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)

Open the Time Domain data file.
Read the parameters, NumSets , NumPts
Initiate Sum( ) and count to null

>y
Read Next Set of Data
into tddata( )

v

Apply Hanning Window
tdwdata( )=Han (tddata( ))

'

Calculated power Spectrum
specdata( })=Spectrum (tdwdata( ))

y

Sum () = Sum () + specdata()
326
count = count+1

Pr

Y

No Is

count = Numsels

spectrum( )=Sum( )/ count

Store spectrum( ) in output
fila

I

FIG. 13
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Divide the collected data into equal sets. Perform N
Hanning Windowing , FFT on each set to obtain \
‘Smoothed Periodogram’ by averaging all the sets. \

Identify the fundamental supply component by locating the
component having maximum amplitude in the stator current
spectrum. Record its frequency (F; ) and amplitude (FsAmp).
Locate multiples of F; (supply related components)

!

Calculate synchronous speed of the motor, Fiync= F /polepairs.
Locate the slip frequency related components by searching between
(mFs -2 Fgmin) and (mF, -10Fgma ) form=3,5and 7.

Famax = Feyne * maximum slip
Fomin = F, syne * minimum Shp

I

Calculate the s/ip from the above components.
Locate F; + F;and record its amplitude Frdmp
where Fy = Fyne * (1-slip)

328

Search and locate the remaining “slip frequency related’
harmonics adjacent to other supply related components.

!

Eliminate all theslip frequency related” harmonics between F /2 and 3F; /2 and
measure the noise in the region.
noise_1 = [sum of noise between {(F;-L -J) and (F;-L)}+ {(Fs+L)and (F,+
L+1)}]
noise_i = [sum of noise between {(Fs-L -J(i+1)) and (Fs-L-J)}+ {(Fs +L+Ji)
and (Fs+ L+J(i+1))}] /
fori=21to 5, L=6*resolution, and J=F, /10 /

! J
Preprocess the attributes slip , FsAmp, SigAmp, 330
Noise_I, Noise_2, Noise_3, Noise_4 and Noise 5 | .~
to make them acceptable by the Neural Network
algorithms.

FIG. 15
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Scan the NORMAL data
Derive generic limits
gmax; and gmin; for each
attribute, i

v

Omax; = gmax;
Omin; = gmin;

A !

Get new input, datum
Clip datum if outside hard_limits

No

Is
datum; < Omax;

Pmax; = datum;

?

No

Is
datum; > Omin;
?

Pmin, = datum;

\ 4
472

\ 4

Rescale the database
Pmax; = Omax; and listmemory
Pmin; = Omin;
Y 7

A 4
Scale datum using Pmax and Pmin

Y
Omax; = Pmax;
Omin; =Pmin;

v

Add datum to the database
Apply datum to the ALM to
update the listmemory

¢ Yy

Fig. 20



U.S. Patent Dec. 11,2007 Sheet 24 of 39 US 7,308,322 Bl

¢ 476

[232
504 | Fuzzy Rule 500
/ Base
User
“7 Interface
I | Fuzzy 502
Inference
Svstem
Fig. 21
470
/472 'Z
474
Input Adaptive AL&
> Preprocessor [?|
l T 476
Output
— » FRBES | "
Decision
Module

Fig. 22



US 7,308,322 B1

Sheet 25 of 39

Dec. 11, 2007

U.S. Patent

¢z ‘b4

JINE}-[2AL I UOHIPUOD NIHL HYTA SI dwey 4|
JIMEJ-[3dU 81 uofjipuod NIHL /H S! dwiyid 41
Y00[G-A8S I UOHIPUOD NIHL OT4IA @se dwysd pue dys J]
YOO[G-ASS S UOHIPUOO NIHL TYAHON SI G BSIoU pue TyWHON SI - 8siou pue (7 si dwys4 4|
¥o0[q
-0} S| UOPUOY NIHL TYAYON SI G 8siou Pue Ty)fHON S| ¢ asiou pue 0778 st dis pue 0778 s! dwysd 4|
ABD-ABS S| UOI}PU0d NTHL /HYIFA Sl ¥ 8siou pue 07 sl duysd 4
AB3-ASS S| UOIPUOD NIHL /H S ¥ @slou pue 07 s| dwys 4|
ABO-AS S| UOHIPUOO NHL /H 818 § 8siou pue (778 s! dwys 4|
NES-ASS §| UOPUCO NTHL jHTS S § 8siou pue OT4FA st dulysd |
ABO-A3S S| UONIPUOD NIHL /HTS SI§ 8siou pue 07 s dulys 4|
AEI-A3S S| UOI}IPU0O NIHL /HTS /e G asiou pue O77S s! dwys4 4|
ABJ-ASS SI UOIIPUOI NJHL /H 818 G oSI0U pue ¢ asiou 4|
ABO-ASS SI UOIIPUOD NFHL [HYA 8k G 8SIou pue ¢ 9siou Jj
ABJ-O[ | UOIPUOI NIHL /H SI g 8slou pue 0778 S! dis 4
EUIOU S| UORIPU0D NIHL TYAHON le saingujie auj [le 4|




US 7,308,322 B1

Sheet 26 of 39

Dec. 11, 2007

U.S. Patent

ZAN I E

V dANd |V HOLOW
9262 —  Cogz— osz—T1
V dANd |V HOLOW
9zez - 11574 - oLz
vV dWNNd |V HOLOW
_K
82ez - 1 1574 - 0.2 JOVAUIINI
TANNYHO
V dNNd |V HOLOW ree
veez — Yogz — 0.2

JTOHLNOD ANV
SOILSONOVIA

wwl\




US 7,308,322 B1

Sheet 27 of 39

Dec. 11, 2007

U.S. Patent

JOV4HILNI H3ISN

vee —1]
Gz "big

IS R
|
|
|
| S1NdLNO
L—p  MOMLIN TvHINN
| 40 $S300Hd 1S0d
1zee /

MHOMLIN | S3LNAMLLY

TYHNIN | $$3004d34d

oce A

08— JHNLYNOIS LNV

99

¥ av ONINOILIANOD
rAX4 TVNOIS

ONIHO1S ANV ONIANIH

8ce u\ +

V.ivd LN3"HND
40 13TIAVM J1LNdINOD

A
9z¢e \\

90¢ )/

NILSAS

0ce

m.vu/

d3INHO4SNVHL
LN3IHHND




U.S. Patent Dec. 11,2007 Sheet 28 of 39 US 7,308,322 Bl

/
\

0.018

N
/

— 610
0.016

’
<
\
ot e

N/ o ©

© X .
8//<\ ) 2 N
( Pl 2
7N >\ : L

612
~\

0.006

A4

< )

N/

602
\/«‘\504 ~
/
N\
0.004

e
X
0.002

-10
0

o © t.o/v ~ o o < © @
=4
(=
©

[v] uaung



US 7,308,322 B1

Sheet 29 of 39

Dec. 11, 2007

U.S. Patent

L¢ "Old

[v] uauoduwiod py \ yC9
- - @l -

o
[v] wuauodwoo by

© © /q-
o
N
(o]




U.S. Patent Dec. 11,2007 Sheet 30 of 39 US 7,308,322 Bl

(=]
<
e/

FIG. 28
FIG. 29

o™ [6a
p) opnuidwe AVAS
<t



US 7,308,322 B1

Sheet 31 of 39

Dec. 11, 2007

U.S. Patent

L€ "Old

[z H] Ko uanbai g
3

0€ "'Old

[o98s] a wi}
e & £

{apt 4vAS

]
N
N [Bap] aprudwe s,wsuodios §7




U.S. Patent Dec. 11,2007 Sheet 32 of 39 US 7,308,322 Bl

20
tim e [s e c]

FIG. 32

~N
o
~

.Jap] spnyjdwe sjusuedwoo jz



US 7,308,322 B1

Sheet 33 of 39

Dec. 11, 2007

U.S. Patent

¥€ "Old
.VNNI/ [z HI Aousenboi g

g z-

s 6"

\ ] 0 9
@
Vi g
\ 7 55 b
\J g
~| os- 3
=
=2

8 f

el

€€ "Old

1z H! Ao u s nbat 4
0z °t [ v o 2 o ) B v
SPE e o e — — 1L - B N

[ap] Jamog JvAS




US 7,308,322 B1

Sheet 34 of 39

Dec. 11, 2007

U.S. Patent

9¢ "OId

g€ "old

[2 41 £ 95 uenboeys 4 \
o o0 go . T N

Bep] apnpidwe s juauodWoo 17

lgplsomod J¥AS



US 7,308,322 B1

Sheet 35 of 39

Dec. 11, 2007

U.S. Patent

8¢ 'Old

fzH] Aousnbau4

8.

ov -\ oe 0 _
o)
05L- &
[¢3}
2]
Be]
0oi- &
[}
<
g
05 &
8
o &
T
ez

05

LE "Old

00¢-

||||||||||||||||||||| og4-

|
Tl= _ﬁﬁm-:-_

I
t
I
I
I
I
]
i
i
I
i
|
I
I
I
i
I
I
o
o
[ap] jamod 101094 adeds Juaungd

;;;;;;;;;;;;;;; S i U
|
|
| Y N R
€T 1= “HSNZ+T) €T1= “I(SNT-1) 1= WSAT+1)-



US 7,308,322 B1

Sheet 36 of 39

Dec. 11, 2007

U.S. Patent

o "Old

l 2z H] A 95 usenbaoas 4
z 0 | Lol 00 L

6¢ 'Old

<
[=4
. 0

[z Hl A2 uanbal 4
O - -

{gpl samog Jvas

[ap} 5amod Jvns



U.S. Patent Dec. 11,2007 Sheet 37 of 39 US 7,308,322 Bl

o
({=]
(e 2]

=
-
<t
g 3
>
- -
u-—-———————————————————————xv\m ————————————————————————————————— — ©
3
o
4 o)
* 3 A
__________________________________________________________________________ 1.9 <
S0
{ E
~
tg ----- ©
o PR
v
i'\
~ ©
O
£ 1< = R T o
3
éﬁ
l\ \
b 4
/ i )
~ s <
© [Bep] spnydwe s jusuoduwiod ®jz



ey "Old

[zH] Aouanbal4

US 7,308,322 B1

288 —

Sheet 38 of 39

[gp] 1emod Jojoan ooeds abejjon

0§

¢y "Old

[zH] Aouanbaly
v.8 . . .
09 ./ o 0z 0 0z ot 09

_F_—_ OOFI

Dec. 11, 2007

W g sl

N ” sy (sz-1H—" or
s}(sZ-1)

U.S. Patent

[ap] 1amod 1008 aoeds Juaun)



US 7,308,322 B1

Sheet 39 of 39

Dec. 11, 2007

U.S. Patent

v "Old

[zH] Aousanbau 4

0G

[gp] temod J4¥AS



US 7,308,322 Bl

1

MOTORIZED SYSTEM INTEGRATED
CONTROL AND DIAGNOSTICS USING
VIBRATION, PRESSURE, TEMPERATURE,
SPEED, AND/OR CURRENT ANALYSIS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/866,414, filed May 25, 2001, and
entitted MOTORIZED SYSTEM INTEGRATED CON-
TROL AND DIAGNOSTICS USING VIBRATION, PRES-
SURE, TEMPERATURE, SPEED AND/OR CURRENT
ANALYSIS, which is a continuation-In-part of the follow-
ing: U.S. patent application Ser. No. 09/163,933, filed Sep.
29, 1998, and entitled MACH/NE DIAGNOSTIC SYSTEM
AND METHOD FOR VIBRATION ANALYSIS, now
issued as U.S. Pat. No. 6,289,735; U.S. patent application
Ser. No. 09/407,617, filed Sep. 28, 1999, and entitled
DETECTION OF PUMP CAVITATION/BLOCKAGE
AND SEAL FAILURE VIA CURRENT SIGNATURE
ANALYSIS, now issued as U.S. Pat. No. 6,757,665; and
U.S. patent application Ser. No. 09/461,787, filed Dec. 15,
1999, and entitled INTEGRATED CONTROL AND DIAG-
NOSTICS SYSTEM, now issued as U.S. Pat. No. 6,326,
758, the disclosures of which are hereby incorporated by
reference as if fully set forth herein.

FIELD OF THE INVENTION

The invention described below generally relates to con-
trolling and diagnosing the health of a machine, and more
particularly, to systems and methods for controlling and
diagnosing motorized systems according to vibration, pres-
sure, temperature, speed, and/or current analysis.

BACKGROUND OF THE INVENTION

Many industrial processes and machines are controlled
and/or powered by electric motors. Motorized systems
include pumps providing fluid transport for chemical and
other processes, fans, conveyor systems, compressors, gear
boxes, motion control devices, screw pumps, and mixers, as
well as hydraulic and pneumatic machines driven by motors.
Such motors are combined with other system components,
such as valves, pumps, conveyor rollers, fans, compressors,
gearboxes, and the like, as well as with appropriate motor
drives, to form industrial machines and actuators. For
example, an electric motor may be combined with a motor
drive providing electrical power to the motor, as well as with
a pump, whereby the motor rotates the pump shaft to create
a controllable pumping system.

Controls within such motorized systems provide for auto-
matic system operation in accordance with a setpoint value,
and may additionally allow for manual operation. Thus, for
instance, a motorized pump system may be operated so as to
achieve a user specified outlet fluid flow rate, pressure, or
other system setpoint. In another example, a motorized
conveyor system may include one or more motorized roller
systems, wherein the individual roller systems are controlled
according to a conveyor speed setpoint. Such motorized
system controls may include a controller receiving a setpoint
from a user or from another system, which inputs one or
more system performance values and provides appropriate
control signals to cause the motorized system to operate in
a controlled fashion according to a control scheme. For
example, a motorized pump system may be controlled about
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a flow rate setpoint, wherein the associated controller reads
the setpoint from a user interface, measures the system outlet
flow rate via a flow sensor, and provides a control signal
indicative of pump speed to a motor drive operatively
connected to a motorized pump, whereby the control signal
is adjusted so as to achieve the setpoint flow rate in closed-
loop fashion.

Although operation of such motorized systems and con-
trollers may achieve system operation in accordance with
the setpoint, other factors such as system component wear,
component faults, or other adverse conditions, and the like,
may affect the operation of the motorized system. Thus, for
example, degradation in a pump impeller in a motorized
pumping system may lead to premature catastrophic failure
of the system if left unchecked. In this regard, operation of
the pump strictly in accordance with a flow rate setpoint may
accelerate the system component wear, degradation, and/or
failure, whereas operation at other flow rates may allow the
system to last longer. This may be of importance in critical
systems where safety is an issue. For instance, the motorized
pumping system may be located on board a military vessel
at sea, wherein operation according to a flow setpoint may
lead to catastrophic pump impeller or seal failure before the
vessel can be brought to port for repairs or maintenance,
whereas system operation at a reduced flow rate may allow
the pump to survive until the next scheduled servicing.

