plurality of
39 frequency components of said sampled cuxrent
40 | output signal, each current spectral data value
41 subjected tc a second normalization procedure, -
az : wherain each spectral data value is divided by - .
43 a sample time related value, a sample time
44 being a window of time during which an output
45 signal is sampled in preparation for deriving -
46 - spectral data values therefor; and :
47 (€} for each of a plurality of common frequency v
48 components of said reference spectral data and
49 current spectral data, comparing neormalized
50 energy contents therefor and issuing & signal
51 - _ if said comparing indicates that an energy
52 content threshold of any frequency component of
53 ' said current spectral data exceeds the energy
54 content of the corresponding common freqqenpy
55 qomponent of said reference spectral data.

f ? “LACEMENT SHEET

17 DEC 1996

W



RGY. \:()N !:.l-'A VIUL:\.LHL.\ (U] - 17 12-99 RO ZUBSL 0TV I 4 By .ddddea L
data nultlplled by a set factor. 10. The method as recited in' "'~
claim1 wherein, in step (f), said signal is issued_after a+atio——of
ener gi es of each of said common frequency conponents is_detern

it is determned that at |east one said rati o exceeds a ““lm “Himﬁmﬁmﬂ
factor.

14

6. The method as recited in claim 1 wherein said
sample time related wvalue is a number of samples ¢f an
output signal taken during said window of time.

7. The method as recited in claim 1 wherein step. (£}
further indicates the common frequency for which said
signal is issued. :

8. The method as recited in claim 1 wherein said
analyzing steps (b) and (e) perform Fourier analyses of
said sampled output signals to determine the £frequency
components and energy content of each thereof.

'9. The method as recited in claim 1 wherein said
‘signal is ohly issued in step (f) if an energy in a
frequency component of said current data exceeds an epergy'
content of a common frequency component of said reference
data, multiplied by a set factor.

10. The method as recited in claim 1 wherein, in step
(£), said signal is issued after a ratio of energies of
each of said common fregquency components is determined and
it is determined that at least one said ratioc exceeds a
predetermined factor.
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