Motor diagnostics apparatus has been employed in the
past to provide an indication of wear, damage, and/or
degradation in motor system components, such as rotors,
bearings, or stators, prior to catastrophic failure thereof.
Such diagnostic devices may be used to monitor the overall
health of either the motorized system components being
controlled, or the control system itself. In this regard,
assessing system health can be used to minimize unsched-
uled system downtime and to prevent equipment failure.
This capability can avoid a potentially dangerous situation
caused by the unexpected outage or catastrophic failure of
machinery. However, many conventional diagnostic devices
inconveniently require an operator to manually collect data
from machinery using portable, hand-held data acquisition
probes.

Other known systems have sensors and data acquisition
and network equipment permanently attached to critical
machinery for remote diagnostics. Typically the diagnostics
equipment is directed to detecting problems with the process
control system hardware itself or monitoring the integrity of
the output, i.e., monitoring when the process response is
outside prescribed time or value limits. As noted above,
system health monitoring, health assessment and prognos-
tics generally are performed in isolation from any associated
control system. These systems typically conduct passive
monitoring and assess system health using diagnostic algo-
rithms and sensors dedicated to establish system health. This
passive monitoring is frequently done using off-line, batch-
mode data acquisition and analysis to establish the health of
the system.

In conventional motorized systems, therefore, controlled
operation is provided about a setpoint, wherein such con-
trolled setpoint operation may exacerbate system component
degradation and/or accelerate catastrophic failure thereof.
Prior diagnostics apparatus achieves some level of identifi-
cation of such system component degradation prior to com-
ponent failure. However, as noted previously, because vir-
tually all diagnostics systems perform off-line diagnostic
processing, it has been extremely difficult to implement
diagnostics processing real-time in coordination with on-
line control. Thus there is a need for improved control and
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diagnostics systems and techniques by which controlled
operation of motorized systems can be achieved while
mitigating the extent of component degradation and failure.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the
invention in order to provide a basic understanding of one or
more aspects of the invention. This summary is not an
extensive overview of the invention. It is intended to neither
identify key or critical elements of the invention, nor to
delineate the scope of the present invention. Rather, the sole
purpose of this summary is to present some concepts of the
invention in a simplified form as a prelude to the more
detailed description that is presented hereinafter. The inven-
tion provides control systems and methodologies for con-
trolling and diagnosing the health of a motorized system
and/or components thereof. Diagnosis of the system or
component health is accomplished using advanced analyti-
cal techniques such as neural networks, expert systems, data
fusion, spectral analysis, and the like, wherein one or more
faults or adverse conditions associated with the system may
be detected, diagnosed, and/or predicted.

The diagnostics may be performed using one or more
measured system parameters, such as vibration, pressure,
temperature, speed, power, current, or the like. Frequency
spectral analysis may also be employed in order to detect
and/or diagnose component wear, degradation, failure,
faults, and the like. For example, one or more signals from
system sensors may be processed by a diagnostics system
and analyzed in the frequency domain, whereby such
adverse conditions may be identified and/or predicted. The
diagnostics system may further provide one or more diag-
nostics signals indicative of the health of a motorized
system, which may then be provided to an associated
controller, whereby the operation of the motorized system
may be modified. In this regard, the system operation may
be modified to ameliorate detected component or system
degradation. Subsequent diagnostics on the system with
modified control can confirm, in a feedback operation,
whether or not the rate of component degradation has been
favorably affected, and/or whether a new, extended operat-
ing lifetime will be obtained.

The invention may thereby provide for extending the
useful service life of one or more system components. Thus,
the invention finds utility in association with a variety of
industrial processes and machines which are controlled
and/or powered by electric and other types of motors. Such
processes and machines include pumps providing fluid
transport for chemical and other processes, fans, conveyor
systems, compressors, gear boxes, motion control devices,
screw pumps, and mixers, as well as hydraulic and pneu-
matic machines driven by motors.

According to an aspect of the present invention, there is
provided a diagnostics and control system for controlling a
motorized system and diagnosing and/or predicting the
health thereof. The diagnostics and control system may
comprise a controller operatively associated with the motor-
ized system and adapted to operate the motorized system in
a controlled fashion, and a diagnostics system operatively
associated with the motorized system and adapted to diag-
nose the health of the motorized system according to a
measured attribute associated with the motorized system.
The measured attribute may comprise vibration, pressure,
current, speed, and/or temperature, for example, wherein
such attribute information is obtained from one or more
sensors operatively connected to the motorized system.

—

0

20

25

30

35

40

45

50

55

60

65

4

The diagnostics system may provide a diagnostics signal
according to the health of the motorized system, and the
controller may accordingly provide a control signal to the
motorized system according to a setpoint and/or the diag-
nostics signal. For example, the controller may comprise one
or more changeable parameters, such as gains or the like,
wherein the parameter may be changeable in response to the
diagnostics signal. In this manner, the operation of the
motorized system may be adaptable to a variety of system
health conditions, whereby the adverse effects of system
health problems may be proactively addressed in order to
mitigate the effects thereof, including for example, the
extension of service life and the reduction in system down-
time and/or failures. Moreover, the output of the controller
may be provided to the diagnostics system so that the health
assessment made by the diagnostics system can be based at
least in part on the control signal and the response by the
motorized system to this control action. Alternatively or in
combination, process conditions observed may be compared
to models of the motor, pump, and hydraulic system com-
ponents (e.g., pipes, valves, etc.) in order to establish a
diagnosis of the system.

In addition to component diagnostic information, the
invention provides for detecting, diagnosing, and/or adap-
tive control according to other detected system operating
conditions. For instance, the diagnostics system may be
advantageously employed in order to detect and diagnose
cavitation, blockage, and/or the like in a motorized pump or
in the system in which the motorized pump is employed. In
this regard, pressure and flow information related to the
pumping system may be measured and cavitation conditions
may be identified using a classifier system, such as a neural
network. The diagnostics system may thus comprise such a
classifier system for detecting pump cavitation according to
flow and pressure data. The invention may be employed in
cavitation monitoring, as well as in control equipment
associated with pumping systems, whereby pump wear and
failure associated with cavitation conditions may be reduced
or eliminated.

Such pumping system cavitation conditions may alterna-
tively or in combination be diagnosed using other measured
signals from the system. For instance, it has been found that
fault data relating to the operating condition of a motorized
pump may be ascertained from variations in current of a
motor driving the pump. These features present in the stator
frequency spectrum of the motor stator current may be
caused by load effects of the pump on the motor rather than
changes in the motor itself. The present invention provides
a system and method for extracting (e.g., synthesizing) the
fault data directly from the instantaneous motor current data.
This data relates not only to pump machinery conditions, but
also pump process conditions. Thus, by employing current
signature analysis of the instantaneous current of the motor
driving the pump, problems with the pump and/or process
line can be detected without using invasive and expensive
pressure and flow meters. Instead, a lower cost current
sensor may be used and this sensor may be located in a
motor control center or other suitable location remote from
the motor and pump.

Artificial neural networks (ANN) may thus be employed
analyze the current signature data of the motor that relates to
pump faults. Although, multi-iterative, supervised learning
algorithms could be used, which could be trained and used
only when a fully-labeled data set corresponding to all
possible operating conditions, the application of unsuper-
vised ANN techniques that can learn on-line (even in a
single iteration) may be provided in accordance with the
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present invention. The current signature analysis, moreover,
may be performed both on the pump to determine the
operating state of the pump, and on the motor driving the
pump so as to determine the operating state of the motor,
simultaneously.

The present invention also provides for preprocessing of
the fault signature data before it is being used to train an
ANN or design a decision module based on ANN paradigms.
The preprocessing eliminates outliers and performs scaling
and bifurcation of the data into training and testing sets.
Furthermore, it is desired to further post process the output
generated by unsupervised ANN based decision modules for
condition monitoring applications. This is because unsuper-
vised ANN based decision modules when presented with a
new operating condition can only signal the formation of a
new output entry indicating that a possible new condition
has occurred, but is not necessarily able to provide particular
fault information. Post processing is carried out by utilizing
the domain knowledge of a human expert to develop an
expert system, or by correctly classifying this new operating
state and encoding this information in a fuzzy expert system
for future reference, or by a model of the system and its
components, such as an analytical model or a qualitative
model.

Another aspect of the invention provides systems and
methodologies for detecting motor faults by space vector
angular fluctuation, which require no human intervention or
downtime, in order to identify motor faults such as stator
faults, rotor faults, and even imbalances in power applied to
the motor in a timely fashion. Systems and methodologies
are provided for detecting faults and adverse conditions
associated with electric motors. The methodology provides
for analyzing the angular fluctuation in a current space
vector in order to detect one or more faults associated with
the motor. Systems are disclosed having a diagnostics com-
ponent adapted to obtain a space vector from a current signal
relating to operation of the motor, and to analyze the space
vector angular fluctuation in order to detect motor faults.

Yet another aspect of the invention relates to a system to
facilitate controlling a motorized system. The system can
include one or more sensors for sensing various attributes
associated with the motorized system. A diagnostics system
diagnoses a state of the motorized system based at least in
part on at least one of the sensed attributes. A prognostic
system makes a prognosis of the motorized system based at
least in part on the at least one sensed attribute and/or the
diagnosed state. A controller controls the motorized system
based at least in part on the diagnosed state and/or prognosed
state. Thus, the system provides for not only controlling the
motorized system based upon current state information but
also upon predicted future state(s).

To the accomplishment of the foregoing and related ends,
the invention, then, comprises the features hereinafter fully
described. The following description and the annexed draw-
ings set forth in detail certain illustrative aspects of the
invention. However, these aspects are indicative of but a few
of the various ways in which the principles of the invention
may be employed. Other aspects, advantages and novel
features of the invention will become apparent from the
following detailed description of the invention when con-
sidered in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an exemplary
method in accordance with an aspect of the present inven-
tion;
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FIG. 2a is a side elevation view illustrating a motorized
system having an exemplary diagnostics and control system
in accordance with another aspect of the invention;

FIG. 2b is a schematic illustration of a system in accor-
dance with the present invention that employs diagnostic
and/or prognostic information in connection with control-
ling a motorized system;

FIG. 3 is a schematic diagram illustrating an exemplary
diagnostics system with a neural network in accordance with
another aspect of the invention;

FIG. 4 is a schematic diagram illustrating another exem-
plary diagnostics system with an expert system in accor-
dance with another aspect of the invention;

FIG. 5 is a schematic diagram illustrating another exem-
plary diagnostics system with a data fusion component in
accordance with another aspect of the invention;

FIG. 6 is a schematic diagram illustrating another exem-
plary diagnostics system with a data fusion component, and
neural network, and an expert system in accordance with
another aspect of the invention;

FIG. 7 is schematic flow diagram illustrating a portion of
an exemplary diagnostics system in accordance with the
invention;

FIG. 8 is a schematic diagram further illustrating the
exemplary diagnostics system of FIG. 7;

FIG. 9 is a schematic diagram illustrating an exemplary
cavitation classification in accordance with the invention;

FIG. 10 is a perspective schematic diagram illustrating an
exemplary neural network in accordance with another aspect
of the invention;

FIG. 11 is a function block diagram illustrating the
diagnostics and control system in accordance with the
present invention;

FIG. 12 is a function block diagram further illustrating the
diagnostics and control system of the present invention;

FIG. 13 is a flow diagram for performing a Fast Fourier
Transformation on a conditioned signal received from a
motor in accordance with the present invention;

FIG. 14a is a graph of a comparison of a Fast Fourier
Transform signal representative of a normal condition of a
centrifugal pump and a cavitation condition of the same
pump in accordance with the present invention;

FIG. 145 is a magnified window of the graph of FIG. 14a
in accordance with the present invention;

FIG. 14c is a graph of a comparison of a Fast Fourier
Transform signal representative of a normal condition of a
centrifugal pump and a leakage condition of the same pump
in accordance with the present invention;

FIG. 144 is a magnified window of the graph of FIG. 14¢
in accordance with the present invention;

FIG. 14e is a graph of a comparison of a Fast Fourier
Transform signal representative of normal condition of a
centrifugal pump and a faulty impeller condition of the same
pump in accordance with the present invention;

FIG. 14f'is a magnified window of the graph of FIG. 14e
in accordance with the present invention;

FIG. 14g is a table diagram of current signal amplitudes
over a range of frequencies, which may be employed to
facilitate diagnosing an operating state of a machine in
accordance with the present invention;

FIG. 15 is a flow diagram for creating a fault signature
from the current spectrum on the conditioned signal received
from a motor in accordance with the present invention;

FIG. 16 is a block diagram of an artificial neural network
in accordance with the present invention;
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FIG. 17 is a block diagram of an artificial neural network
in accordance with the present invention utilizing an Adap-
tive Resonance Theory paradigm;

FIG. 18 is a block diagram of an artificial neural network
in accordance with the present invention utilizing the second
version of the Adaptive Resonance Theory paradigm;

FIG. 19 is a functional schematic diagram of the diag-
nostics and control system including a stand-alone decision
module adapted for pump diagnosis in accordance with the
present invention;

FIG. 20 is a flow diagram for performing an adaptive
preprocessing act for the stand-alone decision module of
FIG. 19 in accordance with the present invention;

FIG. 21 is a schematic representation of the Fuzzy Rule
Base Expert System in accordance with the present inven-
tion;

FIG. 22 is a schematic representation of the stand-alone
decision module in accordance with the present invention;

FIG. 23 is an example of a set of fuzzy rules in accordance
with the present invention;

FIG. 24 is a schematic representation of a system for
diagnosing and controlling a plurality of pumps in accor-
dance with the present invention;

FIG. 25 is a function block diagram illustrating the
diagnostics and control system utilizing wavelets in accor-
dance with the present invention;

FIG. 26 is an exemplary plot illustrating sampled three
phase currents with unbalanced harmonics in accordance
with the invention;

FIG. 27 is an exemplary plot illustrating sampled current
space vectors for a balanced and an unbalanced system in
accordance with the invention;

FIG. 28 is an exemplary plot illustrating space vector
angular fluctuations in the time domain in accordance with
the invention;

FIG. 29 is an exemplary plot illustrating frequency spec-
trum of space vector angular fluctuation with fault indicative
frequencies in accordance with the invention;

FIG. 30 is an exemplary plot illustrating an exemplary 2fs
real time component obtained via a Goertzel algorithm in
accordance with the invention;

FIG. 31 is an exemplary plot illustrating a fluctuation in
amplitude of a 2fs component due to stator fault in accor-
dance with the invention;

FIG. 32 is an exemplary plot illustrating another exem-
plary 2fs real time component obtained via a Goertzel
algorithm in accordance with the invention;

FIG. 33 is an exemplary plot illustrating an amplitude
fluctuation in 2fs and 4fs components due to rotor resistance
imbalance according to the invention;

FIG. 34 is an exemplary plot illustrating an amplitude
fluctuation in 2fs and 4fs components due to a broken rotor
bar in accordance with the invention;

FIG. 35 is an exemplary plot illustrating sidebands due to
rotor resistance imbalance in accordance with the invention;

FIG. 36 is an exemplary plot illustrating oscillation of 2fs
and 2sfs components due to rotor asymmetry in accordance
with the invention;

FIG. 37 is an exemplary plot illustrating a current space
vector spectrum in accordance with the invention;

FIG. 38 is an exemplary plot illustrating a voltage space
vector spectrum in accordance with the invention;

FIG. 39 is an exemplary plot illustrating a space vector
angular fluctuation spectrum with components due to rotor
imbalance in accordance with the invention;
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FIG. 40 is an exemplary plot illustrating an amplitude
fluctuation in (1-s)2fs and (1+s)2fs components due to a
broken rotor bar in accordance with the invention;

FIG. 41 is an exemplary plot illustrating oscillation of a
21s component due to a broken rotor bar in accordance with
the invention;

FIG. 42 is an exemplary plot illustrating a current space
vector spectrum in the presence of a broken rotor bar in
accordance with the invention;

FIG. 43 is an exemplary plot illustrating a voltage space
vector spectrum in the presence of a broken rotor bar in
accordance with the invention; and

FIG. 44 is an exemplary plot illustrating a space vector
angular fluctuation spectrum in the presence of a broken
rotor bar in accordance with the invention.

DETAILED DESCRIPTION OF THE
INVENTION

The various aspects of the present invention will now be
described with reference to the drawings, wherein like
reference numerals are used to refer to like elements
throughout. The invention provides a diagnostics and con-
trol system for controlling a motorized system and diagnos-
ing the health thereof, with a controller operatively associ-
ated with the motorized system and adapted to operate the
motorized system in a controlled fashion, and a diagnostics
system operatively associated with the motorized system
and adapted to diagnose the health of the motorized system
according to a measured attribute associated with the motor-
ized system.

Referring initially to FIG. 1, an exemplary method 2 is
illustrated for controlling a motorized system and diagnos-
ing the health thereof. The motorized system can comprise
components (e.g. bearings), devices (e.g. motor, pump, fan),
subsystems (e.g. motor-drive-pump), and processes (e.g.
pump-pipes-fluid-control). The method 2 comprises operat-
ing a motor in the motorized system in a controlled fashion,
and diagnosing the health of the motorized system according
to a measured attribute associated with the motorized sys-
tem. While the exemplary method 2 is illustrated and
described herein as a series of blocks representative of
various events and/or acts, the present invention is not
limited by the illustrated ordering of such blocks. For
instance, some acts or events may occur in different orders
and/or concurrently with other acts or events, apart from the
ordering illustrated herein, in accordance with the invention.
In addition, not all illustrated blocks, events, or acts, may be
required to implement a methodology in accordance with the
present invention. Moreover, it will be appreciated that the
exemplary method 2 and other methods according to the
invention, may be implemented in association with the
motorized systems illustrated and described herein, as well
as in association with other systems and apparatus not
illustrated or described.

Beginning at 4, the exemplary method 2 comprises mea-
suring an attribute at 5, wherein the attribute is associated
with a motorized system (e.g., motorized pump, fan, con-
veyor system, compressor, gear box, motion control device,
screw pump, and mixer, hydraulic or pneumatic machine, or
the like). The attribute measured at 5 may comprise, for
example, vibration, pressure, current, speed, and/or tempera-
ture associated with the motorized system. At 6, the health
of the motorized system is diagnosed according to the
measured attribute. A diagnostics signal is provided at 7,
which may be indicative of the diagnosed motorized system
health, whereby the motorized system is operated at 9
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according to a setpoint and/or the diagnostics signal gener-
ated at 7. The provision of the diagnostics signal at 7 may
comprise obtaining a frequency spectrum of the measured
attribute and analyzing the frequency spectrum in order to
detect faults, component wear or degradation, or other
adverse condition in the motorized system, whether actual or
anticipated. The diagnosis may further comprise analyzing
the amplitude of a first spectral component of the frequency
spectrum at a first frequency. A control recommendation or
control signal is generated at 8 based on the diagnosed health
of the motorized system.

In order to provide the diagnostics signal, moreover, the
invention may provide the measured attribute(s) to a neural
network, an expert system, a fuzzy logic system, and/or a
data fusion component, or a combination of these, which
generates the diagnostics signal indicative of the health of
the motorized system. For example, such frequency spectral
analysis may be employed at 6 in order to determine faults
or adverse conditions associated with the system or com-
ponents therein (e.g., motor faults, unbalanced power source
conditions, etc.). In addition, the diagnosis at 6 may identify
adverse process conditions, such as cavitation in a motorized
pumping system. The diagnostics signal generated at 7 may
be employed by a controller associated with the system,
whereby modified operation thereof may be performed in
order to ameliorate or avoid actual or anticipated diagnosed
health problems.

Another aspect of the invention provides systems and
apparatus for controlling and diagnosing the health of
motorized systems. Various aspects of the invention will be
hereinafter illustrated with respect to an exemplary motor-
ized pumping system. However, it will be appreciated by
those skilled in the art that the invention finds application in
association with motorized systems in addition to those
illustrated and described herein, including but not limited to
motorized pumps, fans, conveyor systems, compressors,
gear boxes, motion control devices, screw pumps, mixers,
hydraulic or pneumatic machines, or the like.

Referring now to FIGS. 2a-6, a motorized pump system
12 is illustrated having an exemplary diagnostics and control
system 66 for controlling the system 12 and diagnosing the
health thereof, in accordance with the present invention. As
illustrated and described in greater detail hereinafter, the
diagnostics and control system 66 comprises a controller 71
operatively associated with the motorized system 12 and
adapted to operate the system 12 in a controlled fashion, and
a diagnostics system 70 operatively associated with the
motorized system 12 and adapted to diagnose the system
health according to a measured attribute. The diagnostics
and control system 66 of the invention may measure
attributes such as vibration, pressure, current, speed, and/or
temperature in order to operate and diagnose the health of
the system 12. The diagnostics system 70 is operative to
diagnose and control any or all of the controlled system 12,
the controller 71, the motor drive 60, and incoming power
from the power source 62.

An exemplary motorized pumping system 12 is illustrated
in FIG. 2a having a pump 14, a three-phase electric motor
16, and a control system 18 for operating the system 12 in
accordance with a setpoint 19. Although the exemplary
motor 16 is illustrated and described herein as a polyphase
synchronous electric motor, the various aspects of the
present invention may be employed in association with
single-phase motors as well as with DC and other types of
motors. In addition, while the exemplary pump 14 may
comprise a centrifugal type pump, the invention finds appli-
cation in association with other pump types not illustrated
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herein, for example, positive displacement pumps. The
control system 18 operates the pump 14 via the motor 16
according to the setpoint 19 and one or more measured
process variables, in order to maintain operation of the
system 12 commensurate with the setpoint 19 and within the
allowable process operating ranges specified in setup infor-
mation 68. For example, it may be desired to provide a
constant fluid flow, wherein the value of the setpoint 19 is a
desired flow rate in gallons per minute (GPM) or other
engineering units.

The pump 14 comprises an inlet opening 20 through
which fluid is provided to the pump 14 in the direction of
arrow 22 as well as a suction pressure sensor 24, which
senses the inlet or suction pressure at the inlet 20 and
provides a corresponding suction pressure signal to the
control system 18. Fluid is provided from the inlet 20 to an
impeller housing 26 including an impeller (not shown),
which rotates together with a rotary pump shaft coupled to
the motor 16 via a coupling 28. The impeller housing 26 and
the motor 16 are mounted in a fixed relationship with respect
to one another via a pump mount 30, and motor mounts 32.
The impeller with appropriate fin geometry rotates within
the housing 26 so as to create a pressure differential between
the inlet 20 and an outlet 34 of the pump. This causes fluid
from the inlet 20 to flow out of the pump 14 via the outlet
or discharge tube 34 in the direction of arrow 36. The flow
rate of fluid through the outlet 34 is measured by a flow
sensor 38, which provides a flow rate signal to the control
system 18.

In addition, the discharge or outlet pressure is measured
by a pressure sensor 40, which is operatively associated with
the outlet 34 and provides a discharge pressure signal to the
control system 18. It will be noted at this point that although
one or more sensors (e.g., suction pressure sensor 24,
discharge pressure sensor 40, outlet flow sensor 38, and
others) are illustrated in the exemplary system 12 as being
associated with and/or proximate to the pump 14, that such
sensors may be located remote from the pump 14, and may
be associated with other components in a process or system
(not shown) in which the pump system 12 is employed.
Alternatively, flow may be approximated rather than mea-
sured by utilizing pressure differential information, pump
speed, fluid properties, and pump geometry information or a
pump model.

Alternatively or in combination, inlet and/or discharge
pressure values may be estimated according to other sensor
signals and pump/process information. The system 12 fur-
ther includes an atmospheric pressure sensor 35, a pump
temperature sensor 33 (e.g., thermocouple, RTD, etc.), and
a vibration sensor 37 (e.g., accelerometer or the like),
providing atmospheric pressure, pump temperature, and
pump vibration signals, respectively, to the control system
18. In addition, the system 12 may comprise a torque sensor
(not shown), for example, located at the coupling 28. The
invention finds application in association with motorized
systems having fewer, more, or different combinations of
sensors, apart from the sensors illustrated and described
herein, wherein sensors providing signals indicative of other
system variables may be employed in order to diagnose and
control a motorized system in accordance with the present
invention.

In addition, it will be appreciated that while the motor
drive 60 is illustrated in the control system 18 as separate
from the motor 16 and from an exemplary diagnostics and
control system 66, that some or all of these components may
be integrated. Thus, for example, an integrated, intelligent
motor may include the motor 16, the motor drive 60 and the
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diagnostics and control system 66. Furthermore, the motor
16 and the pump 14 may be integrated into a single unit (e.g.,
having a common shaft wherein no coupling 28 is required),
with or without integral control system (e.g., control system
18, comprising the motor drive 60 and the diagnostics and
control system 66) in accordance with the invention. Further,
it is appreciated that the motor drive 60 may be a soft-start
device such as an SMC. Such a soft start device can turn off
the system for protection and ramp parameters and/or gains
may be adjusted to protect equipment (e.g. avoid fluid
hammer).

The control system 18 further receives process variable
measurement signals relating to motor (pump) rotational
speed, motor temperature, and motor vibration via a speed
sensor 46, a motor temperature sensor 47, and a motor
vibration sensor 48, respectively. As illustrated and
described further hereinafter, a diagnostics system 70 within
the diagnostics and control system 66 may advantageously
detect and/or diagnose actual or anticipated wear, degrada-
tion, failure, and/or faults associated with components of the
motorized system 12 (e.g., motor bearings, rotor, stator,
mounting, alignment, pump bearings, impeller, seals, and/or
of components in a larger system of which the motorized
system 12 is a part) as well as other system performance
conditions, such as cavitation, blockage, or the like.

For instance, the diagnostics system 70 may advanta-
geously be employed in order to detect and/or diagnose
cavitation in the pump 14 using a neural network classifier
receiving suction and discharge pressure signals from sen-
sors 24 and 40, respectively, as well as flow and pump speed
signals from the flow and speed sensors 38 and 46. Alter-
natively or in combination, a pump model and/or pump
efficiency curves (not shown) may be employed to diagnose
faults or other adverse conditions, such as cavitation. The
motor 16 provides rotation of the impeller of the pump 14
according to three-phase alternating current (AC) electrical
power provided from the control system via power cables 50
and a junction box 52 on the housing of the motor 16. The
power to the pump 14 may be determined by measuring the
current provided to the motor 16 via a current sensor 49 and
computing pump power based on current, voltage, speed,
and motor model information. This may alternatively or in
combination be measured and computed by a power sensor
(not shown), which provides a signal related thereto to the
control system 18. Furthermore, the motor drive 60 may
provide motor current, voltage, and/or torque information to
the diagnostics and control system 66, for example, wherein
pump input power information may be calculated according
to the torque and possibly speed information.

The control system 18 also comprises a motor drive 60
providing three-phase electric power from an AC power
source 62 to the motor 16 via the cables 50 in a controlled
fashion (e.g., at a controlled frequency and amplitude or
prescribed PWM waveform) in accordance with a control
signal 64 from the diagnostics and control system 66. The
diagnostics and control system 66 receives the process
variable measurement signals from the suction pressure
sensor 24, the discharge pressure sensor 40, the flow sensor
38, and the speed sensor 46, together with the setpoint 19
and/or other sensor signals, and provides the control signal
64 to the motor drive 60 in order to operate the pump system
12 commensurate with the setpoint 19, setup information 68,
and/or a diagnostics signal 72 from a diagnostics system 70.

In this regard, the diagnostics and control system 66 may
be adapted to control the system 12 to maintain a desired
fluid flow rate, outlet pressure, motor (pump) speed, torque,
suction pressure, or other performance characteristic. Setup
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information 68 may be provided to the diagnostics and
control system 66, which may include operating limits (e.g.,
min/max speeds, min/max flows, min/max pump power
levels, min/max pressures allowed, NPSHR values, mini-
mun/maximum motor temperatures, and the like), such as
are appropriate for a given pump 14, motor 16, and piping
and process conditions.

The diagnostics and control system 66 comprises a diag-
nostics system 70, which is adapted to detect and/or diag-
nose cavitation in the pump 14, according to an aspect of the
invention. Furthermore, the diagnostics and control system
66 selectively provides the control signal 64 to the motor
drive 60 via a controller component 71 (e.g., which may
implement one or more control strategies, such as propor-
tional, integral, derivative (PID) control, or the like) accord-
ing to the setpoint 19 (e.g., in order to maintain or regulate
a desired flow rate), setup information 68, and/or a diag-
nostics signal 72 from the diagnostics system 70 according
to detected cavitation in the pump, whereby operation of the
pumping system 12 may be changed or modified according
to the diagnostics signal 72. The diagnostics system 70 as
well as the controller 71 may be implemented in hardware,
software, and/or combinations thereof according to appro-
priate coding techniques in order to implement the various
aspects of the present invention.

The diagnostics system 70 may detect the existence of one
or more actual or anticipated conditions associated with the
pump system 12, such as system component wear, degra-
dation, failures, faults, or the like. In addition, the diagnos-
tics system 70 may detect and diagnose process conditions
associated with the system 12. For instance, the diagnostics
system 70 may identify or detect cavitation in the pump 14,
and additionally diagnose the extent of such cavitation
according to pressure and flow data from the sensors 24, 40,
and 38 (e.g., and pump speed data from the sensor 46), or
alternatively from current information from sensor 49,
whereby the diagnostics signal 72 is indicative of the
existence and extent of cavitation in pump 14.

FIG. 25 illustrates a system for controlling a motorized
system 90 (e.g., motor, pump, combination thereof and/or
plurality in combination thereof). A sensing system 92 (e.g.,
sensor, plurality of sensors) sense various attributes (modali-
ties) associated with the motorized system in operation or
while in a non-operating state. A diagnostic system system
94 employs data from the sensing system 92 in connection
with making a diagnosis of a state of the motorized system.
Various aspects of the diagnostic system 92 are discussed
herein in significant with respect to diagnostic system
described regarding various embodiments of the subject
invention. Accordingly, for sake of brevity and avoidance of
redundancy discussion of the various embodiments/applica-
tion of the diagnostic system are omitted. A prognostic
system 96 employs data from the sensing system 92 and/or
diagnostic system 94 in connection with prognosing (e.g.,
determining, predicting, inferring) future states of the motor-
ized system. The diagnostic system 94 and/or prognostic
system 96 can be implemented as a computer component. As
used in this application, the term “computer component” is
intended to refer to a computer-related entity, either hard-
ware, a combination of hardware and software, software, or
software in execution. For example, a computer component
may be, but is not limited to being, a process running on a
processor, a processor, an object, an executable, a thread of
execution, a program and a computer. By way of illustration,
both an application running on a server and the server can be
computer components. One or more computer components
may reside within a process and/or thread of execution and



US 7,308,322 Bl

13

a computer component may be localized on one computer
and/or be distributed between two or more computers.

The present invention may also employ technologies
associated with facilitating inference and decision making
under uncertainty and optimization of expected utility and/or
minimization of expected costs. Thus, statistical inference
may be performed with models constructed by hand, from
data with machine learning methods, or by a mixture of
machine learning and human assessment. Such models can
be used in conjunction with deterministic policies where
depending on the context, an inferential rule or deterministic
rule is used. A variety of machine learning systems/meth-
odologies (e.g., Bayesian learning methods that perform
search over alternative dependency structures and apply a
score (such as the Bayesian Information Criteria, etc.)
methods, Bayesian classifiers and other statistical classifiers,
including decision tree learning methods, support vector
machines, linear and non-linear regression, expert systems
and neural network representations, etc.) may be employed
to build and update inferential models. The prognostic
system 96 can employ nonlinear training systems/method-
ologies, for example, back-propagation, Bayesian, Fuzzy
Set, Non Linear regression, or other neural network para-
digms including mixture of experts, cerebellar model arith-
metic computer (CMACS), Radial Basis Functions, directed
search networks, and functional link nets. Moreover, the
prognostic system 96 could employ various models as
described herein with respect to the diagnostic systems, and
it is to be appreciated that such models or the like suitable
for application with the prognostic system 96 are contem-
plated and intended to fall within the scope of the hereto
claims.

A controller 98 employs information from either of the
sensing system 92, diagnostic system 94 and/or prognostic
system to facilitate controlling the motorized system. With
regards to the prognostic information from the prognostic
system 96, the controller can dynamically control/alter (e.g.,
slow down, speed-up, shut down, schedule shut-down) the
state of the motorized system 90 to facilitate maximizing
utilization of the system 90. Thus, for example, if the
prognostic information indicates that a future state of the
system 90 may be an overload condition, the controller 98
can take affirmative measures to address the anticipated
overload condition. Thus, the prognostic data can be
employed to mitigate, eliminate, or even avoid an undesir-
able operating condition of the system 90. Furthermore, the
prognostic data can be employed to prolong life of the
system, maximize utilization of the system 90, and optimize
preventive maintenance of the system.

Referring also to FIGS. 3-6, the diagnostics system 70
may comprise a neural network 80, an expert system 82, a
data fusion component 84, and/or a fast Fourier transform
(FFT) system 86 for generating a frequency spectrum 88, in
order to provide the diagnostics signal 72 according to one
or more measured system attributes (e.g., via signals from
the sensors 24, 33, 35, 37, 38, 40, 46, 47, 48, and/or 49).
System 70 could include a pump model qualitative model
(e.g., CNETS (causal model) or a combination of these). The
measured attributes may also be provided to the controller
71 from one or more of the sensors 24, 33, 35, 37, 38, 40,
46, 47, 48, and/or 49 for performing closed loop control of
the system 12 in accordance with the setpoint 19, setup
information 68, and/or the diagnostics signal 72. Although
the aspects of the invention are described hereinafter within
the context of employing a neural network 80, it is to be
appreciated the invention may employ other nonlinear train-
ing systems/methodologies, for example, back-propagation,
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Bayesian, Fuzzy Set, Non Linear regression, or other neural
network paradigms including mixture of experts, cerebellar
model arithmetic computer (CMACS), Radial Basis Func-
tions, directed search networks, and functional link nets. It
is appreciated that sensors 24, 33, 35, 37, 38, 40, 46, 47, 48,
and/or 49 and other signals or communications among
components may communicate, send data and/or transfer
signals through wireless communication or powerline com-
munication. It is appreciated that other sensors than the
sensors shown (24, 33, 35, 37, 38, 40, 46, 47, 48 and 49) may
be used with the present invention.

The diagnostics and control system 66 thus comprises the
controller 71 operatively associated with the motorized
system 12 to operate the system 12 in a controlled fashion
via the control signal 64 to the motor drive 60, as well as the
diagnostics system 70 operatively associated with the motor-
ized system 12 and adapted to diagnose the health thereof
according to one or more measured attributes (e.g., vibra-
tion, pressure, current, speed, and/or temperature), such as
the signals from sensors 24, 33, 35, 37, 38, 40, 46, 47, 48,
and/or 49 in accordance with the present invention. It will be
noted at this point that although the exemplary motorized
system 12 includes a pump 14, that the diagnostics and
control system 66 may be employed in association with
other motorized systems (not shown) having a motor and a
load, including but not limited to valve, pump, conveyor
roller, fan, compressor, and/or gearbox type loads. It is also
be noted that the diagnostics system 70 may effectively
diagnose problems with other system components, such as
the motor drive 60, incoming power from source 62, or with
other components or elements of the system 12, such as
sensor or A/D modules (not shown).

In accordance with the invention, the diagnostics system
70 provides diagnostics signal 72 according to the health of
the system 12 and/or components therein (e.g., motor 16,
drive 60, pump 14), wherein the controller 71 may advan-
tageously provide control signal 64 to the drive 60 according
to the setpoint 19, setup information 68, and/or the diag-
nostics signal 72. As another application, the measured
attribute or attributes may comprise vibration signals
obtained from one or both of the sensors 37 and 48, and/or
from other vibration sensors (e.g., accelerometers) associ-
ated with the motor 16 or the pump 14. For instance, the
diagnostics system 70 may obtain one or more motor
vibration signals (e.g., from sensor 48), and diagnose the
health of one or more motor bearings, motor shaft alignment
(e.g., lateral and/or angular alignment of the motor 16 with
the pump 14 and/or misalignment thereof), and/or of the
motor mounting (e.g., via motor mounts 32) according to the
measured vibration. In addition, it will be noted that such
diagnosis can be performed with no motor or pump sensors.

The diagnostics system 70 in this regard, may be adapted
to perform frequency spectral analysis of the measured
vibration signal from sensor 48. Such spectral analysis may
be performed, for example, via one or more of the neural
network 80 and the expert system 82, where the diagnostics
signal 72 indicates the health of the motorized system 12
according to frequency spectral analysis of the measured
vibration signal. Alternatively or in combination, the diag-
nostics system 70 may employ the data fusion system 84 in
order to derive one or more vibration signals from at least
one sensor associated with the motorized system 12. Thus,
for example, where the vibration sensors 37 and/or 48 are
inoperative, data fusion techniques may be employed in
accordance with the invention, to derive vibration informa-
tion from other available system signals, such as via the
current sensor 49.
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The present invention may thus employ data fusion in
situations in order to take advantage of information fission
which may be inherent to a process (e.g., vibration in the
motor 16) relating to sensing a physical environment
through several different sensor modalities. In particular,
one or more available sensing elements (e.g., sensors 24, 33,
35, 37, 38, 40, 46, 47, 48, and/or 49) may provide a unique
window into the physical environment where the phenom-
ena to be observed is occurring (e.g., in the motorized
system 12 and/or in a system of which the motorized
pumping system 12 is a part). Because the complete details
of the phenomena being studied (e.g., detecting the operat-
ing state of the system 12 or components thereof) may not
be contained within a single sensing element window, there
is information fragmentation which results from this fission
process. These information fragments associated with the
various sensing devices may include both independent and
dependent components.

The independent components may be used to further fill
out (or span) the information space and the dependent
components may be employed in combination to improve
the quality of common information recognizing that all
sensor data may be subject to error and/or noise. In this
context, data fusion techniques employed in the data fusion
system 84 may include algorithmic processing of sensor data
(e.g., from one or more of the sensors 24, 33, 35, 37, 38, 40,
46,47, 48, and/or 49) in order to compensate for the inherent
fragmentation of information because a particular phenom-
ena may not be observed directly using a single sensing
element. Thus, the data fusion system 84 provides a suitable
framework to facilitate condensing, combining, evaluating
and interpreting the available sensed information in the
context of the particular application. It will further be
appreciated that the data fusion system 84 may be employed
in the diagnostics and control system 66 in order to employ
available sensors to infer or derive attribute information not
directly measurable, or in the event of sensor failure, and
additionally, to detect sensor failure, and to continue to
diagnose and control system operation with failed sensor
components.

Thus, the present invention provides a data fusion frame-
work and algorithms to facilitate condensing, combining,
evaluating and interpreting various sensed data. The present
invention also facilitates establishing a health state of a
system employing the diagnostics and control system 66, as
well as for predicting or anticipating a future state of the
system 12 (e.g., and/or of a larger system of which the
motorized pump system 12 is a part). As illustrated in FIG.
5, the data fusion system 84 may be employed to derive
system attribute information relating to any number of
attributes according to measured attribute information (e.g.,
from the sensors 24, 33, 35, 37, 38, 40, 46, 47, 48, and/or 49)
in accordance with the present invention. In this regard, the
available attribute information may be employed by the data
fusion system to derive attributes related to failed sensors,
and/or to other performance characteristics of the system 12
for which sensors are not available. Such attribute informa-
tion derived via the data fusion system 84 may be employed
in generating the diagnostics signal 72, and/or in performing
control functions in the controller 71.

In another example, the measured attributes may com-
prise flow and pressure signals obtained from sensors 24, 38,
and/or 40 associated with the pump 14, wherein the diag-
nostics system 70 provides the diagnostics signal 72 indica-
tive of pump cavitation according to the measured flow and
pressure signals. The invention thus provides for health
indications relating to component conditions (e.g., wear,
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degradation, faults, failures, etc.), as well as those relating to
process or systems conditions, such as blockage and/or
cavitation in the pump 14. The diagnostics system 70 may
comprise a classifier system, such as the neural network 80,
detecting pump cavitation according to the measured flow
and pressure signals, which may be provided as inputs to the
neural network 80. The cavitation indication in the resulting
diagnostics signal 72 may further be employed to modify
operation of the system 12, for example, in order to reduce
and/or avoid such cavitation. Thus, an appropriate control
signal 64 may be provided by the controller 71 to the motor
drive 60 in order to avoid anticipated cavitation, based on
the diagnostics signal 72 (e.g., and/or the setpoint 19),
whereby the service lifetime of one or more system com-
ponents (e.g., pump 14) may be extended. The control signal
64 can further be provided to reduce cavitation to a pre-
scribed low level to meet process constraints and to extend
machinery lifetime to a specific time horizon (e.g., to allow
for mission completion). Alternatively, controller 71 may
provide the signal 64 to slightly increase cavitation to that
which is less damaging, to the extent possible, in order to
meet process (e.g., mission survival) needs and to ensure
process/mission completion.

In another related example, cavitation (e.g., actual or
suspected) in the pump 14 may be detected via measured
(e.g., or derived) current signal measurements, for example,
via the sensor 49. The diagnostics system 70 in this instance
may provide a diagnostics signal 72 indicative of pump
cavitation according to the measured current. In order to
detect cavitation using such current information, the diag-
nostics system 70 may employ the neural network 80 to
synthesize a change in condition signal from the measured
current. In addition, the diagnostics system 70 may further
comprise a preprocessing portion (not shown) operatively
coupled to the neural network 80, which conditions the
measured current prior to inputting the current into the
neural network 80, as well as a post processing portion
operatively coupled to the neural network 80 to determine
whether the change in condition signal is due to a fault
condition related to the motorized system 12. In this regard,
the post processing portion may comprise a fuzzy rule based
expert system, such as system 82. In addition, the diagnos-
tics system 70 may detect one or more faults relating to the
operation of the pump 14 and/or one or more faults relating
to the operation of the motor 16 driving the pump 14
according to the measured current.

Other faults may be detected and diagnosed using the
diagnostics and control system 66 of the invention. For
instance, the diagnostics system 70 may be adapted to obtain
a space vector angular fluctuation from a current signal (e.g.,
from the current sensor 49) relating to operation of the motor
16, and further to analyze the space vector angular fluctua-
tion in order to detect at least one fault in the motorized
system 12. Such faults may include, for example, stator
faults, rotor faults, and/or an imbalance condition in the
power applied to the motor 16 in the motorized system 12

In this situation, the diagnostics system 70 may obtain a
current signal associated with the motor 16 from sensor 49,
and calculate a space vector from the current signal. The
diagnostics system 70 determines a space vector angular
fluctuation from the space vector, and analyzes the space
vector angular fluctuation in order to detect one or more
faults associated with the motor 16. For instance, first,
second, and third phase current signals associated with the
motorized system 12 may be sampled in order to obtain the
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current signal, and corresponding first, second, and third
phase space vectors may be computed in the diagnostics
system 70.

A resulting space vector may then be calculated, for
example, by summing the first, second, and third phase
space vectors. The diagnostics system 70 may then compare
the space vector with a reference space vector, wherein the
reference space vector is a function of a constant frequency
and amplitude, and compute angular fluctuations in the
space vector according to the comparison, in order to
determine the space vector angular fluctuation. The diag-
nostics system 70 then performs frequency spectrum analy-
sis (e.g., using the FFT component 86) of the space vector
angular fluctuation to detect faults associated with the
motorized system 12. For example, motor faults such as
rotor faults, stator faults, and/or unbalanced supply power
associated with the pump motor 16 may be ascertained by
analyzing the amplitude of a first spectral component of the
frequency spectrum at a first frequency, wherein the diag-
nostics system 70 may detect fluctuations in amplitude of the
first spectral component in order to detect one or more faults
or other adverse conditions associated with the motorized
system 12.

In this regard, certain frequencies may comprise fault
related information, such as where the first frequency is
approximately twice the frequency of power applied to the
motor 16. Alternative to generating a full spectrum, the
diagnostics system 70 may advantageously employ a Goert-
zel algorithm to extract the amplitude of the first spectral
component in order to analyze the amplitude of the first
spectral component. The diagnostics signal 72 indicating
such motor faults may then be employed by the controller 71
to modify operation of the pumping system 12 to reduce or
mitigate such faults. Following a control modification, the
amplitude of the first spectral component is re-analyzed to
further support (e.g., or deny) the hypothesized fault and
mitigation scheme (e.g., cavitation).

Referring now to FIG. 7, the processing performed on
vibration and other sampled data from one or more of the
system sensors 24, 33, 35, 37, 38, 40, 46, 47, 48, and/or 49
in the diagnostics system 70 may comprise demodulation.
One demodulation technique, sometimes referred to as
enveloping, may be performed by the system 70 in order to
synthesize sampled digital attribute data 100 into a form
usable for detecting and diagnosing component degradation
and process conditions in the system 12. The demodulation
is illustrated in FIG. 7 in association with vibration data
(e.g., from one of the sensors 37 or 48). The digital vibration
data 100 enters the diagnostics system 70 and passes through
a band pass filter 102, which removes frequencies outside
the scope of interest and within the dynamic range of the
system 70 to form a filtered signal 104.

The filtered signal 104 passes through a rectifier 106, for
example a diode, which forms a rectified signal 108. The
rectified signal 108 passes through a low pass filter 110
which removes the high frequencies to form a relatively low
frequency signal 112. The low frequency signal 112 is
passed through a capacitor 114 to produce a demodulated
signal 116. A fast Fourier transform (FFT) is performed on
the demodulated signal 116 by FFT operator 118 (e.g., such
as FFT component 86 of FIG. 6) in order to produce a
vibration spectrum 120, for example, using commercially
available fast Fourier transform software such as MATLAB
by The Math Works. The FFTs of the vibration signal data
are discretized over N number of points to facilitate pro-
cessing, such as where N=2,048 (e.g., where N=2%, and K
is an integer), however, it will be appreciated that the FFTs

20

25

30

35

40

45

50

55

60

65

18

of each signal may be discretized over any suitable number
of such points. The vibration spectrum 120 may then be
analyzed by a host processor in the control system 18 in
order to determine the health of the motor 16 or other
component in the motorized system 12.

Although the demodulation has been described with
respect to obtaining FFTs of vibration or other signals, other
suitable techniques may be employed. For example, wavelet
transforms may be taken of the sensor data. One advantage
to using the wavelet transform is that the total size of the
transform is a compact representation of the original signal
and will require considerably less storage space than the
original signal. The wavelet representation may be diag-
nosed directly on the original signal reconstructed from the
wavelet presentation. Alternatively, where particular spec-
tral components are of interest, techniques such as the
Goertzel algorithm may be used to obtain such components
and the diagnosis without the need to generate an entire
frequency spectrum. Furthermore, such spectral analysis of
vibration data to detect and diagnose bearing faults, may
further take into consideration motor (e.g., pump) speed
information (e.g., from sensor 46) and setup information 68
(e.g., bearing geometry data) in order to suitably interpret
the FFT and detect defects and isolate particular bearing
faults.

Referring also to FIG. 8, the diagnostics system 70 may
further comprise a pre-processing component 202 receiving
speed, pressure, and flow data from the sensors 46, 24, 40,
and 38, respectively, which provides one or more attributes
204 to the neural network 80, wherein the attributes 204 may
represent information relevant to cavitation in the pump 14.
The attributes 204 may be extracted from the measured
pressure, flow, and/or speed values associated with the
pumping system 12, and used to characterize pump cavita-
tion by the neural network 80. The neural network 80, in
turn, generates a diagnostics signal 72 which may comprise
a cavitation classification 206 according to another aspect of
the invention. The neural network classifier 80 thus evalu-
ates data measured in the motorized pumping system 12
(e.g., represented by the attributes 204) and produces a
diagnosis (e.g., diagnostics signal 72) assessing the presence
and severity of cavitation in the system 12. The neural
network 80 in this regard, may employ one or more algo-
rithms, such as a multi-layer perception (MLP) algorithm in
assessing pump cavitation.

As illustrated further in FIG. 9, the diagnostics signal 72
output by the classifier neural network 80 is indicative of
both the existence and the extent of cavitation in the pump-
ing system 12. For instance, the exemplary signal 72 com-
prises a classification 206 of pump cavitation having one of
a plurality of class values, such as 0, 1, 2, 3, and 4. In the
exemplary classification 206 of FIG. 9, each of the class
values is indicative of the extent of cavitation in the pumping
system 12, wherein class 0 indicates that no cavitation exists
in the pumping system 12. The invention thus provides for
detection of the existence of cavitation (e.g., via the indi-
cation of class values of 0 through 4 in the diagnostics signal
72), as well as for diagnosis of the extent of such detected
cavitation, via the employment of the neural network clas-
sifier 80 in the diagnostics system 70.

Referring now to FIG. 10, an exemplary neural network
80 comprises an input layer 210 having neurons 212, 214,
216, and 218 corresponding to the suction pressure, dis-
charge pressure, flow rate, and pump speed signals, respec-
tively, received from the sensors 24, 40, 38, and 46 of the
pumping system 12. One or more intermediate or hidden
layers 220 are provided in the network 80, wherein any
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number of hidden layer neurons 222 may be provided
therein. The neural network 80 further comprises an output
layer 230 having a plurality of output neurons corresponding
to the exemplary cavitation classification values of the class
206 illustrated and described hereinabove with respect to
FIG. 9. Thus, for example, the output layer 230 may
comprise output neurons 232, 234, 236, 238, and 240
corresponding to the class values 0, 1, 2, 3, and 4, respec-
tively, whereby the neural network 80 may output a diag-
nostics signal (e.g., signal 72) indicative of the existence as
well as the extent of cavitation in the pumping system (e.g.,
system 12) with which it is associated. For example, each of
the output neurons 232, 234, 236, 238, and 240 may output
a unique value indicating the degree of certainty that the
associated cavitation class is present in the system 12.

In this regard, the number, type, and configuration of the
neurons in the hidden layer(s) 220 may be determined
according to design principles known in the art for estab-
lishing neural networks. For instance, the number of neurons
in the input and output layers 210 and 230, respectively, may
be selected according to the number of attributes (e.g.,
pressures, flow, speed, etc.) associated with the system 70,
and the number of cavitation classes 206. In addition, the
number of layers, the number of component neurons thereof,
the types of connections among neurons for different layers
as well as among neurons within a layer, the manner in
which neurons in the network 80 receive inputs and produce
outputs, as well as the connection strengths between neurons
may be determined according to a given application (e.g.,
motorized system) or according to other design consider-
ations. In addition, the neural network may have only one
output, the value of which indicates the cavitation class for
the system 12.

Accordingly, the invention contemplates neural networks
having many hierarchical structures including those illus-
trated with respect to the exemplary network 80 of FIG. 10,
as well as others not illustrated, such as resonance structures.
In addition, the inter-layer connections of the network 80
may comprise fully connected, partially connected, feed-
forward, bi-directional, recurrent, and off-center or off-
surround interconnections. The exemplary neural network
80, moreover, may be trained according to a variety of
techniques, including but not limited to unsupervised learn-
ing, reinforcement learning, and supervised (e.g., back
propagation), wherein the learning may be performed on-
line and/or off-line. Furthermore, the training of the network
80 may be accomplished according to any appropriate
training laws or rules, including but not limited to Hebb’s
Rule, Hopfield Law, Delta Rule, Kohonen’s Learning Law,
and/or the like, in accordance with the present invention. In
addition, although one or more aspects of the present inven-
tion are primarily described herein in the context of employ-
ing a neural network, it is to be appreciated the invention
may employ other nonlinear training systems and/or meth-
odologies (e.g., example, back-propagation, Bayesian,
Fuzzy Set, Non Linear regression, or other paradigms
including mixture of experts, cerebellar model arithmetic
computer (CMACS), Radial Basis Functions, directed
search networks, functional link nets, and the like).

Referring now to FIG. 11, the diagnostic system 70 may
further perform one or more types of signal conditioning on
the measured attribute signals from the system sensors 24,
33, 35, 37, 38, 40, 46, 47, 48, and/or 49. As an example, one
or more motor currents may be sampled, for example, from
the sensor 49, and processed accordingly, in order to detect
and/or diagnose cavitation conditions in the pump 14. In this
regard, the current sensor 49 may comprise a current trans-
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former providing a current signal to a signal conditioning
system 306, which in turn provides a conditioned current
signal 320 to an analog to digital (A/D) converter 272.
Thereafter, a digitized current signal is provided from the
A/D 272 to a processor 290 in the diagnostics and control
system 66 for further processing, as illustrated in FIG. 11.

FIG. 11 illustrates the functional events or acts that the
current data from the motor 16 driving the pump 14 is
subjected to for pump condition diagnostics. After the cur-
rent data from current transformer 49 is conditioned by
signal conditioning circuit 306, it is converted from analog
data to digital data by the A/D converter 272, so that it can
be further processed by processor 290. Processor 290 first
performs the acts of computing Fast Fourier Transforms 326
of the current data. The processor 290 controls the signal
sampling and digitizing rate as well as any buffering of the
digitized signals that might be needed. This data collection
rate should be selected to provide sufficient data upon which
the processor 290 can generate a comprehensive frequency
spectrum of the motor current signal suitable for analysis
using commercially available Fast Fourier Transform soft-
ware, such as for example MATLAB by The Math Works.

The spectral analysis basically involves the application of
a ‘Hanning Window’ to the time-domain data, calculation of
power spectrum from each set of the windowed time-domain
data for the specified number of sets, and then finding the
average spectrum using the Welch method. A flow chart of
the general scheme is shown in FIG. 13. The output spectra
corresponding to the A/D current signal, is stored into a
designated output file for future use. The parameters for the
A/D data acquisition, such as the number of sets (NumSets),
number of samples per set (NumPts) and the sampling rate
are selected to be 8, 8192 and 4096 Samples/sec respec-
tively, however it will be appreciated that any appropriate
values for these parameters may be employed in accordance
with the present invention. These parameters yield a fre-
quency resolution of 0.5 Hz and a bandwidth of 0 to 2048
Hz in the frequency spectra. The time-domain data consists
of a contiguous record of 65536 data values collected over
16 seconds, which is then divided into eight equal sets. The
noise smoothing is of a satisfactory level after the averaging
of eight consecutive spectra. A Hanning window may be
employed for the windowing purpose because of its ability
to reduce the leakage effect to a minimum.

The processor 290 then finds and stores fault signatures
relating to the operation of the pump in 328. FIGS. 14a-14f
show how pump faults can be detected comparing frequency
spectrums of motor current data relating to normal and fault
conditions. FIGS. 14a4-14b show both a frequency spectrum
of a centrifugal pump in a normal condition 350 and a
cavitation condition 352. FIG. 145 illustrates a magnified
image of FIG. 14q within a limited frequency range, wherein
a difference in the spectrums can be seen during cavitation.
Furthermore, FIGS. 14¢ and 14d show both a frequency
spectrum of a centrifugal pump in a normal condition 354
and a seal leakage condition 356 resulting in two-phase flow,
while FIGS. 14¢ and 14f1llustrate both a frequency spectrum
of a centrifugal pump in a normal condition 358 and a faulty
impeller condition 360. It should be appreciated that other
fault conditions such as blockage will also lead to different
frequency spectrum characteristics of the current data of the
motor driving the pump. Furthermore, different types of
pumps will exhibit different types of faults with associated
different spectrum characteristics. For example, pump faults
could include cavitation, blockage, two-phase flow, impeller
wear, impeller damage, the impeller impacting with the
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casing, a pump out of balance, corrosion, surge/hammer,
pump bearing defects, or other types of faults.

In one aspect of the invention, the processor 290 could
access a table, such as the one shown in FIG. 14g. The table
400 is shown which the processor 290 accesses when
performing signature analysis to diagnose the health of the
pump 14. The table 400 includes current amplitude data (A,
thru A,) over a range of frequencies (f, thru f,). The table
400 is stored in memory in the diagnostics and control
system 66, so as to be easily accessible by the processor 290.
The table 400 includes various health states of the pump
shown generally at 402, which correspond to current ampli-
tudes over the frequency range f, thru f,. For example,
referring to the row identified by reference numeral 404,
when the current amplitudes are A5, at f, A, at f;, A, at
£, Ay, atfy, Ay, atfy, ..., A, at T, the table 400 indicates
that the pump 14 has a “pump fault 6”. The “pump fault 6”
could be a cavitation fault or a variety of other pump related
faults. As will be appreciated, the table 400 can store N
number of current signatures corresponding to various
health states of the pump 14, which the processor 290 can
employ to diagnose the health of the pump 14.

It will be noted that the amplitude values need only be
sufficiently near the prescribed amplitude values in the table
400. Alternatively, the pump fault classification 402 could be
assigned to a set of sampled frequencies corresponding to
the row it is closest to. In this regard, closeness can be
defined by any of the standard metrics in n-space (e.g.,
n-dimensional Euclidean distance). It will be further noted at
this point that a diagnosis can be several concurrent faults,
such as cavitation with simultaneous faulty bearings (e.g.,
bearing fault caused by cavitation which is continuing).

Furthermore, certain discriminating fault attributes may
be extracted from the frequency spectrum of motor current,
which relate to certain fault conditions of the pump. Typical
attributes such as motor slip and noise directly relate to
degree of cavitation. An algorithm performed by processor
290 can be seen in FIG. 15, which evaluates the components
of the frequency spectrum and derives certain attributes for
a centrifugal pump. The attributes shown in FIG. 15 are slip,
FsAmp, SigAmp, Noise_1, Noise_2, Noise_3, Noise_4 and
Noise_5, which form the fault signature for the centrifugal
pump. For example, if FsAmp is low and slip is low there is
fault condition of severe blockage. Other types of faults can
be found, such as cavitation and faulty impeller by evalu-
ating the above attributes. The attributes then may be
subjected to the act of preprocessing 330 to be acceptable by
the neural network 80.

In some cases may be desirable to preprocess the fault
signature data before it is being used to train or design a
decision module based on ANN paradigms. The preprocess-
ing can be divided into three tasks, namely, elimination of
outliers, scaling, and bifurcation of data into training and
testing sets. Elimination of outliers is concerned with detect-
ing any such data pattern that has one or more attributes
which seem to have an extraordinarily large or small values
compared to the allowed or expected range for that
attribute(s). Such data patterns are known as outliers, which
could be generated due to errors during data collection or
fault signature formation or due to noise. Elimination of
such data patterns facilitates proper utilization of the data set
for designing the network. The adverse effects caused by not
eliminating outliers are compression of the useful range of
a given attribute during scaling and causing difficulties for
the network in converging to a final solution, and error in the
final solution due to warping of the attribute space in order
to accommodate extreme values.
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The fault signature, which is an array of real values, is
known as an analog data pattern, analog exemplar, or feature
vector in the field of neural networks. Although it is possible
to take the attributes generated in the previous section and
apply them directly as inputs to a neural network, it is
practically more beneficial in terms of simplicity of the
designed network and in terms of the computational load on
the processor, to scale the attributes in such a way that each
of the attributes has similar boundaries such as {0, 1} or {-1,
1}. For example, in the pump condition monitoring data
patterns, the slip attribute would have a value on the order
of 1072 while the FsAmp attribute can have values greater
than 10° and the possible range of their values can also differ
greatly. Using such a data set directly, without scaling, in
conjunction with a neural network would lead to large values
of network parameters (e.g., weight vectors) and the time
taken for completely training the network or designing the
network would be high. The simplest and most widely used
scaling method is the linear scaling method. Alternatively
sigmoidal scaling can be used.

Returning to FIG. 11, the processor 290 then transmits the
fault signature to neural network 80 after 330. Neural
network 80 could be a multi-iterative, supervised learning
algorithm such as feed forward, back propagation network.
This network could be trained and used with a fully labeled
data set corresponding to all possible operating conditions.
However, the application of unsupervised ANN techniques
that could learn on-line (even in a single iteration) may be
desirable. Also, the ability to perform incremental learning
such as provided in the proposed unsupervised neural net-
work is desirable. Processor 290 can be programmed to
perform the necessary post processing of the fault data in
332 and provide that information in the diagnostics signal
72. It should be appreciated that the functions of diagnosing
the motor current data containing pump fault information
can be completely performed by the diagnostics and control
system 66.

FIG. 12 illustrates an implementation of the present
invention wherein the diagnostics and control system 66
performs the signal conditioning 380, A/D conversion 382,
spectral analysis 384, formation of the fault signatures 386
and pre-processing 388. The diagnostics and control system
66 may also include a decision module 390 which may be
comprised of neural network 80 and post processing 332.

Neural network 80, which may comprise an Artificial
Neural Network (ANN), will now be discussed with regards
to another implementation in accordance with the present
invention. ANNs are a set of algorithms or processing acts
that can be used to impart the capabilities such as generali-
zation and pattern recognition or pattern classification to a
standard computer system. These algorithms can learn to
recognize patterns or classify data sets by two methods,
known as supervised learning and unsupervised learning.
Considering the block diagram shown in the FIG. 16, in
which an ANN is represented by a ‘square block” 410, the
ANN is supervised if the network is provided with a set of
input patterns 412 along with their designated outputs 414,
and the network learns by changing its internal parameters
(e.g., neuron interconnection weights) in such a way that it
produces the corresponding designated output pattern for a
given input pattern, or sufficiently close to the designated
output pattern. The ANN is known as unsupervised if the
network chooses its own output class for a given input
pattern without any external supervision or feed-back. The
unsupervised ANN will automatically define new classes if
new input patterns are sufficiently different from patterns
previously seen.
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The ANN structure basically contains processing nodes
called neurons arranged in two or more layers. The nodes are
extensively interconnected typically in a feed forward man-
ner through connections and associated interconnection
weights. For a pattern recognition application, the input
pattern could be a digitized image of an object to be
recognized and the output could be the same image (e.g.,
with reduced noise), or it could be a class representation of
the image. For a condition monitoring application such as
for motorized systems, the input pattern may include pre-
processed fault signature data derived from the stator current
spectra, and the output is a class assignment for one of
various possible fault conditions. There are various archi-
tectures and learning schemes for the ANNs and some of the
ANNs may be more suitable for use as decision makers for
condition diagnostics applications than others.

It has been found that one-shot unsupervised ANN para-
digms may be more suitable for the development of condi-
tion monitoring system than supervised ANN paradigms.
Furthermore, a monitoring system based on an unsupervised
neural network that can learn about the conditions of a
process plant from a single pass of the training data, can
provide a better solution for detecting new plant conditions.
Supervised networks must be trained off line, and thus have
a fixed set of variables and cannot give a valid output upon
receipt of a new condition. A block diagram of a one such
one-shot unsupervised ANN network known as the Adaptive
Resonance Theory (ART) is shown in FIG. 17.

ART has two layers namely the input (or comparison)
layer 440 and output (or recognition) layer 442. These layers
are connected together, unlike the other networks discussed
above, with feedforward (denoted by W) as well as feedback
(denoted by T) connections. The neurons of the output layer
also have mutual connections useful for lateral inhibition
(not shown in the Figure). The signals Control-1 and Con-
trol-2 are responsible for controlling the data flow through
the input and output layers, 440 and 442, respectively. The
reset circuit is responsible for determining the effectiveness
with which a winning output neuron represents the input
pattern. It is also responsible for resetting the ineffective
neurons and designating a new neuron for representing a
given input pattern. The training of the ART network can be
done in either a fast learning mode or in a slow learning
mode. The fast learning mode allows the network’s feed
forward weights to attain their optimum values within few
learning cycles (epochs) while the slow learning mode
forces the weights to adapt over many epochs. The fast
learning mode can be used to train the network even in a
single epoch. This is appropriate for the present case because
the salient features of the problem domain are already well
defined in the fault signatures.

FIG. 18 illustrates the ART-2 architecture, which is essen-
tially the same as the ART architecture except that the input
layer of ART-2 has six sublayers (w, X, v, u, p and q) which
are designed to enhance the performance of the network to
cope with the continuously varying real input data. The
additional sublayers incorporate the effects of feature
enhancement, noise suppression, sparse coding and expec-
tation from the recognition layer. The reset function is
incorporated by an additional sublayer (r) containing the
same number of nodes as are in the sublayers of the input
layer.

Another useful unsupervised ANN algorithm applicable
to the present invention is the Associative List Memory
(ALM) paradigm. Associative List Memory (ALM) is an
autoassociative memory capable of handling long bit strings
(up to 10* bits) of data. ALM’s learning mechanism is based
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on unsupervised training technique and can learn within a
single epoch. It has been successfully applied to reduce and
classify the data produced by satellites and the results have
shown that ALM is comparable or better than other asso-
ciative memories such as the Sparse Distributed Memory for
this application. It provides direct access to the learned
exemplars and can be implemented on a low-cost computing
platform (e.g., a 16 bit microprocessor). With suitable modi-
fications ALM can be used for classifying analogue inputs
(e.g., pump fault signature data). Its one-shot learning capa-
bility, simple algorithm structure, and incremental learning
capability make it a suitable choice for implementing a
stand-alone decision module for pump diagnostics.

In a typical commercial or industrial motorized system, it
may not be possible to generate a dataset containing all
possible operating conditions or faults. Simple linear scaling
of the available data may not ensure that any future data,
which might occur due to a new plant operating condition,
would lie within the same initial limits. Hence an adaptive
preprocessing scheme may be employed in accordance with
the invention, which adaptively updates the maximum and
minimum values of each attribute so that the entire database
is maintained to have values between O and 1. This increases
the computational task, but the potential advantages of the
generic condition monitoring scheme out-weigh this minor
drawback. Output generated by an unsupervised neural
network needs to be post processed in order to obtain useful
classification information. In the classification applications
using the unsupervised ANN paradigms, usually the domain
expert (a human expert, having knowledge about the prob-
lem) examines the output classes assigned by the ANN in
conjunction with system details such as which of the input
patterns has activated which of the output entries, the class
to which a given input actually belongs etc., and then assigns
the class representation to each of the output entries. The
above procedure is suitable for applications such as classi-
fication of satellite pictures etc., but may not be suitable for
on-line condition monitoring applications.

Without the above mentioned post processing, an unsu-
pervised ANN based decision module for the condition
monitoring applications, can only signal the formation of a
new output entry indicating that a possible new plant con-
dition has occurred, but it cannot diagnose the new condition
to be a particular case, such as a new normal condition,
cavitation etc. It is, however, possible that an intelligent post
processor based on expert system rules, can be used to
assign the class representation to each of the output entries
formed by the unsupervised neural networks such as ART
and ALM. The attributes of the fault signatures obtained
from the stator current of the motor are derived based on the
physical interpretation of the functioning of the pumps and
pumping systems. This means that the variation of each of
the attributes are associated with the physical status of the
pump. Thus, it is possible to correlate the attribute repre-
senting the pump condition with rules such as ‘IF attribute-1
is high and attribute-2 is high THEN the pump condition is
cavitation’, etc. An expert system based on such generic
rules can be used to assign the class representation to the
output entries formed by the unsupervised ANN paradigm so
that the decision module produces a meaningful output
without any external human supervision.

Referring to FIG. 19, a condition monitoring system is
provided that utilizes a stand-alone decision module 470
within the diagnostics and control system 66. The stand-
alone decision module 470 includes hardware and/or soft-
ware that performs an adaptive preprocessing act, an ALM
neural network and software that utilizes a Fuzzy Expert
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System in a post processing act. To exploit the potential
advantages of one-shot methods as decision modules for the
on-line condition monitoring schemes, a flexible preprocess-
ing method is employed which adaptively preprocesses the
incoming data to bind its attribute values to the predefined
limits of 0 to 1, by using pre-specified maximum and
minimum limits, which can be easily defined by the domain
expert, who has knowledge of the equipment (type of motor,
pump etc.) and the plant (flow rate, differential pressure head
etc.).

Where attribute values are not predictable, limits are set
based on observation of the range encountered during mea-
surement. These initial limits act as maximum and minimum
boundaries for calculating scaling factors to preprocess the
incoming data as long as the incoming data patterns fall
within range. When any of the attributes of the incoming
data patterns has a value beyond these limits then the
maximum and minimum boundaries are expanded to include
the present pattern and new scaling factors are obtained.
Whenever such a change of maxima or minima boundaries
occurs, the neural network paradigm that uses the prepro-
cessed data may be updated to account for the new changes
in the scaling factors and also the previously accumulated
data base may need to be rescaled using the new scaling
factors based on how much the new boundaries have
expanded.

In the case of the ART-2 algorithm, the feed-forward and
feed-back weight vectors may be rescaled to account for the
new changes, and for an ALM the memory entries them-
selves rescaled. Although the proposed adaptive preprocess-
ing scheme will work without defining any maximum and
minimum limits beforehand, it is faster and more efficient to
specify and utilize initial expected limits. It should be
appreciated that the present invention could employ operator
input training techniques. FIG. 20 illustrates a flow-chart of
the functional description of the adaptive preprocessing
scheme 472. The expected maxima and minima for each
attribute are first derived by analyzing the normal condition
data and the other relevant pump/plant details, ratings and
physical system. It should be noted that in some circum-
stances it may not be necessary to employ preprocessing and
postprocessing techniques.

A block diagram of a Fuzzy Rule Based Expert System
(FRBES) 476 is shown in FIG. 21. It comprises three
modules namely, a Fuzzy Rule Base 500, a Fuzzy Inference
Engine 502 and a User Interface 504. The Fuzzy Rule Base
500 consists of Fuzzy type ‘IF-THEN’ rules, while the
Fuzzy Inference Engine 502 is the core logic program which
includes details of the Fuzzy system such as the number and
types of membership functions of inputs and outputs, their
range, method of defuzzification, etc. The User Interface
504, in a production-level expert system is capable of
querying the user for additional information in case the
expert system is unable to reach a conclusion with the
existing information in its data base.

As can be seen in FIG. 22, the decision module 470 can
be integrated as a stand-alone decision module where the
input can be received both by the Adaptive Preprocessor 472
and the FRBES 476. Bidirectional communication is set up
between the ALM Neural Net 474 and the FRBES 476. The
ALM may receive new classification information which may
be entered from the user interface portion of the FRBES 476.
The ALM Neural Net 474 then generates the appropriate
output pattern to a user interface. The rule base of the
FRBES in the present example comprises fifteen generic
rules formed on the basis of the generic knowledge about the
behavior of the attributes with respect to a given plant
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condition. These rules are listed in FIG. 23. The MATLAB
source code corresponding to the FRBES described above
can be implemented using MATLAB’s Fuzzy Logic Tool-
Box. It should be appreciated that the Adaptive Preprocessor
472, ALM paradigm 474, and the FRBES 476 could be
implemented in separate stand-alone hardware modules or in
a single integrated hardware module within the system 66.
Furthermore, separate processors and software programs
could be used or a single processor and software program
could be used to run the Adaptive preprocessing and FRBES
acts. It should be appreciated that the stand-alone decision
module 470 can be used to diagnose the operating condition
of the pump system 12 (e.g., cavitation), the health or
condition of the pump 14 (e.g., impeller damage), and also
the condition of the motor 16 driving the pump 14 (e.g., rotor
bar damage).

Turning now to FIG. 24, the diagnostics and control
system 66 is shown as part of a system 530 where the
diagnostics and control system 66 performs classical current
signature analysis on a plurality of motors 230 ,-230,,. The
motors 230 ,-230,, drive pumps 232 ,-232,,. Although only
four motors and four pumps are shown as part of the system
530, it will be appreciated that virtually any number of
motors and pumps may be employed in this system 530. The
motors 230 ,-230, are each individually tied to the diagnos-
tics and control system 66. The system 66 may include
motor starters to start and stop the motors along with circuit
breakers to protect the electric motors and electric wiring.
Each respective motor 230,230, has current sensor(s)
coupled to its respective lead wire(s) to obtain current signal
data. The digitized current signal data 320 for each motor
230 -230, is applied to a channel interface 532. The channel
interface 532 includes a separate channel for each motor of
the system 530. The channel interface 532 is coupled to the
diagnostics and control system 66.

The diagnostics and control system 66 cycles through
each channel at predetermined intervals to obtain current
data with respect to each motor 230 ,-230,,. The diagnostics
and control system 66 then essentially carries out the same
acts as described above with reference to FIG. 12 as to
performing classical fault signature analysis to determine the
operating condition of the pumps 232 ,-232,,. The advantage
of this system 530 is that it allows for the analyzing a
plurality of pumps by a single diagnostics and control
system 66. In this way, a user of the diagnostics and control
system 66 could monitor and analyze every motor or
machine within a facility from a single location.

Although the present invention has been described with
respect to obtaining Fast Fourier Transforms of the current
signals, it should be appreciated that other suitable tech-
niques may be employed. For example, wavelet transforms
may be derived from the current data. FIG. 25 shows
replacing the act 326 (FIG. 11) of computing the Fast
Fourier Transformation of digital conditioned signal 320
with computing the wavelet of the conditioned signal 320.
All that is required for performing a wavelet transform is an
appropriate set of analysis and synthesis filters. By using the
wavelet transform with the neural network 80, a much
smaller, compact, training set may be employed, which still
enables the present invention to correctly classify the oper-
ating state of the motor pump system. Furthermore, original
signal information from the wavelet coefficients as may be
reconstructed if needed in the future. This approach also
affords for a pseudo frequency domain and time domain
analysis of the signal data. Such a combination involves
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relative simplicity of implementation while affording great
flexibility in accommodating a broad range of signal types
and noise levels.

It should be appreciated that the present invention
employs techniques that show direct application to machin-
ery diagnosis using a variety of techniques, algorithms and
models. These techniques could be readily expanded to
include pump hardware and pump process protection via
automatic shutdown, failure prediction/prognostics, correc-
tive action recommendations, monitor and control energy
usage and to ensure EPA and safety guidelines are complied
with using monitoring and archival data storage. It should
also be appreciated that the techniques provided in the
present invention could be applicable to a broad range of
pumps (e.g., centrifugal, positive displacement, compres-
sors, vacuum pumps, fans, ventilation systems, etc.).

In order to further illustrate the various aspects of the
invention, FIGS. 26-44 and the following description are
provided, including exemplary experimental and simulated
results showing the diagnostic capabilities according to the
invention. The space vector angular fluctuation technique
(SVAF), provides significant advantages over prior analyti-
cal methodologies, such as the zero cross times method
(ZCT) for motor failure prediction. The ZCT method
employs zero crossing times of three phase motor current
waveforms as data for spectral analysis of induction motor
current. The inventors of the present invention have found
that fluctuations in the angle of the space vector hold
information on motor condition, and that when these are
analyzed by means of FFT or other frequency spectral
analysis techniques, diagnostic indices for stator and rotor
faults can be defined. The main drawback in the ZCT
method was limited sampling frequency, whereas the SVAF
method overcomes this limitation, thus giving more reliable
diagnostic data, since aliasing effects are removed.

The ZCT method of induction motor fault detection
measures times t; at which the three phase currents cross
through zero. A series of data values is derived as the time
difference between pairs of adjacent zero crossing times
minus the expected 60 degree time interval AT between two
zero crossings. For a three phase system with six zero
crossings per mains cycle, this produces six samples per
supply cycle with the data given by

dt,=t1; | ~AT M

with AT=1/300 sec for a 50 Hz supply.

Since the phase lag angle of motor current behind the
supply voltage varies with load, it follows that fluctuations
in load or speed from any cause will be encoded as modu-
lation of the ZCT data values 0t,. These data values represent
the fluctuations in the zero crossing times, and in an ideal
system at constant speed, would all be equal to zero. Hence,
only the fluctuations in load are encoded. Because there are
siX zero current crossings in each supply cycle in a typical
three phase system, the ZCT sampling is fixed at only six
samples per cycle. Hence the sampling frequency of the
ZCT signal is 300 Hz with a 50 Hz supply, giving a range
of frequencies covering only (0-150) Hz in a ZCT spectrum.

The SVAF methodology according to the present inven-
tion is not so limited in sampling rate, and hence aliasing
may be overcome or minimized, which heretofore has been
problematic in association with the ZCT technique. Thus,
the invention provides for deriving sampled data from the
rotational motion of the space vector representing the three
phase currents, instead of just from the zero crossings. The
balanced stator currents of amplitude I, phase angle ¢ and
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angular frequency m, for a symmetrical three phase winding
are represented by the following equation (2):

5 0]
\ i@ ]
e

These stator currents define a space vector as the sum of
space vectors of individual phases given by equation (3):

cos(wst + @) 2)
= | cos(wst + ¢ —27/3) |.

cos(wst + ¢ —4n/3)

T =8l 0)rai, 0+ 0)],

3

e]'2:r/3

where a= is a space operator.

For a balanced, symmetrical, steady state system, this
vector rotates in the space vector plane with constant ampli-
tude in the positive direction at synchronous speed. Its locus
in the space vector plane is a perfect circle, as shown in (4):

TS:Ie"“’-e"“JS’ )

However, for a system, with presence of any other addi-
tional component caused by either stator fault, rotor fault or
other unbalance, of amplitude 1., , angular frequency
w, and phase angle ¢,.,,,,, , the three phase currents may be
written as in (5).

iq(1)
\ () ] =
ic (1)
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cos(wst + ¢ — 4n/3)
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Substituting (5) into (3), the currents in (5) can be
expressed in space vector form:

T mlefteiosiy], eitcomeiveompt

comp.

(6)
45

M

The resultant space vector is the sum of the fundamental
and additional component corresponding space vectors. The
50 locus of the space vector will no longer be a perfect circle
due to the combined effect of the present components. Apart
from distortion in the space vector’s amplitude, the result is
that the rotational speed of the space vector fluctuates so that
it does not pass any specific point on the circle at equal
intervals 27/w,, but does so with fluctuating delays. The
space vector angular fluctuation (SVAF) method explores
these fluctuations by measuring them with respect to the
balanced referent signal of amplitude 1 and angular fre-
quency w,. The resultant space vector from (6) divided by
60 referent space vector is given in (8):
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with

~i

comp.

7
I'= s

and w'=w,~w,,,,, . Finally, the angular fluctuation of the
space vector may be found using equation (9):

i zu{ I'sinw’t ] ©
0 = arctan| — | = arctan| - ———— |
= 14 Peosw’t

Lsp

The following polynomial expansion (10) computes the
arctangent of a variable x, when (x<1):

arctan(x)=0.318253x+0.003314x°~130908x>+
0.0068542x*-0.009159x°

arctan(x)=ax+p a2y +dat-e x> (10)

Since I'<<1, this expansion can be applied to (9). If only
the first term of the expansion, ax, is taken into consider-
ation, together with binomial expansion for the argument of
the arctangent function in (9), the following expression (11)
is obtained:

6= an

4 " P L 4
—a|I'sinw’r — 751n2w’t+ = sinw’r + z(sm?;w’t—smw’t)] -

Equation (11) indicates frequencies that can be expected
in the spectrum of the SVAF signal. To obtain the fluctua-
tions in a real system, the instantaneous rotational position
0,, of the current space vector, which advances with each
sample instant, is measured in the space vector plane. When
the expected increment in rotational position @,~=w.t, for
uniform rotation at angular frequency . is subtracted,
fluctuations 06, in the angular position are obtained and
given by (12):

00,=0,-w,1;, 12)

where 0, is the sampled phase angle of the rotating space
vector of the real system during faulty condition, w, is the
supply angular frequency and t, is the sample time. A voltage
signal can be taken as a referent signal, since it will hold
accurate information about mains supply frequency cur-
rently present in the signal. Alternatively, equally spaced
samples from the space vector circle can be taken and from
two consecutive samples and the expected rotation incre-
ment ® can be subtracted, as in equation (13):

80,~0,-0, ,-©. a3)

0 is the expected, undisturbed rotation of the space vector
between successive samples of the space vector taken at
intervals t; when the space vector is sampled, where ©
equals o,t. FIG. 26 illustrates an exemplary plot 600 of
three phase currents 602, 604, and 606 with time domain
data with unbalanced harmonics plotted as current 608
versus time 610 in the time domain. Instants of time at which
samples for SVAF analysis are taken, are indicated with
crosses 612, wherein there are 24 samples taken in the single
cycle (e.g., at 50 Hz) illustrated.
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FIG. 27 illustrates an exemplary plot 620 of Iq component
622 versus Id component 624, wherein a circular space
vector 626 is illustrated in dashed line for the case of an ideal
balanced system without harmonics, and where an exem-
plary space vector 628 is illustrated for the case of three
phase system with unbalanced harmonics (solid). Samples
chosen for the SVAF calculations from the space vector
circle are marked with crosses 630. Referring also to FIG.
28, an exemplary plot 640 of space vector angular fluctua-
tions SVAF 642 versus time 644 illustrates sampled values
30, 646 presented in the time domain. With the SVAF
techniques according to the present invention, it is possible
to select any sampling frequency to sample the space vector
circle, whereas the sample rate of the zero crossing times
ZCT technique is limited. Thus, the frequency range in the
spectrum of the SVAF signal may be extended, whereby
aliasing from higher frequencies may be avoided.

As illustrated in FIG. 29, an exemplary plot 650 of SVAF
652 versus frequency 654 shows an exemplary frequency
spectrum 656 of the space vector angular fluctuation. The
inventors have found that one or more fault indicative
frequencies are present in the SVAF spectrum 656. In
addition, the spectral data includes lines at frequencies
corresponding to the physical process. For example, torque
fluctuations at shaft frequency will appear at exactly rotor
frequency (f,), compared to spectra from direct current
sampling which provide this information as sidebands to the
mains frequency, or its harmonics. Other frequencies of
interest are illustrated and described in greater detail here-
inafter.

Experimental data has been obtained using three induc-
tion motors, with special windings on the stator to enable
stator fault experiments. A 4 hp motor was used in which slot
windings were brought out to panel terminals, to allow short
circuiting of selected slots to simulate a stator fault. The
motor was connected as a four pole induction motor with
stator windings in 46 slots, each slot having 64 turns. The
rotor of the 4 hp motor was a wound rotor, which enabled the
rotor circuit to be unbalanced by adding extra resistance to
simulate rotor faults. Also used were a 2 hp, four pole
induction motor, and a 2.2 kW, four pole induction motor, in
which stator faults were simulated through taps on the
winding, that could be connected to short circuit two, three,
four or ten neighboring turns. A resistor was added to the
shorting link to limit the fault current to protect the winding.
In addition, rotor faults were simulated by cutting rotor bars.

With respect to stator fault detection, short-circuited turns
on the stator of an induction motor cause asymmetry of the
three phase stator winding. When explained by symmetrical
components theory, the overall effect of such a fault is the
presence of three phase negative sequence currents, as is
known. Negative sequence currents rotate at angular fre-
quency (-m,) and so does their corresponding space vector.
Thus, the three phase system from equation (5) has negative
sequence currents as additional component and angular
fluctuations of the resultant space vector from equation (11)
include terms with following frequency w'=m,~(-m,)=2m..
The spectrum of the SVAF signal will include a spectral
component at 2f, where {; is the frequency of power applied
to the motor. The amplitude of this spectral component has
been found by the inventors to change when a stator fault
condition exists. Consequently, the amplitude of the SVAF
at this frequency may be employed as a diagnostic measure
for such stator faults.

To monitor stator faults in real time, the changes of the 2f,
amplitude may be monitored. The Goertzel algorithm may
be employed to extract this spectral component amplitude
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information using data sampled over a single supply cycle.
The Goertzel algorithm advantageously provides expression
of the computation of the DFT as a linear filtering operation.
This may be used, for example, when the DFT is to be
computed from a sequence of N samples, at a relatively
small number M of values, where M=log, N. In the present
example, M=1 since only one DFT value is needed from the
block of input data. The length of the input data is N=6 for
the ZCT method, or more for SVAF method, depending on
the selected sampling rate. The Goertzel algorithm may thus
be more efficient than the FFT algorithm for this type of
calculation. Where the spectral information is thus obtained,
e.g., through monitoring the behavior of one spectral fre-
quency or component over a period of one mains cycle, a
very fast response time results, making it suitable for real
time, on-line detection of stator faults.

An induction motor with 652 turns in each stator phase
was simulated. One, two three, four and five turns respec-
tively were short-circuited in a computer model and the
results are illustrated in FIG. 30 as an exemplary plot 660 of
2f_ component amplitude 662 versus time 664. The 2f,
diagnostic metric 666 was extracted on-line and its ampli-
tude plotted, wherein the SVAF technique responds virtually
immediately to various stator faults 670, 672, 674, 676, and
678, corresponding to 1, 2, 3, 4, and 5 of 652 turns shorted,
respectively, in the motor. The SVAF methodology detects
the first supply cycle having increased negative sequence
current, which is reflected in the diagnostic index 666 (e.g.,
SVAF spectral component amplitude fluctuation), as illus-
trated in FIG. 30. The number of shorted turns, e.g., the
severity of the fault, is also indicated with rise in the
amplitude of this index 666, wherein the fault was alterna-
tively switched on and off repetitively in FIGS. 30 and 32.

FIG. 31 illustrates an exemplary plot 680 of SVAF 682
versus frequency 684, centered around the 2f frequency of
100 HZ, wherein a spectrum 686 is illustrated in dashed line
for a healthy motor, and an SVAF spectrum 688 is illustrated
for the motor with a stator short circuit (solid), for 1.4% of
phase voltage short-circuited turns, as obtained experimen-
tally. As illustrated, the amplitude 690 of the component at
approximately 2fs for the faulted motor is higher than the
corresponding amplitude 692 for the healthy motor. Further
experimental results are illustrated in FIG. 32 as an exem-
plary plot 700 of 2f, component amplitude 702 versus time
704, wherein the 2f; diagnostic metric 706 was extracted
on-line and its amplitude plotted. The SVAF technique
responds quickly to various stator faults 708, 710, and 712,
corresponding to 0.7%, 1.05%, and 1.4% of stator turns
shorted, respectively, in the motor.

The SVAF technique may further be employed to detect
problems associated with unbalanced supply voltages, and
to distinguish such faults from stator faults in accordance
with another aspect of the invention. When the supply
voltage is unbalanced and contains negative sequence volt-
ages, negative sequence currents result on the stator of the
induction motor. The 2f, current component amplitude is
directly affected when the supply voltage is unbalanced. The
invention further provides for distinguishing stator faults
from supply unbalance conditions based on angular fluctua-
tions in current and voltage space vectors.

For instance, analysis of diagnostic index 2f, from voltage
space vector angular fluctuations may be combined with
analysis of diagnostic index 2f, from the current space vector
angular fluctuations, to classify the condition affecting the
motor. In this regard, the inventors have found that a sudden
change in the current 2f; spectral component amplitude
occurring within one supply cycle with a corresponding
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sudden change in the voltage 2f; spectral component ampli-
tude indicates an unbalanced condition, whereas a sudden
change in the current 2f; spectral component amplitude
occurring within one supply cycle without such a corre-
sponding sudden change in the voltage 2f, spectral compo-
nent amplitude indicates a stator fault. Thus, fuzzy logic
systems or other techniques may be employed in the diag-
nostic component in order to distinguish unbalanced power
and stator fault conditions in accordance with the present
invention.

The invention further provides for detection and/or diag-
nosis of rotor problems or faults within an electric motor
using space vector angular fluctuation. The existence of a
rotor cage fault has been found to cause an electrical
asymmetry of the rotor circuit of a motor. This asymmetry
gives rise to a (1-2s)f; spectral component in the stator
current, wherein the amplitude of these sidebands reflects
the extent of the rotor asymmetry. For instance, the inter-
action of the (1-2s)f, harmonic of the motor current with the
fundamental air-gap flux produces speed ripple at 2sf, and
gives rise to additional motor current harmonics at frequen-
cies given by the following equation (14):

Su=(42ks)f, k=1,2,3 . .. 14

The three phase system of currents from (5), for rotor
fault, includes additional components at angular frequency
o  =(1-2s)w, and the space vector angular fluctuation
from equation (11) holds sinusoidal components at w'=m —
O pomp. =280, and its multiples. Spectral analysis of the
experimental SVAF signals with rotor asymmetry confirms
that this component appears in the spectrum of the SVAF
signal and may be used as a diagnostic index for rotor faults.
In addition, spectral components at sidebands (1-s)2f, and
(14s)2f,, appear around 2f; in the SVAF spectrum and their
amplitude increases with the severity of the rotor asymme-
try. The origin of these sidebands can be found when current
space vector spectrum is analyzed. For instance, if the motor
is supplied from a non-ideal power source, e.g., one which
has negative sequence current on the stator due to the
negative sequence voltage, negative sidebands —(1-2s)f, and
—(142s) £, are found in the motor current spectrum. Thus, the
SVAF spectrum includes w'=w -0, =0,~[-(1+/-2s)0,]=
(1+/-8)2m, components. Modulation of the 2f, component in
the SVAF spectrum by these sidebands causes 2sf; ripple in
the 2f, component, giving an indication of the rotor unbal-
ance, when this frequency component is monitored on-line.

Referring now to FIGS. 33-44, an exemplary plot 720 is
illustrated in FIG. 33 as SVAF power 722 versus frequency
724, wherein a spectrum 726 for a mildly unbalanced rotor
is shown in dashed line, and a spectrum 728 is shown for a
rotor having greater imbalance, obtained by simulation. For
the simulation, different amounts of rotor unbalance were
created with respect to a healthy rotor resistance of
R,'=0.816 Ohm. The first case of unbalance 726 assumes
added resistance of AR,'=0.1 Ohm in one rotor phase, while
in the second case 728, an added resistance of AR,'=0.2 Ohm
is used. Twice the slip frequency is 6 Hz, and sidebands to
the 2f, component occur correspondingly at 94 Hz and 106
Hz for a source frequency of 50 Hz. FIG. 34 illustrates an
exemplary plot 730 of SVAF power 732 versus frequency
734, wherein a rise in the 2sf; and 4sf, spectral components
is seen due to one broken bar. A normal spectrum 736 is
illustrated in FIG. 34 in dashed line together with a faulted
motor spectrum 738. As illustrated in FIG. 34, the peak 740
for the normal motor is lower than the peak 742 for the
faulted motor case.
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FIG. 35 illustrates an exemplary plot 750 of SVAF power
752 versus frequency 754, wherein a rise in the (1-s)2f, and
(14s)2f; sidebands is illustrated from the mild rotor resis-
tance imbalance spectrum 756 to a spectrum 758 for higher
degree of imbalance, for the imbalance conditions discussed
above with respect to FIG. 33, wherein the good motor is
illustrated in dashed lines and the bad motor performance is
illustrated in solid lines. In FIG. 36, a plot 760 of SVAF
power 762 versus time 764 illustrates oscillations of the 2f,
component at 2sf; frequency, via mild imbalance curve 766
and higher imbalance curve 768 for the same degrees of
rotor resistance unbalance. FIG. 37 provides a plot 770 of
current space vector power 772 versus frequency 774 illus-
trating an exemplary current space vector spectrum 776, and
FIG. 38 provides a plot 780 of voltage space vector power
782 versus frequency 784 illustrating a voltage space vector
spectrum 786.

FIGS. 37 and 38 illustrate the spectrum of the current and
voltage space vectors, respectively, under unbalanced rotor
(AR,'=0.1 Ohm) and unbalanced voltage supply condition of
0.6%, wherein supply voltage unbalance condition is the
ratio of negative to positive sequence voltage. This voltage
negative sequence causes 4.86% unbalance in the stator
currents. A spectral component at (-50 Hz) is present in the
spectrum of the voltage space vector, as well as in the
spectrum of the current space vector. Negative sidebands
-(1-28)f and -(1+2s)f, in the current spectrum are also
distinguisshable. These cause sidebands (1-s)2f, and (1+s)2f,
in the SVAF spectrum, which are shown on the FIG. 39,
which provides a plot 800 of SVAF power 802 versus
frequency 804. As illustrated in the spectrum 806 of F1G. 39,
spectral components 810, 812, 814, 816, 818, 820, 822, 824,
826, 828, and 830 are seen for 2sf, 4sf, 6sf, (1-s)6f,
(1-s)4f, (1-s)2f,, 2f, (1+s)2f, (1+s)4f, and (1+s)6f,
respectively.

FIG. 40 illustrates a plot 840 of SVAF power 842 versus
frequency 844 for a normal motor spectrum 846 and a
broken bar fault spectrum 848, wherein fault indicative
frequency spectrum components 850 are illustrated. Results
presented are for normal condition on the motor and for one
broken rotor bar, out of twenty six. Supply voltage is 1%
unbalanced. FIGS. 34 and 40 show 2sf,, and (1-s)2f, and
(14s)2f spectral components, respectively. FIG. 41 illus-
trates asplot 860 of 2f, component amplitude 862 versus time
864 for a normal motor 866 and for a motor having one
broken bar 868. Finally, complex spectra of the current and
voltage space vectors are presented on FIGS. 42 and 43,
respectively. FIG. 42 includes a plot 870 of current space
vector power 872 versus frequency 874 showing a spectrum
876, and FIG. 43 illustrates a plot 880 of voltage space
vector 882 versus frequency 884 with a spectrum 886.
Negative sequence current and voltage, as well as —(1-2s)f,
negative current sideband can be clearly be seen. FIG. 44
presents full spectrum with rotor fault indicative frequen-
cies, wherein a plot 890 of SVAF power 892 versus fre-
quency 894 illustrates a spectrum 896.

The angular fluctuations of the induction motor current
space vector may thus be employed in accordance with the
invention as diagnostic data for stator and rotor induction
motor faults, as well as for diagnosing unbalanced supply
conditions. The SVAF methodology allows monitoring of
fault indicative changes in the diagnostic data, through
analyzing characteristic frequencies in the spectrum of the
space vector angular fluctuations. The following table sum-
marizes various diagnostic indices for stator and rotor faults
which may be detected according to the invention:
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TABLE 1

DIAGNOSTIC INDICES FOR SVAF METHOD

Diagnostic Origin of Required

index index for Monitoring type  Trend

Current Current Stator Real time Increase with neg.

SVAF 2f_ neg. fault sequence
sequence

Voltage Voltage Stator Real time Increase with neg.

SVAF 2f, neg. fault sequence
sequence

Current (1 - 2s)f, Rotor On-line Increase with

SVAF 2sf, current fault spectrum fault
sideband

Current —(1 - 2s)f, Rotor On-line Increase with

SVAF current fault spectrum fault

(1 - s)2f, sideband

Current —-(1 + 2s)f, Rotor On-line Increase with

SVAF current fault spectrum fault

(1 + s)2f, sideband

Stator faults may thus be indicated in the spectrum as
change of the 2f, and other component amplitudes. The
Goertzel algorithm may be advantageously employed to
extract the component’s amplitude from the signal during
each cycle of the mains supply. This avoids lengthy the
procedure required for creating the frequency spectrum by
Fourier Transformation as well as allowing real-time moni-
toring of motor faults. The 2f, component will respond to the
change in the angular fluctuations as soon as a fault happens,
allowing fast recognition in accordance with the present
invention. The recognition process may include detecting
angular fluctuations of the voltage space vector, since volt-
age unbalance and load changes will affect this frequency.
Rotor faults are indicated in the current space vector angular
fluctuations spectrum with spectral lines at 2sf, caused by
(1-28)f and (1+2s)f; in the motor current spectrum, and at
(l—s)2fs and (1+s)2f,, which are directly caused by spectral
lines —El—2s)fs and —(1+2s)f, in the motor current space
vector spectrum. Additionally, the 2f, SVAF spectral com-
ponent will oscillate at 2sf;, when monitored during each
cycle, giving indication of the rotor unbalance in real-time.

Although the invention has been shown and described
with respect to certain illustrated aspects, it will be appre-
ciated that equivalent alterations and modifications will
occur to others skilled in the art upon the reading and
understanding of this specification and the annexed draw-
ings. In particular regard to the various functions performed
by the above described components (assemblies, devices,
circuits, systems, etc.), the terms (including a reference to a
“means”) used to describe such components are intended to
correspond, unless otherwise indicated, to any component
which performs the specified function of the described
component (e.g., that is functionally equivalent), even
though not structurally equivalent to the disclosed structure,
which performs the function in the herein illustrated exem-
plary aspects of the invention. In this regard, it will also be
recognized that the invention includes a system as well as a
computer-readable medium having computer-executable
instructions for performing the acts and/or events of the
various methods of the invention.

In addition, while a particular feature of the invention may
have been disclosed with respect to only one of several
implementations, such feature may be combined with one or
more other features of the other implementations as may be
desired and advantageous for any given or particular appli-
cation. As used in this application, the term “component” is
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intended to refer to a computer-related entity, either hard-
ware, a combination of hardware and software, software, or
software in execution. For example, a component may be,
but is not limited to, a process running on a processor, a
processor, an object, an executable, a thread of execution, a
program, and a computer. Furthermore, to the extent that the
terms “includes”, “including”, “has”, “having”, and variants
thereof are used in either the detailed description or the
claims, these terms are intended to be inclusive in a manner

similar to the term “comprising.”

What is claimed is:

1. A method for controlling a motorized system compris-
ing:

measuring an attribute of the motorized system, the

attribute comprises at least one of vibration, speed,
temperature, pressure, and current in the motorized
system,

diagnosing a health of the motorized system based on the

measured attribute;

providing a diagnostics signal based on the diagnosed

health;

prognosing a state of the motorized system based at least

in part on the at least one sensed attribute and/or the
diagnosed state;
providing a control signal based at least in part on the
diagnosed health and the prognosed state; and

providing a feedback operation that adjusts the control
signal to extend the lifetime of the motorized system to
a specific time horizon, the control signal is adjusted
based upon at least one of reaching a pre-determined
pump cavitation amount or reaching a pre-determined
pump blockage amount.

2. The method of claim 1, further comprising operating
the motorized system according to the diagnostics signal.

3. The method of claim 1, further comprising modifying
a setpoint of the motorized system.

4. The method of claim 1, wherein diagnosing the health
comprises obtaining a frequency spectrum of the measured
attribute and analyzing the frequency spectrum to detect
adverse operating conditions.

5. The method of claim 4, wherein analyzing the fre-
quency spectrum comprises analyzing the frequency spec-
trum to detect faults, component wear and component deg-
radation.

6. The method of claim 5, wherein measuring the attribute
comprises measuring an attribute associated with a motor-
ized pump.

7. The method of claim 1, wherein measuring the attribute
comprises measuring an attribute associated with a fan.

8. The method of claim 1, wherein measuring the attribute
comprises measuring an attribute associated with the motor-
ized system selected from the group comprising motorized
pump, fan, conveyor system, compressor, gear box, motion
control device, screw pump, mixer, hydraulic machine and
pneumatic machine.

9. The method of claim 1, wherein diagnosing the health
comprises analyzing an amplitude of a first spectral com-
ponent of a frequency spectrum at a first frequency.

10. The method of claim 1, wherein providing the control
signal comprises providing the control signal to increase
cavitation to reduce damage to the motorized system.

11. The method of claim 1, wherein providing the control
signal comprises providing the control signal to reduce
cavitation to extend an operating lifetime of the motorized
system.

15

20

25

30

35

40

45

50

55

60

65

36

12. The method of claim 1, wherein providing the control
signal comprises generating the control signal and transmit-
ting the control signal via a wireless network.

13. The method of claim 1, wherein providing the diag-
nostic signal comprises generating the diagnostic signal and
transmitting the diagnostic signal via a wireless network.

14. The method of claim 1 being implemented on a system
connected to the motorized system via a wireless network.

15. The method of claim 1, wherein measuring the
attribute comprises receiving measurements from at least
one sensor.

16. A control system for controlling a motorized system
comprising:

means for measuring an attribute of the motorized system,

the measured attribute comprises at least one of vibra-

tion, speed, temperature, pressure, and current in the
motorized system;

means for diagnosing a health of the motorized system;

means for prognosing a state of the motorized system;

means for providing a control signal based at least in part
on both of a diagnosed health and a prognosed state of
the motorized system;

means for providing a diagnostic signal; and

means for performing feedback analysis to adjust the

control signal to extend motorized system lifetime to a

specific time horizon, the control signal is adjusted

based upon at least one of reaching a pre-determined
pump cavitation amount or reaching a pre-determined
pump blockage amount.

17. The control system of claim 16, further comprising:

means for modifying operation of the motorized system

based on the diagnostic signal.

18. The control system of claim 16, further comprising:

means for modifying operation of the motorized system

based on the control signal.

19. A system comprising:

a motorized system;

a communications link coupled to the motorized system;

and

a control system coupled to the communications link

comprising:

a controller coupled to the communications link
adapted to operate the motorized system in a con-
trolled fashion;

a diagnostics system coupled to the communications
link adapted to diagnose the health of the motorized
system according to at least one measured attribute
associated with the motorized system, the measured
attribute comprises at least one of vibration, speed,
temperature, pressure, and current in the motorized
system,

a prognostics system coupled to the communications
link that provides prognoses of future states of the
motorized system based at least in part on the at least
one sensed attribute and/or and the diagnosed health
and provides the prognoses to the control compo-
nent; and

a feedback analysis component that adjusts the con-
troller via a control signal to increase motorized
system life duration to a specific time horizon, the
control signal is adjusted based upon at least one of
reaching a pre-determined pump cavitation amount
or reaching a pre-determined pump blockage
amount.

20. The system of claim 19, wherein the motorized system
comprises components, devices, subsystems and process
controls.
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21. The system of claim 20, wherein the components
comprise bearings, the devices comprise a motor, pump and
fan, the subsystems comprise a motor-drive-pump and pro-
cess controls comprise a pump fluid control.

22. The system of claim 19, wherein the motorized system
comprises a motor and a load, and wherein the load com-
prises at least one of a valve, a pump, a conveyor roller, a
fan, a compressor, and a gearbox.

23. The system of claim 20, wherein the diagnostics
system provides a diagnostics signal, and wherein the con-
troller provides a control signal.

24. The system of claim 23, wherein the diagnostics signal
represents health of the motorized system and the control
signal represents control information for the motorized
system.

25. The system of claim 20, wherein the controller pro-
vides a control signal, wherein the control signal contains
control information for controlling at least one of the com-
ponents, the devices, the subsystems and the process con-
trols.

26. The system of claim 19, further comprising at least
one sensor coupled to the motorized system and the com-
munications link for measuring the at least one measured
attribute.

27. The system of claim 19, wherein the communications
link is a wired connection.

28. The system of claim 19, wherein the communications
link is a wireless connection.

29. The system of claim 19, wherein the communications
link is a wireless radio frequency system.

30. The system of claim 19, wherein the communications
link is a wireless network.

31. The system of claim 19, wherein the control system is
implemented on a computer system.

32. A system to facilitate controlling a motorized system,
comprising:

at least one sensor that senses at least one attribute of the

motorized system, the attribute comprises at least one
of vibration, speed, temperature, pressure, and current
in the motorized system;
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a diagnostics system that diagnoses a state of the motor-
ized system based at least in part on the at least one
sensed attribute;

a prognostic system that makes a prognosis of the motor-
ized system based at least in part on the at least one
sensed attribute, the diagnosed state, or both; and

a controller that controls the motorized system via a
control signal based at least in part on the diagnosed
state;

the diagnostics system further performs at least a second
diagnosis of the state of the motorized system after
corrective action is taken by the control component and
ensures that the motorized system will function until a
predetermined time horizon is reached, the control
signal is adjusted based upon at least one of reaching a
pre-determined pump cavitation amount or reaching a
pre-determined pump blockage amount.

33. The system of claim 32, the controller controlling the
motorized system based at least in part on the prognosis.

34. The system of claim 33, the controller automatically
adjusting operation of the motorized system based at least in
part on prognosed future states of the motorized system.

35. The system of claim 32, the prognostic system com-
prising a non-linear training system.

36. The system of claim 32, the prognostic system infer-
ring future operating states of the motorized system.

37. The system of claim 32, the controller automatically
adjusting an operating state of the motorized system based
at least in part on the prognosis.

38. The system of claim 32, the controller scheduling
preventive maintenance for the motorized system based at
least in part on the prognosis.



